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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed 
under the supervision of the Editors with the assistance of the 
Series Advisory Board and are selected to maintain the integrity 
of the symposia; however, verbatim reproductions of previously 
published papers are not accepted. Both reviews and reports 
of research are acceptable since symposia may embrace both 
types of presentation. 
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PREFACE 

THIS V O L U M E IS BASED on the 1982 Winter Symposium. Following recent 
tradition, this Winter Symposium was organized to provide a forum for 
expression of new ideas and new research approaches. 

This volume discusses the fundamentals of biotechnology; that is, 
kinetics and thermodynamics in biological systems. State-of-the-art keynote 
chapters by established researchers are employed to provide the proper 
perspective and direction
approaches. 

In the last few years biotechnology has grown tremendously in scope 
and significance, both as an active research area and as an industrial 
activity. There has also been a clear trend toward the exploration of the 
most sophisticated aspects of biological growth: tissue cultures, active 
biomolecules, antitumor compounds, chemical feedstocks from biomass, 
and gene cloning, to mention only a few. This trend has been accompanied 
by the increased use of computers in the design and control of the bio
logical reactor. 

The explosive growth of the field and the use of computers have 
magnified, however, a fact that had been realized for quite some time by 
a few. That is, that the kinetics and thermodynamics of biochemical 
reactions and biological growth are understood only primitively. We should 
remind ourselves that biological systems are immensely more complicated 
than the nonbiological systems upon which most of chemical technology is 
based. We should not forget that until quite recently there were relatively 
few active investigators in biotechnology throughout the world, and that 
most of these were microbiologists by training. This has changed dramat
ically, however, as biotechnology has become a common word among 
biochemists, cell geneticists, molecular biologists, gene doners, engineers, 
protein chemists, and others. 

In preparing this book, we strived to stress two things: 

• the interdisciplinary nature of biotechnology. We thus made every 
effort to bring together prominent researchers from both the life 
sciences and biochemical engineering. 

• the need to examine the fundamentals of biotechnology more sys
tematically and vigorously. We believe that no structure can grow 
well and last long without good foundations. 

ix 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



The topics in this volume represent both keynote chapters and chapters on 
new research. They have been arranged in six sections, such that each 
section builds on the preceding one. The volume begins with an examina
tion of fundamental biochemical events in the cells. It proceeds with the 
examination of the interaction of the biochemical events that constitute the 
growth of an individual cell; then it examines homogeneous and hetero
geneous cell populations. The book continues with thermodynamic aspects 
of biological growth, and ends with the application of all of the above to 
bioreactor design. 

Obviously, completeness has been sacrificed to diversity. We felt that 
the examination of the interactions among these fundamental aspects was 
more important than looking in depth at only a few of these aspects. Most 
of you would agree that ongoing research is a vital and exciting process, 
consisting of active and ofte  heated interaction f data  ideas d minds
We hope that the reader
in this process. 

In putting together the symposium on which this book is based, we 
relied on the judgement, help, and advice of many colleagues, to whom we 
express our sincere thanks. We also thank the organizing committee of 
the Winter Symposia of the Division of Industrial and Engineering 
Chemistry and, in particular, the former chairman of the committee, 
Nicholas A. Peppas. Thanks are also due to R. W. Eltz, chairman of 
the Division of Microbial and Biochemical Technology of the American 
Chemical Society, joint sponsor of the symposium. We are sincerely 
indebted to Steve Drew of Merck, Sharp & Dohme Research Labora
tories for bringing us the private sector's views on the symposium's theme. 

HARVEY W. BLANCH 
University of California 
Berkeley, CA 

E. TERRY PAPOUTSAKIS 

Rice University 
Houston, TX 

GREGORY STEPHANOPOULOS 

California Institute of Technology 
Pasadena, CA 

June 1, 1982 
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Models of Gene Function 
General Methods of Kinetic Analysis and Specific Ecological Correlates 

MICHAEL A. SAVAGEAU 
University of Michigan, Department of Microbiology and Immunology, 
Ann Arbor, MI 48109 

Alternative molecular designs for gene control 
involving positiv
related to the
that harbors them: positive elements are associated 
with high demand for expression of the regulated 
structural genes; while negative elements are 
associated with low demand for their expression. 
This is called the demand theory of gene regulation. 
These results are based on a mathematical analysis 
of the alternative models. The formalism used is a 
general one involving power-law functions that has 
been developed previously for the mathematical 
analysis of complex biological systems. This 
formalism, which is of interest in its own right, is 
briefly reviewed, although details of the analysis 
are not presented. The principal steps in the 
development of the demand theory are presented and 
the molecular, physiological and ecological 
implications are made explicit . This theory is 
supported by experimental evidence from more than 40 
different systems and is used to make testable 
experimental predictions for more than 14 additional 
systems. 

The primary purpose of thi s symposium i s to have b i o l o g i s t s 
and engineers examine the in t e r d i s c i p l i n a r y area of biotechnology 
from the fundamental perspective of kinetics and thermodynamics* 
As with any i n t e r d i s c i p l i n a r y area, p a r t i c u l a r l y one undergoing 
rapid change and i n t e l l e c t u a l ferment, biotechnology means 
different things to different people* I t i s therefore appropriate 
to give a thumb-nail sketch of this area as I see i t * 

Biotechnology i s as o l d as recorded h i s t o r y . The e a r l y 
domestication of microorganisms for wine making, brewing, baking 
and food p r e s e r v a t i o n i s a prime example graphically depicted on 

0097-6156/83/0207-0003$06.75/0 
© 1983 American Chemical Society 
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4 BIOCHEMICAL ENGINEERING 

Egyptian tombs (1)· Of course, t h i s was a very empirical art that 
advanced only slowly. Even i n more recent times, during the post
war expansion of modern i n d u s t r i a l technology, there has been 
important biotechnology, e.g., as a sector of modern 
pharmaceutical and chemical industries. Throughout t h i s past, the 
b i o l o g i c a l component has o f t e n been the weakest l i n k i n the 
o v e r a l l bio-technology chain. To be sure, there was mass balance 
and the Monod growth law, which helped to predict the behavior of 
the b i o l o g i c a l component, but that was about a l l . One generally 
had to l i v e with the u n c e r t a i n t i e s inherent i n the b i o l o g i c a l 
component of the ov e r a l l system. 

Recent developments i n biology have ushered i n a "revolution" 
i n our knowledge of the c e l l , p a r t i c u l a r l y the microbial c e l l . 
For the familiar b a c i l l u s Escherichia c o l l 3/5 to 4/5 of a l l i t s 
molecular elements are known and new protein separation techniques 
are speeding t h i s i d e n t i f i c a t i o
we s h a l l soon have th
However, we s t i l l know r e l a t i v e l y l i t t l e about the integrated 
behavior of the c e l l , how i t w i l l behave when i t s m o l e c u l a r 
elements are changed or when i t finds i t s e l f i n a novel 
environment· 

The f u l l potential of biotechnology w i l l be r e a l i z e d , i n my 
view, only when (a) the b i o l o g i c a l component i s brought within the 
realm of engineering design and (b) engineering methods of systems 
a n a l y s i s and p r e d i c t i o n are brought within the realm of c e l l and 
molecular b i o l o g y . Only then w i l l there be a strong u n i t a r y 
biotechnology. In the l a s t few years developments i n recombinant 
DNA methodology have shown that the f i r s t of these o b j e c t i v e s i s 
now f e a s i b l e . There a l s o has been progress toward the second 
objective, but there i s s t i l l much to be done here. 

In t h i s paper I s h a l l f i r s t review b r i e f l y some of our own 
attempts to develop general methods of k i n e t i c analysis that are 
appropriate for complex b i o l o g i c a l systems. Next I s h a l l d i s c u s s 
the a p p l i c a t i o n of these methods to a l t e r n a t i v e models of gene 
regulation. The result of such an analysis i s the demand theory 
of gene r e g u l a t i o n i n which the molecular nature of geneti c 
regulatory systems i s d i r e c t l y r e l a t e d to the demand f o r gene 
expression, as determined by the organism's ecological niche. 

Power-law Formalism 

E a r l y e f f o r t s to analyze b i o l o g i c a l systems were blinded by 
the success that engineers have had i n a n a l y z i n g complex 
technological (often e l e c t r i c a l and mechanical) systems and by the 
power and elegance of the mathematical methods at t h e i r disposal. 
Over a period of years the e f f o r t to make bi o l o g i c a l phenomena f i t 
into the same mold became i n c r e a s i n g l y f r u s t r a t e d . B i o l o g i c a l 
phenomena are h i g h l y n o n l i n e a r and cannot be made to wear the 
l i n e a r straight jacket that technological systems often submit to 
w i l l i n g l y . Furthermore, the types of n o n l i n e a r i t i e s that are 
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1. SAVAGEAU Models of Gene Function 

found i n technological systems are very diff e r e n t from those found 
i n b i o l o g i c a l systems. On the other hand, disenchantment s e t i n 
with the then fashionable approach of piecing together i n an ad 
hoc manner complex computer models that could be "adjusted" u n t i l 
they came to mimic some aspect of the b i o l o g i c a l phenomenon under 
study. In formulating our approach to these problems, we decided 
to go back and s t a r t from sc r a t c h . This required going back to 
fundamental k i n e t i c s , i d e n t i f y i n g the essential character of 
b i o l o g i c a l n o n l i n e a r i t i e s , and attempting the development of a 
mathematical formalism rooted i n b a s i c b i o l o g y and s p e c i f i c a l l y 
designed to deal with these types of systems. 

The fundamental k i n e t i c description of the underlying 
mechanisms i n b i o l o g i c a l systems involves r a t i o n a l - f u n c t i o n 
n o n l i n e a r i t i e s (2-4). Although i n pr i n c i p l e these functions can 
accurately represent any mechanism of i n t e r e s t  they are 
mathematically much
bi o l o g i c a l systems compose
some form of s i m p l i f y i n g approximation i s r e q u i r e d f o r these 
systems; such methods must capture the essential n onlinear 
a t t r i b u t e s of b i o l o g i c a l phenomena and yet be s u f f i c i e n t l y simple 
so that complex b i o l o g i c a l systems can be handled mathematically. 
These methods a l s o should y i e l d a standard or canonical form to 
f a c i l i t a t e comparisons of alternative models and to allow analysis 
of a p r i o r i as well as ad hoc models. Although these are i d e a l s 
and no c u r r e n t l y a v a i l a b l e method of k i n e t i c a n a l y s i s f u l l y 
s a t i s f i e s a l l of these requirements, a method based on power-law 
functions i s p a r t i c u l a r l y promising. 

D e r i v a t i o n of the Basic Equations. The basic equations are 
obtained by forming the Taylor s e r i e s expansion of the r a t i o n a l 
f u n c t i o n i n a l o g a r i t h m i c space and then r e t a i n i n g only the 
constant and l i n e a r terms (2,5,6,3)· This procedure y i e l d s a 
product of power functions i n the corresponding Cartesian space. 

The f u n c t i o n a l equations d e s c r i b i n g a general system of η 
elements different i n kind and/or l o c a t i o n are composed of sums 
and d i f f e r e n c e s of r a t i o n a l functions, but since the sum of two 
rat i o n a l functions i s a l s o a r a t i o n a l f u n c t i o n , the system of 
equations can be r e w r i t t e n as a simple d i f f e r e n c e between two 
composite ra t i o n a l functions that are each positive. 

When these composite rational functions are approximated by 
power-law f u n c t i o n s , the description of the entire system can be 
written (5,7,3,4): 

(1) 

i = 1, 2 , · · · 
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6 BIOCHEMICAL ENGINEERING 

The behavior of complex b i o l o g i c a l systems i s determined by 
the nature of the underlying mechanisms and t h e i r abundant 
interrelationships, as expressed mathematically i n Eqn. (1). 

Exact Representation. Although the power-law formalism was 
o r i g i n a l l y d erived as an approximation, one can often obtain an 
exact representation of rational-function n o n l i n e a r i t i e s by 
i n t r o d u c i n g additional variables (8). This obviously extends the 
generality and u t i l i t y of the power-law formalism. Any 
disadvantage caused by the increase i n number of variables i s more 
than o f f s e t by the decrease i n complexity of the no n l i n e a r i t i e s . 
The number of parameter values plus i n i t i a l c o n d i t i o n s necessary 
t o c h a r a c t e r i z e a system remains the same i n e i t h e r 
representation. 

This procedure allows a set of d i f f e r e n t i a l equations 
i n v o l v i n g r a t i o n a l f u n c t i o n s
form, to be transformed
f u n c t i o n s , which do have a standard form. This greatly 
f a c i l i t a t e s modeling and analysis. One can e a s i l y a l t e r the model 
or change conditions without rew r i t i n g equations, f u n c t i o n s , or 
subroutines. One simply inserts an alternative set or subset of 
parameter values into the standard format. This has allowed us to 
develop a standardized set of e f f i c i e n t computer algorithms f o r 
graphical interactive modeling and analysis of b i o l o g i c a l systems. 

J u s t i f i c a t i o n . The power-law formalism i s j u s t i f i e d by four 
types of evidence. F i r s t , i t s v a l i d i t y r e s t s on t h e o r e t i c a l 
grounds. Because the approximation i s derived using Taylor's 
theorem, i t i s guaranteed to be an accurate r e p r e s e n t a t i o n at 
l e a s t over a c e r t a i n range of values f o r the c o n c e n t r a t i o n 
variables. Because the approximation i s nonlinear, the range of 
v a l i d i t y i s considerably greater than that for the corresponding 
linear approximation. Second, the power-law formalism has been 
j u s t i f i e d by direct experimental observation of reactions i n s i t u . 
Kohen e t a l . (9) have examined the kinetics of individual 
biochemical reactions within l i v i n g c e l l s and found that these are 
best described by power-law f u n c t i o n s of the reactan t 
c o n c e n t r a t i o n s . T h i r d , t h i s formalism predicts that i n a series 
of steady states the concentration variables should be r e l a t e d to 
one another by a s t r a i g h t l i n e i n a log-log plot. The range of 
concentration values f o r which a s t r a i g h t - l i n e r e l a t i o n holds 
corresponds to the range of v a l i d i t y f o r the approximation. A 
number of different systems have been examined previously i n t h i s 
regard and the approximation was found to be v a l i d for more than a 
100-fold change i n concentration variables (3). F i n a l l y , one can 
derive a general growth law i n t h i s formalism and ask to 
what extent real systems adhere to the law. As i t turns out, a l l 
of the well-established growth laws that one finds i n the 
b i o l o g i c a l l i t e r a t u r e are special cases of this general growth law 
(**,10K There are a number of other implications that have been 
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1. SAVAGEAU Models of Gene Function 7 

deduced with t h i s formalism and tested against experimental 
evidence, and agreement has been found (e.g., see Ref. Thus, 
the agreement between theoretical predictions and a large number 
of independent experimental observations provides a wealth of 
evidence j u s t i f y i n g use of the power-law formalism. 

Principal Advantages. There are a number of d i f f i c u l t i e s 
associated with the modeling and a n a l y s i s of complex no n l i n e a r 
systems, (a) The functional form of the nonlinearities i s often 
unknown, as are the numbers of i n t e r a c t i o n s and parameters that 
must be s p e c i f i e d , (b) Once one has assumed a functional form 
there i s s t i l l d i f f i c u l t y i n extracting s t a t i s t i c a l estimates of 
the parameter values from experimental data, (c) The amount of 
experimental data i t s e l f that i s req u i r e d to c h a r a c t e r i z e many 
nonl i n e a r mechanisms increases exponentially with the dimensions 
of the problem, (d) Genera
system of nonlinear equation

Li n e a r a n a l y s i s l a r g e l y overcomes these d i f f i c u l t i e s . 
However, there i s a considerable cost. I t i s v a l i d for only small 
variations i n the conc e n t r a t i o n v a r i a b l e s and t h i s i s u s u a l l y 
u n r e a l i s t i c for most b i o l o g i c a l systems of interest. 

The power-law formalism provides a judicious compromise that 
has many of the advantages of line a r analysis without i t s severe 
l i m i t a t i o n s . (a) The f u n c t i o n a l form i s known and the 
i n t e r a c t i o n s and parameters are r e a d i l y s p e c i f i e d , (b) From 
experimental data one can extract parameter values for the 
individual rate laws by line a r regression i n a logarithmic space, 
(c) The data necessary f o r such an a n a l y s i s has a polynomial 
(rather than exponential) increase with the dimensions of the 
problem, (d) General methods for obtaining steady-state solutions 
are a v a i l a b l e by transforming the problem i n t o l i n e a r terms. 
General purpose computer algorithms have been developed for 
dynamic solutions, and parameter estimation from integrated system 
behavior i s a l s o possible. (For more detailed discussion of the 
advantages and disadvantages of thi s and other approaches to the 
modeling and analysis of nonlinear systems, see Ref. 3·) 

This concludes my br i e f review of the k i n e t i c methods that we 
have developed for dealing with complex b i o l o g i c a l systems. These 
methods already have been applied to a variety of biochemical and 
genetic systems (e.g., see Réf. 3)· However, for the remainder of 
t h i s paper I s h a l l t r e a t one p a r t i c u l a r a p p l i c a t i o n i n some 
detail· 

Demand Theory of Gene Regulation 

The c e n t r a l theme that I would l i k e to emphasize i n t h i s 
application i s summarized graphically as follows: 
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8 BIOCHEMICAL ENGINEERING 

Environment + Physiology 

Demand for Gene Expression 

Molecular Design of Gene Control 

By the conclusion of t h i s paper you w i l l come to appreciate the 
l o g i c and implications of t h i s diagram, and, as you w i l l see, the 
message i s a simple but general one. 

Alternative Molecular Designs. Let us begin with the 
i n f l u e n t i a l model of Jacob and Monod (J2) shown i n Figure 1  Note 
that c o n t r o l i s exercise
i n i t i a t i o n of transcription
paradigm of b i o l o g i s t s concerned with the normal processes of 
homeostasis, growth and d i f f e r e n t i a t i o n , as well as t h e i r 
pathological manifestations—infectious diseases, inborn g e n e t i c 
e r r o r s and cancer. By almost any c r i t e r i o n t h i s has been one of 
the most f r u i t f u l ideas i n modern biology. 

What i s the evidence f o r i t s v a l i d i t y ? B a c t e r i a l systems 
were the f i r s t to be understood i n s u f f i c i e n t molecular d e t a i l to 
test these ideas. There i s now good evidence supporting t h i s mode 
of r e g u l a t i o n i n many p r o k a r y o t i c systems (V3) · However, i n 
recent years evidence for alternative molecular designs also has 
been accumulated. 

In some systems the regulatory protein i s not a repressor but 
an a c t i v a t o r that i s necessary f o r the i n i t i a t i o n of 
t r a n s c r i p t i o n . The example most o f t e n c i t e d i s the arabinose 
catabolic operon of E. c o l i (14). A schematic model i s shown i n 
Fi g u r e 2. The N-gene product of bacteriophage lambda i s another 
example of a positive-acting regulator protein, but i n t h i s case 
i t a c t s as an a n t i t e r m i n a t o r modulating the termination of RNA 
transcripts before they can be extended into the regulated 
s t r u c t u r a l genes (15-19) · A schematic model of t h i s mechanism i s 
given i n Figure 3· We can predict a t h i r d a l t e r n a t i v e i n which 
the r e g u l a t o r y p r o t e i n i s a negative-acting proterminator 
a f f e c t i n g the t e r m i n a t i o n of RNA t r a n s c r i p t s at a s i t e t h a t 
precedes the regulated structural genes (see Figure 4). 

D e t a i l s of these a l t e r n a t i v e s , and the terminology that I 
s h a l l adopt i n d i s c u s s i n g them, are given i n the captions of 
Figures 1-4 and summarized i n Table I. There are a number of 
established variations on these themes. Although we are currently 
at a loss to r a t i o n a l i z e the entire variety of molecular designs, 
some success i n understanding the r o l e of positive vs negative 
elements has been achieved with the demand theory of gene 
regulation (20). 
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1. SAVAGEAU Models of Gene Function 13 

Why are there positive and negative mechanisms of regulating 
gene expression? Are these d i f f e r e n c e s simply h i s t o r i c a l 
a c c i d e n t s r e p r e s e n t i n g equivalent evolutionary solutions to the 
same regulatory problem, as some have claimed? A l t e r n a t i v e l y , 
have they been s e l e c t e d f o r t h e i r a b i l i t y to perform s p e c i f i c 
functions and, i f so, can we discover what these may be? 

These are important b i o l o g i c a l questions that are d i f f i c u l t 
to answer by u s i n g only the d i r e c t experimental approach. For 
example, one can not simply compare r e p r e s e n t a t i v e examples of 
systems regulated by p o s i t i v e (e.g., the maltose operon) and 
negative (e.g., the lactose operon) elements. This i s not a well -
controlled experiment. In other cases, an alternative may not be 
a v a i l a b l e f o r such a comparative test because i t may exist i n an 
undiscovered s t a t e . I d e a l l y one would l i k e a w e l l - c o n t r o l l e d 
comparison. For some systems  th i s may soon be possible through 
the imaginative use of
are a l a r g e number o
generally are, t h i s approach becomes impractical. At the present 
time, i t i s much more p r a c t i c a l to simulate such experiments by 
appropriate mathematical analysis and, ultimately, t h i s may be the 
only acceptable approach for dealing with more general questions. 

I have used such an approach i n an attempt to answer the 
question, why positive and negative mechanisms of gene regulation? 
In what follows I s h a l l not be concerned with the mathematical 
methods per se. Instead, my approach w i l l be to o u t l i n e the 
p r i n c i p a l steps i n the development of the theory and then 
emphasize the most important r e s u l t s . 

Development of the Theory. What I have c a l l e d the demand 
theory of gene r e g u l a t i o n may be summarized as f o l l o w s . The 
regulatory element w i l l be positive (e.g., a c t i v a t o r 
a n t i t e r m i n a t o r ) when i n the natural environment there i s a high 
demand for expression of the regulated s t r u c t u r a l genes; i t w i l l 
be negative (e.g., repressor, proterminator) when there i s a low 
demand (20-22). The development of t h i s theory begins with an 
assessment of the f u n c t i o n a l d i f f e r e n c e s between positive and 
negative mechanisms of r e g u l a t i o n . D e t a i l e d a n a l y s i s of the 
alternative mechanisms has shown that i n most respects they behave 
i d e n t i c a l l y . The inherent d i f f e r e n c e s appear i n response to 
common regulatory mutations (3) · To discern the i m p l i c a t i o n s of 
these functional differences one asks how frequently these 
mutations arise and how the mutant organisms fare i n t h e i r natural 
environment when competing with the wild-type parent organism. An 
analysis of the relevant population dynamics y i e l d s the r e s u l t s 
shown i n Table I I . Thus, a correlation i s predicted between the 
(positive or negative) nature of the r e g u l a t o r and the normal 
demand f o r expression of the regulated structural genes: positive 
with high demand; negative with low demand. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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Table I. Terminology 

Nature of 
control 

Regulator 
molecule 

Modulator 
s i t e 

Transcript 
delimitor 

Negative Repressor Operator Promoter 

Positive Activato

Negative Proterminator Arrestor Terminator 

Positive Antiterminator Liberator Terminator 

Table II· Predicted correlation between 
regulatory mechanism and demand 

Demand 
Regulatory mechanism 

Positive Negative 

High Functional regulatory 
mechanism selected 

Regulation l o s t 
through genetic d r i f t 

Low Regulation l o s t Functional regulatory 
through genetic d r i f t mechanism selected 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Physiology and Demand. In order to make t h i s c o r r e l a t i o n 
u s e f u l , we need to know what high/low demand means i n different 
physiological contexts. Table III l i s t s several d i f f e r e n t types 
of p h y s i o l o g i c a l f u n c t i o n s that have been i d e n t i f i e d i n 
microorganisms and t h e i r phages, and the associated environmental 
c o n d i t i o n corresponding to high demand. For example, when an 
amino acid i s absent from an organism's environment, the organism 
must synthesize that amino acid endogenously. Thus, expression of 
the c o r r e s p o n d i n g amino a c i d b i o s y n t h e t i c operon i s i n high 
demand. When a given carbon source i s absent from an organism's 
environment and, therefore, cannot be u t i l i z e d , expression of the 
corresponding catabolic operon i s i n low demand. I f gene exchange 
between organisms occurs i n f r e q u e n t l y , then expression of the 
genes coding f o r the exchange machinery i t s e l f w i l l be i n low 
demand· 

Ecology and Demand
to the n a t u r a l environment of the organism. Since most well-
studied systems are found i n enteric bacteria and t h e i r phages, I 
s h a l l focus on t h e i r environment. This has the advantage of 
providing a large number of experimental r e s u l t s with which to 
test the theory. 

The lower i n t e s t i n a l t r a c t of warm-blooded animals i s the 
p r i n c i p a l h a b i t a t of these microbes. I t i s a r a t h e r complex 
ecosystem that i s poorly understood. The l o c a l environment to 
which the microbes are exposed depends upon the d i e t , physiology 
and immunological state of the host, the microorganisms that share 
the same g e n e r a l h a b i t a t , as w e l l as complex p h y s i c a l and 
geometrical factors. Nevertheless, one can estimate the leve l s of 
certain constituents of t h i s microenvironment. I s h a l l d escribe 
two types of estimates: those made i n d i r e c t l y from measurements of 
absorption by the host and those made d i r e c t l y from measurements 
of i n t e s t i n a l contents. 

The host enzymes that cleave various d i e t a r y substances to 
allow absorption by the host are not uniformly distributed along 
the i n t e s t i n a l t r a c t . Some are located i n the proximal portion of 
the small i n t e s t i n e (e.g., the l a c t a s e enzymes); o t h e r s a r e 
l o c a t e d i n the d i s t a l p o r t i o n of the small intestine and i n the 
colon i t s e l f (e.g., the maltase enzymes). This l o c a l i z a t i o n alone 
allows one to make c e r t a i n i n f e r e n c e s about the p r e s e n c e or 
absence o f the s u b s t r a t e s f o r these cleavage and a b s o r p t i o n 
enzymes. Furthermore, the different absorption systems within the 
same general region often exhibit very diff e r e n t a c t i v i t i e s . For 
example, the host's transport system for the absorption of 
galactose i s very active and nearly impossible to s a t u r a t e under 
p h y s i o l o g i c a l c o n d i t i o n s ; whereas that f o r the absorption of 
arabinose i s r e l a t i v e l y i n e f f e c t i v e . Thus, from i n d i r e c t 
i n f o r m a t i o n concerning the r e l a t i v e abundance of various 
substances i n the d i e t , the l o c a l i z a t i o n of host enzyme systems 
that permit absorption of these, and the rates at which absorption 
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Table I I I . Physiology and demand 

Type of 
system 

Repress!ble scavenging 
pathway 

Repressible drug 
s e n s i t i v i t y 

Repressible biosynthetic 
pathway 

Inducible biosynthetic 
enzymes 

Inducible catabolic 
pathways 

Inducible detoxification 
pathway 

Inducible genetic 
exchange 

Inducible repair 
response 

Inducible toxin 
production 

Condition corresponding to 
high demand for expression 

Substrate seldom present 
i  high concentration

g frequently presen
i n high concentrations 

End product seldom present 
i n high concentrations 

End product seldom present 
i n high concentrations 

Substrate frequently present 
i n high concentrations 

Substrate frequently present 
i n high concentration 

Genetic exchange frequently 
occurs 

Repair response frequently 
required 

Toxin frequently 
produced 

Inducible biosynthesis of Antigenic determinants 
surface antigens frequently required 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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by the host occurs, one can estimate the r e l a t i v e concentrations 
of substances to which the enteric microorganisms are exposed i n 
the colon (2^,3)· For example, the a f f i n i t i e s of various sugars 
f o r t r a n s p o r t systems i n the intestine can be ranked as follows: 
(High) D-glucose > D-galactose > g l y c e r o l ; (Low) D-xylose > L-
glucose > L-mannose > L-fucose > L-rhamnose > L-arabinose. It 
should be emphasized that t h i s ranking i s only s u f f i c i e n t (at 
least i n the extreme cases) to determine whether a given sugar has 
a "high" or "low" r e l a t i v e concentration i n the colon. 

Amino a c i d l e v e l s i n the colon have been measured more 
d i r e c t l y . Samples were removed from various l o c a t i o n s along the 
i n t e s t i n a l tract with a catheter and the i r amino acid content was 
analyzed (23). The pattern of re l a t i v e concentrations, which i s 
independent of diet , can be summarized as follows: (High) lysine 
> glutamate > arginine > tyrosine > tryptophan; (Low) g l y c i n e > 
l e u c i n e > phenylalanin
aspartate > proline >
methionine. Again, the ranking i s only s u f f i c i e n t to determine 
whether a given amino a c i d has a " h i g h " or w l o w n r e l a t i v e 
concentration i n the colon. 

Experimental Implications 

The p r e d i c t i o n s of demand theory (Table II) can be tested 
with systems f o r which the p o s i t i v e or negative nature of the 
re g u l a t o r y element i s known at the molecular l e v e l and for which 
the physiological function and ecological context also are known. 
The results for 40 such systems representing 11 different types of 
p h y s i o l o g i c a l functions are summarized i n Table IV. Five 
predictions regarding the molecular nature of the r e g u l a t o r and 
nine predictions regarding the demand for gene expression also are 
given i n Table IV for cases i n which p a r t i a l experimental evidence 
i s a v a i l a b l e . Evidence f o r some of these examples has been 
presented elsewhere (24). Since a complete review of the material 
(25) i s beyond the scope of th i s a r t i c l e , only a few cases w i l l be 
treated here as examples. 

Repressible Biosynthetic Systems. In e n t e r i c b a c t e r i a the 
r e p r e s s i b l e systems f o r h i s t i d i n e and tryptophan biosynthesis 
provide examples of systems con t r o l l e d by p o s i t i v e and negative 
elements, respectively (see Table IV). Since the l e v e l of 
hi s t i d i n e i n the colon i s among the lowest of a l l amino a c i d s , 
expression of the h i s t i d i n e biosynthetic operon i n the bacterium 
w i l l be i n high demand (Table I I I ) . Thus, demand theory p r e d i c t s 
that the h i s t i d i n e biosynthetic operon w i l l be po s i t i v e l y 
regulated (Table I I ) . In f a c t , there i s good evidence to show 
that t h i s operon i s c o n t r o l l e d p r i m a r i l y by an antiterminator 
mechanism (26.27). On the other hand, the l e v e l of tryptophan i n 
the colon i s among the highest of the amino acids and, therefore, 
expression of the tryptophan biosynthetic operon i n the bacterium 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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Table IV. Nature of regulator 
correlates with demand for expression 

System"1" 
Nature of 
regulator 

Demand for 
expression 

Repressible biosynthetic systems: 

Arginine Negative Low 

Cysteine Positive High 

Histidine 

Isoleucine-valine Positive High 

Leucine Positive High 

Lysine Negative Low 

Phenylalanine Positive High 

Threonine Positive High 

Tryptophan Negative Low 

Bio t i n Negative Low 

Inducible catabolic systems: 

Arabinose Positive High 

Deoxyribonucleotides Negative Low 

Galactose Negative Low 

Glycerol Negative Low 

Histidine Negative Low 

Lactose Negative Low 

Maltose Positive High 

Nitrogen f i x a t i o n (K. pneumoniae) Positive High 

Octopine (A. tumefaciens) Negative Low 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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Table IV. Continued. 

System"1" 
Nature of 
regulator 

Demand for 
expression 

Rhamnose Positive High 

Xylose Positive High 

Tryptophanase • 
Positive 

High 

Inducible genetic movement: 

Prophage induction 

λ Negative Low 

P1 Negative Low 

P2 Negative Low 

P22 Negative Low 

Transposition 

Tn3 Negative Low 

Tn5 Negative Low 

Tn10 Negative Low 

Conjugation 

T i (A. tumefaciens) Negative Low 

F Negative Low 

R100 Negative Low 

Inducible resistance/ 
detoxification systems: 

Alcohol (yeast) Positive High 

Mercury Positive High 

Pe n i c i l l i n a s e (S. aureus) Negative Low 

Continued on next page. 
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Table IV. Continued. 

System"1" 
Nature of 
regulator 

Demand for 
expression 

Tetracycline Negative Low 

Chloramphenicol (S. aureus) » 
Negative 

Low 

Erythromycin (S. aureus) « 
Negative 

Low 

D-serine Positive High* 

Toluene (P. putida) 

Inducible repair systems: 

SOS (lexA-recA) Negative Low 

Adaptive response to 
alkylating agents 

* 
Negative Low 

Inducible biosynthetic systems: 

Isoleucine-valine Positive High 

Tryptophan (P. putida) Negative • 
Low 

Repressible scavenging systems: 

Alkaline phosphatase Positive High 

General aromatic AA transport Negative Low 

Tyrosine-specific transport Negative Low 

Iron « 
Positive 

High 

Sulfate Positive High* 

Inducible toxin production: 

Colicine E1 Negative Low 

Cholera (V. cholerae) Negative Low 

Diptheria (C. diphtheriae) Negative « 
Low 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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Table IV. Continued. 

System"1" 
Nature of 
regulator 

Demand for 
expression 

Inducible surface antigens: 

Outer c e l l wall protein 1b 

K88 (K) 

Positive 

Positive 

High* 

High* 

+ Enteric bacteria unless indicated otherwise 

ft 
Predicted 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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w i l l be i n low demand* Here demand theory p r e d i c t s negative 
control, which i s i n agreement with the wealth of evidence showing 
that r e g u l a t i o n of t h i s operon i s accomplished primarily through 
the c l a s s i c a l repressor mechanism (18). 

Inducible Catabolic Systems* Among the i n d u c i b l e c a t a b o l i c 
systems i n e n t e r i c bacteria, the galactose and arabinose opérons 
are examples of systems c o n t r o l l e d by negative and p o s i t i v e 
elements, r e s p e c t i v e l y (see Table IV)· Galactose i s absorbed 
early i n the small intestine at a very rapid rate and i s u n l i k e l y 
t o s u r v i v e t r a n s i t through the i n t e s t i n e to the colon (21)· 
Expression of the bacterial galactose operon, t h e r e f o r e , w i l l be 
i n low demand (Table I I I ) , and demand theory predicts that i t w i l l 
be negatively controlled. This agrees with the finding of 
c l a s s i c a l repressor control for the galactose operon ( 28 )
Arabinose, on the othe
intestine and i s l i k e l
a t t e n u a t i o n i n concentration (21). Arabinose i n the colon at 
r e l a t i v e l y high leve l s implies that expression of the arabinose 
c a t a b o l i c operon i n the bacterium w i l l be i n high demand. The 
prediction by demand theory of positive control for the arabinose 
operon i s consistent with the experimental evidence for activator 
control of th i s system (14). 

Inducible Gene Movement. Induction of gene movement appears 
to be a r e l a t i v e l y rare event i n nature. Demand for expression of 
the machinery f o r movement i s consequently i n low demand and i t s 
regulation w i l l be under the control of a negative-acting element 
(see Table I V ) . For example, most natural isolates of coliform 
organisms are lysogenic for one or more temperate phages (29) and 
spontaneous i n d u c t i o n of the prophage i s a r e l a t i v e l y infrequent 
event i n nature (30). These facts imply that the l y t i c f u n c t i o n s 
of the prophage are normally i n low demand, which i s consistent 
with the c l a s s i c a l repressor control established f o r a number of 
prophages (31-34). Transposition of genes also must occur 
infrequently i n nature. Otherwise, the genome of a bacterium l i k e 
E. c o l i would have become scrambled to the point where ge n e t i c 
maps as we know them would not ex i s t . The transposition machinery 
w i l l be i n low demand and i t s induction w i l l be under the control 
of a negative-acting element. Again, t h i s i s consistent with the 
finding of c l a s s i c a l repressor control for a number of transposons 
(35-38). 

S i m i l a r arguments can be made with regard to b a c t e r i a l 
conjugation and, again, there i s evidence for c l a s s i c a l r epressor 
control i n these cases (39-41). The case of Agrobacterium 
tumefaciens i s p a r t i c u l a r l y interesting. This organism i s widely 
found i n nature. When present at the s i t e of a fresh wound i n a 
dicotyledonous plant under appropriate circumstances, the 
bacterium can transform the normal plant tissue into a 
disorganized tumor. This occurs when s p e c i f i c DNA l o c a t e d on a 
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bacterial plasmid becomes incorporated i n t o the plant genome. 
This s p e c i f i c DNA also codes for a biosynthetic system that causes 
the plant to produce a rare amino acid, octopine i n t h i s example. 
Octopine i n turn acts as a s p e c i f i c inducer upon the bacteria that 
harbor the tumor-inducing plasmid to cause e x p r e s s i o n o f an 
octopine catabolic pathway and expression of a s p e c i f i c system of 
bacterial conjugation f o r plasmid t r a n s f e r (see Refs. 39,40). 
Since octopine i s only rarely found i n nature, expression of the 
octopine catabolic system and the b a c t e r i a l conjugation system 
w i l l be i n low demand. Demand theory predicts that these systems 
w i l l be under the c o n t r o l of a n e g a t i v e - a c t i n g element. The 
experimental evidence showing that these systems are under the 
control of a repressor protein (40) i s e n t i r e l y c o n s i s t e n t with 
these expectations. 

Discussion 

Our interest i n the integrated behavior of complex b i o l o g i c a l 
systems has been pursued on two l e v e l s . On the f i r s t , we have 
concentrated on the development of mathematical methods 
s p e c i f i c a l l y appropriate for complex b i o l o g i c a l systems. On the 
second, we have a p p l i e d these methods t o a number o f c a s e s 
representing several classes of systems. 

The development of the power-law formalism, reviewed b r i e f l y 
i n the f i r s t portion of t h i s paper, began with a consideration of 
the fundamental nonlinearities that characterize the k i n e t i c 
behavior of b i o l o g i c a l systems at the molecular l e v e l (2,5). From 
thi s molecular-biological context a "dynamical systems" approach 
to biochemical and genetic networks was developed (3-7,11,42). 

The j u s t i f i c a t i o n f o r t h i s formalism i s based s o l i d l y on 
t h e o r e t i c a l grounds (596f3) as w e l l as agreement with d i r e c t 
experimental observations (42,9,4)· An appreciation of i t s 
u t i l i t y i s perhaps best gained by an examination of s u c c e s s f u l 
a p p l i c a t i o n s . Numerous examples can be found elsewhere (43-
Μ*.!£·6.·2· £4), but the limitations of space have precluded 
d i s c u s s i n g more than one example, the development of the demand 
theory of gene regulation. 

This demand theory i s now supported by experimental evidence 
from more than 40 systems representing more than a dozen different 
types of p h y s i o l o g i c a l functions. This theory provides a simple 
unified explanation for what otherwise would be unconnected and 
d i s p a r a t e o b s e r v a t i o n s . Furthermore, i t provides a wealth of 
s p e c i f i c , t e s t a b l e p r e d i c t i o n s that can serve as a guide f o r 
experimental investigation (e.g., see Refs. 49,50 and Table IV). 

T h i s t h e o r y a l s o p r e d i c t s the nature of the r e g u l a t o r y 
mechanisms that govern c e l l - s p e c i f i c functions i n organisms with 
d i f f e r e n t i a t e d c e l l types and that these mechanisms w i l l "switch" 
i n accordance with the demand regime d u r i n g the p r o c e s s of 
d i f f e r e n t i a t i o n (22,5jO. Experimental evidence consistent with 
these predictions i s presented elsewhere (51). 
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In summary, the results presented i n t h i s paper i l l u s t r a t e 
the use of kinetic methods to achieve fundamental understanding of 
gene f u n c t i o n . There a l s o are p r a c t i c a l implications that have 
yet to be f u l l y explored. C l e a r l y , i f one wishes to o p t i m a l l y 
e x p l o i t the product of a particular gene, then one must know the 
physiology and natural ecosystem of i t s host organism as 
intimately as i t s molecular genetics. 
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Kinetics of Enzyme S y s t e m s 

DAVID F. OLLIS 
University of California, Chemical Engineering Department, Davis, CA 95616 

The many circumstances leading to the Henri 
equation for enzyme conversion of soluble 
substrates are first noted, followed by some 
kinetic forms fo
hydrolysis. Effect
enzyme systems are summarized. Illustrative 
applications discussed include metabolic 
kinetics, lipid hydrolysis, enzymatic cell 
lysis, starch liquefaction, microenvironment 
influences, colloidal forces, and enzyme 
deactivation, a l l topics of interest to the 
larger themes of kinetics and thermodynamics 
of microbial systems. 

Enzyme kinetics i s by now a c l a s s i c a l f i e l d , even i n the 
arena of immobilized enzymes, and detailed transient as well as 
steady state kinetic models of c e l l u l a r and subcellular 
functions have been advanced frequently which hinge heavily on 
the kinetic forms appropriate to single enzyme systems. (See 
later conference papers of Urabarger, Shuler and Domach, Bailey, 
Agathos and Demain, Marc and Engasser, Costa and Moreira, and 
Frederickson, for examples.) We open this discussion with a 
review of causes for success and uncertainty regarding the single 
enzyme rate equation, following which we w i l l touch upon results 
for particulate substrates, and close with some results for 
immobilized enzyme systems. 

1. Soluble substrates 

The Henri form 1 for reaction velocity, v, of an enzyme 
catalyzed reaction was proposed i n 1902 as eqn (1.1): 

v - W ï f s ï ( 1 · υ 

0097-6156/83/0207-0027$07.50/0 
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28 BIOCHEMICAL ENGINEERING 

where ν = maximum velo c i t y , Κ = constant, and S = concentra
tion of free (uncomplexed) substrate. This form was lat e r 
derived by Michaelis and Menten2 i n 1913 using an equilibrium 
assumption i n eqn (1.2a) and an assumed single slow step, eqn 
(1.2b), which yields form (1.1) above: 

S + Ε «- ES (1.2a) 
k 2 

ES -> Ε + products (1.2b) 

where 

Michaelis-Menten: Κ Ξ

ν = k 3E where Ε = t o t a l (1.3b) max ο ο 
enzyme concentration 
(E + ES) 

3 
The subsequent Briggs-Haldane treatment recognized that i n 

general the rate constants ( k i , k 2) and k 3 could be of arbitrary 
r e l a t i v e magnitudes, rather than only ( k i , k 2) » k 3 assumed 
i m p l i c i t l y by eqns (1.2a,b), leading to the form (1.1) again but 
with Κ and ν ^ χ given by eqns. (1.4a,b): 

Briggs-Haldane: Κ = (1.4a) 

ν = k 3E ( 1 . 4 b ) max 3 ο 
Thus, the constant Κ i s no longer a simple equilibrium constant^ 

Extensions of form (1.1) are apparently endless i n number. 
For example, for a common case of a (two substrate)-(one enzyme) 
system given below, 

Reaction Dissociation Equibrium Constant 

Ε + S i / J ESi Ki (1.5a) 

Ε + S 2 J ES 2 K 2 (1.5b) 

ESi + S 2 J ESiS 2 K i 2 (1.5c) 

ESi + S 2 ->ESiS2 Κ (1.5d) 

ES S £ Ρ + E (1.5e) 

eqn (1.1) i s again recovered where ν and Κ are indicated i n 
eqns (1.6a,b); 
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kE S 2 

ν = — - — (1.6a) 
max K i 2 + S 2 

substrate Κ = Κ 2 1 ^ + * l K l 2 (1.6b) 
S2 + K i 2 

Thus, i f S2 i s approximately constant as expected for S2 = s o l 
vent or S2 = buffered Η or OH , the Henri form of constant 
parameters ν and Κ w i l l appear to f i t the data for S i . 
Similarly, i¥ a?he order of substrate binding reactions (5a) and 
(5b) i s obligatory, form (1.1) i s again obtained (e.g., by 
elimination of eqn (1.5d)). 

When the second bindin  entity  S2 i t  substrate  but 
instead an enzyme activato
i s again regained with
inhib i t o r l e v e l as indicated 6y Xeqns (1.6a,b). 

The extension of the network i n eqns (1.5 a-e) to multiple 
intermediates i s important i n devising plausible multi-enzyme 
rate forms for microbial metabolism. The Henri form obtained i n 
eqns (1.5a-e) involves three different enzyme complexes, a l l 
equilibrated with each other "upstream" to the k i n e t i c a l l y slow 
step (eqn (1.3)). The negligible free energy changes evident 
for many^of the steps i n the Embden-Meyerhof g l y c o l y t i c 
sequence (Figure 1) indicate that the three reaction sequences 
(1.7a,b,c), 

glucose-6-P £ fructose-6-P -> (1.7a) 

fructose-di-P J · · · J 2(phosphoenolpyruvate) (1.7b) 

and 

pyruvate j lactate (1.7c) 

w i l l behave k i n e t i c a l l y l i k e the simpler reaction sequence 
(1.7d): 

A (glucose) •> B(fructose-6-phosphate) 
•+ C(phosphoenolpyruvate) 
-* D(lactate) (1.7d) 

Moreover, the actual feedback i n h i b i t i o n on the conversion 
of Β by the (later) products c i t r a t e and ATP (not shown) leads 
to the yet further s i m p l i f i c a t i o n given by the network below: 
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50 

CD < 
40 

30 

CD 

Figure 1. Free energy of intermediates of Embden-Myerhoff glycolytic sequence 
in human erythrocytes. Reproduced, with permission, from Ref. 6. Copyright 1970, 

Worth Publishers. 
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2. OLLis Kinetics of Enzyme Systems 31 

A(extracellular glucose) membrane 
0 permease (Ei) 

B(fructoee-6-phoephate)(Si) - phosphofructokinase 

products ( i n c l . ATP, c i t r a t e ) 
Thus, the kinetics of conversions i n metabolic c e l l u l a r 

sequences, and even i n whole c e l l k i n e t i c s , at or near steady 
state may be expected to resemble the ki n e t i c rate form appro
priate to one or a very small number of sequential enzyme cata
lyzed steps. The implications of this point i n kinetic models 
of structured c e l l systems are reflected i n lat e r contributions 
i n t h is conference. 

The Henri form thu
u t i l i t y i n representin
S i . The interpretive ambiguity accompanying the success of this 
universal " f i t t i n g " function leads us to r e c a l l Gileadi's 
characterization 5 of the Langmuir form, i d e n t i c a l to (eqn(l.)) i n 
non-biological heterogeneous c a t a l y s i s : 

The Langmuir adsorption isotherm may now be 
regarded as a c l a s s i c a l law i n physical 
chemistry. It has a l l the ingredients of a 
c l a s s i c a l equation: i t i s based on a clear 
and simple model, can be derived easily from 
f i r s t p r i n c i p l e s , i s very useful now, about 
50 (now 60) years after i t was f i r s t derived 
and w i l l probably be useful for many years 
to come, and i s rarely ever applicable to 
rea l systems, except as a f i r s t approximation. 

A l l reactions, catalyzed or otherwise, are reversible at the 
molecular l e v e l . This fact i s most important i n kinetics when 
overa l l conversion i s limited thermodynamically. For example, 
the isomerization of glucose to fructose by glucose isomerase 2 5 

ki k 
G + E J E X J E + F (1.8) 

k-i k- 2 

gives (glucose) ^ (fructose) at equilibrium. Applying the 
pseudo-steady state assumption to the single intermediate gave 
eqn (1.9a) 

ν [G - G*] 
m a x Π Q a) 
Κ + [G-G*] U , * a ; 

ΓΚ*+1 Ί r
 K F 

where the parameters ν and Κ are found i n eqns (1.9b,c) 
max 

(1.9b) 
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κ = [ ΐ ς ^ Π ν ν κ * ] * G * + *ρ 9 KG ( L E 9 C ) 

and K* = glucose/fructose equilibrium constant 

Kp, K G = Briggs-Haldane constants for fructose to glucose 
and glucose to fructose, i . e . , 

Kj, = (k e l+k 2/k - 2 and KQ = ( k ^ + k ^ / ^ 

G = glucose concentration at equilibrium. 

Here we note that, even when starting with G » G * , the equation 
(1.9a) w i l l s t i l l r e f l e c t a reversible kinetîc form through eqn 
(1.9c) where Κ = f(G*)
s a t i s f y eqn (1.1), wit

apparent 
2. Particulate substrates 

The use of enzymes to lyse c e l l s , hydrolyze fat emulsions, 
s o l u b i l i z e proteinaceous c o l l o i d s , l i q u i f y or saccharify starch 
gels and granules, and degrade various components of c e l l u l o s i c 
substrates indicates that many substrates are present i n a par
t i c u l a t e form. Kinetic forms for such enzyme catalyzed reaction 
rates are here noted, and w i l l be r e v i s i t e d i n the subsequent 
discussion of immobilized enzyme kinetics. 

A f i r s t example i s the hydrolysis of a uniform substrate, 
in the form of a given t r i g l y c e r i d e emulsion, by a lipase. Thus, 
the data of Sarda and Desneuelle 7* 8 (Figure 2a,b) indicate 
c l e a r l y that p u r i f i e d pancreatic lipase preparations provide 
a c t i v i t y only when a substrate:water interface i s present. The 
corresponding reaction v e l o c i t y vs. substrate surface area 
function (Figure 2a,b) can be described by the form (2.1), which 
i s the analog to (1.1) for the case where the i n i t i a l enzyme 
le v e l Ε i s much larger than the i n i t i a l substrate l e v e l (surface 
area). 

ν = ν · bfzr]; ν = kS (2.1) max LK+E J > max ο 
where Ε = free (uncomplexed) enzyme concentration and ν , Κ = 
constants as for eqn. (1.1). In contrast to soluble suBsirates 
where a single reaction product i s t y p i c a l l y i d e n t i f i a b l e , 
multiple reaction products routinely occur in particulate degra
dation and/or enzymatic depolymerizations. A parallel/sequential 
conversion network appears to be provided for tri g l y c e r i d e s by 
the data of Constantin et a l . 9 (Figure 3) which are consistent 
with the following network (2.2): 
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Hydrolysis, % 

Figure 3. Liberation of diglycerides, monoglycerides, and glycerol during hydrol
ysis of a triglyceride by pancreatic lipase in the presence of sodium taurocholate and 
calcium ions. Key: O, triglyceride; 0, diglyceride; • , monoglyceride; X, glycerol. 

Reproduced, with permission, from Ref. 8. Copyright 1965, Academic Press 
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,triglyceride^ 

diglyceride monoglyceride (2.2) 

glycerol' 

The simplicity of kinetic results (Figure 3) i s aided by the 
presence of surfactant (deoxycholate) and divalent cation Ca 
which assists i n remova^ of fatty acid product from the reaction 
interface. Lacking Ca presence, fatty acid w i l l accumulate at 
the interface and compete with enzyme Ε for the limited substrate 
surface area; the reaction w i l l consequently exhibit product 
i n h i b i t i o n . Further, the extent of t r i g l y c e r i d e decomposition i s 
strongly dependent upo
only t r i - t o diglycerid
present and high enzyme le v e l s , monoglyceride i s not converted to 
glycerol u n t i l the t r i g l y c e r i d e i s consumed.9 

A simple depolymerization of c e l l wall material apparently 
occurs i n l y s i s of Micrococcus lysodeikticus by lysozyme. The 
homogenous reaction kinetics of enzyme attack of using oligomers 
of this monopolymeric c e l l wall example are conveniently studied 
by using oligomers of the monomer [disaccharide:(GlcNac-MurNac) 
(N-acetyl-D-glucosamine-N-acetylmuramic a c i d ) ] . The endoenzyme 
can cleave an oligomer of i units, at any of the susceptible 
bonds measured from a reference (e.g., non-reducible) end. A 
model reaction network allowing for such random internal cleavage 
(but forbidding cleavage of the f i r s t s i t e from either end) was 
proposed 1 0 by Chipman: 

κ« 
Ε + S± J ( E S ^ j j = 0,1,1 1 1 i + i (2.3a) 

k 

(ES±). - C Aj + S ( i - j ) j = 1, . . . , i (2.3b) 

k 
[(ES.). - V A, + H ?0 (2.3c)] 

k. 
Α..(+Η20) V 1 Ε + S j (2.3d) 

3 *Τ J 

A ± + Ŝ  Ε + S ± + j (2.3e) 
Here, the (i+2)-mer Ŝ, i s complexed at the j * * 1 s i t e , 

numbered 0 to i+1, but only binding at sit e s 1< j < i can result 
i n reaction, as a s i t e at an end i s unreactive. The model f i t 
kinetic data from experiments 1 1 starting with (uncleavable) dimer 
only. Other measures of reaction rate for c e l l l y s i s are t y p i 
c a l l y more convenient: o p t i c a l density of p a r t i a l l y lysed c e l l s 
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i n a whole c e l l reaction mixture may s u f f i c e to represent the 
ove r a l l c o n v e r s i o n . 2 0 , 2 2 

The hydrolysis of starches by amylases i s most conveniently 
considered i n terms of sugar production (for saccharification) 
or v i s c o s i t y reduction (for liquefaction). Starch pastes are 
c h a r a c t e r i s t i c a l l y pseudoplastic (shear thinning), and thus 
s a t i s f y , over an intermediate range of shear rates, a power law 
relationship between shear stress, τ, and shear rate, γ, of the 
form (2.4): 

τ = K ( ^ ) N (2.4) 

where Κ = apparent unit shear v i s c o s i t y 

X T - .  x l pseudoplasticΝ = power law inder =
As starch pastes were hydrolyzed by α-amylase , the para

meters Κ and Ν were observed to change with reaction progress i n 
a coupled manner according to the equation (2.5): 

log Κ - log - Ν log (2.5) 

Here the points (τ^,γ^) have the significance of being a l i m i t i n g 
high shear rate (and shear stress) at which the solution i s pre
dicted to achieve the Newtonian high shear l i m i t . 

Thus, i f reducing ends of product were measured to provide 
an average molecular weight of remaining starch molecules, i t 
would be possible to relate Κ to the extent of reaction and, 
through eqn (2.5), the consequent rheology of the p a r t i a l l y 
l i q u e f i e d product. (See l a t e r paper of Rollings, Okos, and 
Tsao for a discussion of starch hydrolysis products.) 

The action of the enzyme rennet on milk, known to destablize 
a K-casein and trigger agglomeration of a multi-casein micellar 
suspension (a,β,γ,ε,κ) to produce coagulated milk for cheese-
making, 1 3 has been shown to produce a reaction suspension with 
power law behavior also described by eqns (2.4-2.5)(Tucznicki 
and Scott B l a i r ) . 1 1 * 

Where production of particular mono- or disaccharides i s 
desired, employment of an appropriate exoenzyme, such as 
3-amylase i s noted. The rate of depolymerization i s again 
essentially an Henri form, unless modified by a product i n h i b i 
t i on term. 

Non-productive binding, leading to apparent i n h i b i t i o n , 
occurs frequently for endoenzymes. For example, lysozyme 
hydrolysis of poly (GlcNac-MurNAc) yields dimer (GlcNac-MurNAc)2 
which cannot be cleaved (being an end bond), j =0, i n eqn 2.3b 
above), but i t s non-productive binding decreases the number of 
enzyme s i t e s available for acquiring a cleavable oligomer or 
polymer. Similarly, the hydrolysis of (insoluble) cellulose [G] 
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to cellobiose, Gz9 i n eqns 2.6a-d and thence to glucose, G, 
involves a cellobiose noncompetitive binding to the cellu l a s e ; 
this i n h i b i t i o n i s relieved by cellobiose conversion to glucose 
by β-glucosidase 1 5 : 

k i 

[G] + Ej^ (cellulase) + E[G] (2.6a) 

k 
E 1[G] ->3 Εχ + G 2 (2.6b) 
E l + G2 * E1 G2 ( c e l l o b i o s e binding) (2.6c) 

E 2(B-glucosidase) + G £ 2G + E £ (2.6d) 
The form of the i n h i b i t i o

biose, thus Κ i s unaffecte
same K) but the maximal velocity i s diminished according to eqn 
(2.7): 

i k3 
1 + ( K ^ k 

Nmax = k 3 E o [ l + î / Κ ^ 1 ( 2 ' 7 ) 

C e l l u l o s i c residues c h a r a c t e r i s t i c a l l y consist of a mixture 
of cellulose, hemicellulose, and l i g n i n . Even the individual 
components are heterogeneous: the insoluble cellulose i t s e l f con
s i s t s of a structured material of varying degrees of c r y s t a l -
l i n i t y . An i l l u s t r a t i v e structured substrate description 
including a kinetic model and supporting data was provided by 
Ryu, Lee, Tassinari and Macy. 1 6 These investigators modelled the 
substrate heterogeneity by assuming that the cellulose consisted 
primarily of two phases: "an impermeable, denser, and highly 
ordered paracrystalline or amorphous phase." Correspondingly, 
each phase possesses a different r e a c t i v i t y . With S (amor
phous), S (crystalline) and S (residual in e r t , including 
lignin) making up the t o t a l ceïlulose mass, S , the kinetic 
model including binding of soluble product Ρ So the enzyme i s the 
system of reactions given by eqns (2.8a-3): 

(enzyme kad 
adsorption) Ε E* (2.8a) 

des 

k l a M „ k3 (amorphous E* + S J E*S ·> E*+P (2.8b) 
conversion) k 0 

Za 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



38 BIOCHEMICAL ENGINEERING 

(inert 
binding) 

( c r y s t a l l i n e 
conversion) 

E* + S 

E* +S E*+P (2.8c) 

(2.8d) 

(soluble pro
duct binding 
to soluble 
enzyme) 

Ε + Ρ EP (2.8e) 

These authors determine
x-ray d i f f r a c t i o n data; molecular a c c e s s i b i l i t y and surrace area 
of variously milled samples were obtained from iodine adsorption 
and BET measurements. Degree of cellulose polymerization was 
determined from viscometry of cadoxen-dissolved solutions, with 
the s p e c i f i c v i s c o s i t y extrapolated to zero concentration to 
obtained the i n t r i n s i c v i s c o s i t y , [η], from which i n turn the 
v i s c o s i t y average molecular weight M was estimated from the Mark-
Houwink equation: 

The experimental results supported both the p a r t i t i o n of sub
strate into three sub-classes, and the product i n h i b i t i o n as 
well. 

Immobilized Enzymes 

The attachment of c a t a l y t i c a l l y active sites to materials 
which may be easily recovered from a reaction mixture has been 
the sine qua non of most useful examples of catalysis outside of 
enzymology, and this l a t t e r area has begun to follow suit (see 
for example, the six Enzyme Engineering Conferences, 1 7 as well 
as several summary texts ). In a pleasantly exhaustive review 
of the kinetics of immobilized enzyme systems, G o l d s t e i n 1 9 

several years ago assigned "the effects of immobilization on the 
kinetic behavior of an enzyme" to four situations: 

"1. Conformational and s t e r i c e f fects: the enzyme may be 
conformâtionally different when fixed on a support; alternatively 
i t may be attached to the s o l i d c a r r i e r i n a way that would 
render certain parts of the enzyme molecule less accessible to 
substrate or effector. These effects are (in 1976) well under
stood." 

[η] = 38.5 χ 10 JM -5W0.76 (2.9) 
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"2. Partitioning effects: the equilibrium substrate, or 
effector concentrations within the support may be different from 
those i n the bulk solution. Such effects, related to the chemi
ca l nature of the support material, may arise from e l e c t r o s t a t i c 
or hydrophobic interactions between the matrix and low-molecular 
weight species present in the medium, leading to a modified 
microenvironment, i . e . , to different concentrations of substrate, 
product or effector, hydrogen and hydroxyl ions, etc., i n the 
domain of the immobilized enzyme p a r t i c l e . 

"3. Microenvironmental effects on the i n t r i n s i c c a t a l y t i c 
parameters of the enzyme: such effects due to the perturbation 
of the c a t a l y t i c pathway of the enzymic reaction would r e f l e c t 
events a r i s i n g from the fact that enzyme-substrate interactions 
occur i n a different microenvironmen  whe  i  immobi
l i z e d on a s o l i d support

"4. Diffusional or mass-transfer effects: such effects 
would arise from d i f f u s i o n a l resistances to the translocation of 
substrate, product, or effector to or from the s i t e of the 
enzymic reaction and would be p a r t i c u l a r l y pronounced in the case 
of fast enzymic reactions and configurations, where the p a r t i c l e 
size or membrane thickness are r e l a t i v e l y large. An immobilized 
enzyme functioning under conditions of d i f f u s i o n a l r e s t r i c t i o n s 
would hence be exposed, even i n the steady state, to l o c a l 
concentrations of substrate product or effector different from 
those i n the bulk solution." 

These influences have been evaluated successfully, i n d i 
cating a pleasant grasp of these fundamental influences on 
enzyme kinetics. We consider several i l l u s t r a t i v e results. The 
influence of the number of covalent couplings to an enzyme on i t s 
a c t i v i t y i s shown for lysozyme, lipase, and chymotrypsin for 
soluble enzyme (Figure 4a) and immobilized enzyme (Figure 4 b ) . 2 0 

Here, the s i m i l a r i t y i n a c t i v i t y pattern changes for a l l three 
enzymes, as the r a t i o of soluble or ins o l u b i l i z e d coupling 
groups (Figures 4a and 4b, respectively) to enzyme i s increased, 
suggests c l e a r l y that a l t e r a t i o n of r e l a t i v e enzyme a c t i v i t y 
upon immobilization (on only the external surfaces of these 
polyacrylamide supports) i s governed by conformation or s t e r i c 
changes effected by the extent of enzyme covalent coupling. 

The microenvironment effect due to Donnan e q u i l i b r i a i s 
shown by the now c l a s s i c results (Figure 5) for pH-activity 
p r o f i l e s of chymotrypsin on polycationic, and polyanionic sup
ports vs. that of the soluble enzyme. 

Here, the charged substrate partitioning i n bulk solution 
(S ) and i n the porous support (S ) i s given by ο 

(3.1a) 

where ze = substrate charge, ψ = ele c t r o s t a t i c potential of 
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Figure 4. Top, relative specific activity of immobilized enzyme versus the molar 
ratio (ratio of immobilized surface coupling groups to enzyme immobilized). Key: 
· , diazotized lysozyme; X, diazotized lipase; Δ, acylated a-chymotrypsin. Bottom, 
relative specific activity of modified soluble enzymes versus the molar ratio (ratio of 
soluble coupling reagent to enzyme). Key: O, diazobenzenesulfonic acid lysozyme; 
X, diazobenzenesulfonic acid-lipase; | , diazobenzenesulfonic acid-chymotrypsin; 
Δ, acetic anhydride-chymotrypsin. Reproduced, with permission, from Ref. 20. 
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ι — ι — ι — ι — ι — ι — ι — Γ 

Figure 5. Activity-pH curves. Key: O, chymotrypsin; · , a poly anionic ethylene-
maleic acid (EMA) copolymer derivative of chymotrypsin, and A, a polycationic 
derivative, polyornithyl chymotrypsin. Substrate is acetyl-L-tryrosine ethyl ester. 
Ionic strength is 0.01 mol/L. Reproduced, with permission, from Ref. 19. Copyright 

1976, Academic Press, Inc. 
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support, and k = Boltzman constant. With Henri's eqn (1.1) 
assumed to apply for the actual internal concentration S.^ 
adjacent to the enzyme, the observed rate expressed i n terms of 
the measurable S value i s s t i l l i n agreement with the Henri 
form, but the apparent Kf i s given by eqn (3.1b). 

Kf = Kexp(zei|;/kT) (3.1b) 
D 

as seen from using eqn (3.1a) i n eqn (1.1): 

ν ν S max i _ max ο ,~ , ν 
V K + S ± Kexp(zei|;/kBT) + S q U - i c ; 
Donnan equilibrium, being an example of charge-charge i n t e r 

action, i s also influenced b  ioni  strength  th t 
Michaelis constant K' o
with ionic strength according  eq  (3.2) 

Kf = γΚ[1 - K ,Zm c/KI] l $ (3.2) 

where the a c t i v i t y c o e f f i c i e n t r a t i o i s γ = y i n n e r / y b u l k ^ Z m 

i s the effective fixed charge concentration inside the support, 
and I the bulk solution ionic strength. 

The influence of c o l l o i d a l forces on reactions involving 
immobilized enzymes acting on insoluble substrates has received 
less attention, yet i t appears to offer some clear examples of 
fundamental phenomena important i n enzyme kinetics. D a t t a 2 2 

examined l y s i s of Micrococcus lysodeikticus by soluble and 
(polyacrylamide) immobilized lysozyme. He noted that the 
decrease i n soluble enzyme a c t i v i t y with decreasing ionic 
strength (Table 1) paralleled the measured decrease i n c e l l l y s i s 
measured i n flow through a packed bed reactor of immobilized 
enzyme. 

Table l 2 2 

Ionic Strength 
[M] 

Soluble Enzyme 
A c t i v i t y 

Immobilized 
Enzyme Rela

tive a c t i v i t y 
exp't (theory) 

C e l l Surface 
Potential 

ψ (mV) 

ΙΟ" 4 1700 ^0 +83.5mV 
ΙΟ" 3 4000 2.3 (^4.3) 81.0mV 
ΙΟ" 2 12000 13.3 (^8.3) -36mV 
i c f 1 12000 22.6 (^8.3) -37.3mV 

* ( f i r s t numbers are experimental results, second (in parentheses) 
are values predicted by p a r t i c l e collector theory, including i n 
fluence of interception (pa r t i c l e size) and Brownian motion on 
mass transfer of par t i c l e s to immobilized enzyme surface.) 
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The decline i n rate with decreasing ionic strength i s e v i 
dently associated with a sign reversal i n net c e l l charge, from 
attractive (ψ s u r f a c e - +44.5mV, ψ -, - -(36 to 37.3mV)) to 
repulsive (ψ = ¥feïato 83.5mV) as determined from electro-
phoretic mobility measurements. A Michaelis constant (K) modi
f i c a t i o n may also be involved (eqn 3.2 above). The agreement 
between observed rate and the calculated mass transfer limited 
rate (last column i n parenthesis) means that the f l u i d mechanical 
and c o l l o i d a l forces which act to attract/repel enzyme and c e l l 
p a r t i c l e s are, at the highest ionic strengths, dominating the 
slow step kinetics, i . e . , that every c e l l which encountered the 
immobilized enzyme surface was subsequently hydrolyzed. 2 2 Simi
l a r l y , the decline i n rate for soluble enzyme i s to be associa
ted with a more d i f f i c u l t binding or lessened substrate a f f i n i t y 
occasioned i n part by the s h i f t from attractive to repulsive 
c o l l o i d a l force betwee

The mass transfer  enzym  p a r t i
c l e brings a r e l a t i v e l y modest number of hydrolyzable bonds per 
c e l l p a r t i c l e to the catalyst. The above lysozyme data indicate 
that the reaction rate i s essentially mass transfer controlled, 
i . e . , the enzyme can cleave the small number of c e l l wall bonds 
per unit volume of c e l l rather rapidly. Solid and emulsion 
par t i c l e s of similar size, such as cellulase p a r t i c l e s or l i p i d 
emulsion droplets, bring a much larger number of cleavable bonds 
per p a r t i c l e to the immobilized enzyme. Immobilized pancreatic 
l i p a s e 2 3 shows an observed reaction rate which i s 10 to 100 
times less than that predicted from c o l l o i d a l p a r t i c l e trans
port (Figure 6). The p a r t i c l e c o l l e c t i o n efficiency u t i l i z e d i n 
calculation of the p a r t i c l e mass transfer c o e f f i c i e n t i s composed 
of only two important terms, interception and Brownian motion 
(gravitational s e t t l i n g and i n e r t i a l impactions are n e g l i g i 
b l e ) . 2 3 Thus, the p a r t i c l e mass effi c i e n c y of c o l l e c t i o n , η, i s 
the simple sum of two terms: 2 3* 2** 

η o v e r a l l ^Brownian + ^interception 

• ° · 9 ( ΐ Τ Τ Ί Γ ) 2 / 3 + x - 5 ( d ^ > 2 ( 3' 3> 
e enz ο enz 

where d e, d^ n are substrate and immobilized enzyme p a r t i c l e d i a 
meter, respeclively, and Ν i s the f l u i d velocity entering the 
enzyme reactor. 

The observed rate of reaction (Figure 6) i s also orders of 
magnitude higher than the rate calculated by assuming that only 
a few molecules of product are formed per emulsion p a r t i c l e 
c o l l i s i o n with the enzyme surface. Thus, pa r t i c l e - c a t a l y s t 
encounters resu l t , on the average, i n the cleavage of thousands 
to millions of l i p i d bonds per part i c l e - c a t a l y s t c o l l i s i o n event. 

The above particulate examples involving lysozyme and pan
creatic lipase concerned substrates with uniform reactant 
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Figure 6. Comparison of calculated mass 
transfer rate and experimentally observed 
reaction rates at various substrate concen
trations. Broken lines are calculated values. 
Experimentally observed values for stain
less steel are: X, 50-100 mesh; O, 200-
250 mesh; and Δ, 325 mesh. Reproduced, 
with permission, from Ref. 23. Copyright 

1975, John Wiley and Sons, Inc. 
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structure: Micrococcus lysodeikticus (procaryotic) and tributy-
r i n , respectively. More complex particulate structures provide 
a variety of hydrolysable bonds per p a r t i c l e , leading to a 
greater d i f f i c u l t y i n reaching a description of enzyme hydrolytic 
kinetics. Examples here include eucaryotic c e l l walls (e.g., 
yeast, with cross linked mannan and glucan components), and the 
c e l l u l o s i c substrates discussed i n the e a r l i e r section. 

Enzyme immobilization leads always to the need to consider 
d i f f u s i o n a l limitations, as the l a t t e r can give r i s e to rate 
limitations and disguises. The general kinetic results are well 
established, and we touch on only a few i l l u s t r a t i v e examples i n 
this short paper; d i f f u s i o n a l l i m i t a t i o n s , enzyme electrode 
design, and polystep conversions. 

Internal diffusional resistance is widely appreciated now, 
and tests for freedom fro
used i n kinetic studies
intrusions i s i l l u s t r a t e d with consideration of an immobilized 
dual system: glucose oxidase (E^) and catalase (E«) are used to 
oxidize glucose (G) to oxidized glucose (G^ v), and to decompose 
hydrogen peroxide (H 20 2) : ox 

G + 02 Î Gox + H2°2 ( 3 - 4 a ) 

E2 1 
H2°2 t H 2 ° + 2°2 ( 3 , 4 b ) 

(In a developing commercial process, the oxidized glucose i s 
reduced subsequently to fructose using a third catalyst.) The 
enzymes E^ and E« are both deactivated by hydrogen peroxide, 
leading to a diffusion-reaction situation which changes slowly 
i n time. Kinetic equations for this system have been widely 
s t u d i e d ; 2 6 the equations (3.5 a,b,c,d,e,f) used recently by 
Chang 2 7 are characteristic of the l i t e r a t u r e phenomena examined: 

[G = glucose, A = oxygen, Β = i^C^, and Ρ = oxidized glucose] 

Glucose consumption rate (by oxidase (ox)) : 

- V l •
 ν Γ E o x / ( 1 + K G / C G + V ca> ( 3 - 5 a ) 

Peroxide conversion rate (by catalase (ca)): 

= V - k Ε C (3.5b) z ca ca D 
Oxidase deactivation: 
dE 

O X - - k 0 C B E _ (3.5c) dt 3 Β ox 
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Catalase a c t i v i t y : 

dE 
= -k.C^E (3.5d) dt 4 Β ca 

Product formation (at pseudo-steady state): 

dP = ^dG 
dt dt (3.5e) 

In commercial large scale c a t a l y t i c conversions, a c t i v i t y 
maintenance i s important. Calculations by Chang 2 7 indicating the 
glucose oxidase a c t i v i t y p r o f i l e s vs. distance i n the catalyst 
p e l l e t are shown i n Figure 7 for various catalase enzyme loadings 

l209 

0 = / R k Ε /D ca ca A 
in Figs. 7a (t=0), 7b (t=100), 7d(t=150), 73(t=20C0, and 
7f(t=300). Lack of any catalase (φ 2 = 0, Figs. 7a-3, curve a) 
results i n the most rapid deactivation of Ε , while the highest 
E^ loading, case <i, results i n longest maintenance of E^ cata
l y s t . Additionally, i n the absence of E«, the H^C^ concentra
tion i s largest i n the center of the p e l l e t , giving most rapid 
deactivation at r = 0, while with appreciable E 2 l e v e l s , the 

i s maximal at the location where the rate i s largest, which 
i s near r = .75 to .9, and f a l l s toward zero near the p e l l e t cen
ter since most of the o r i g i n a l dissolved oxygen has been consumed 
by r = 0.5 and the inner part of the p e l l e t acts primarily as a 
peroxide sink (and oxygen source). 

The glucose -> glucose oxidase system i s probably the best 
studied example of catalyst a c t i v i t y maintenance. Evaluation of 
system behavior, based upon Henri-related reactions (3.5a, 3.5b) 
and deactivations (eqns 3.5c, 3.5d) occurring simultaneously with 
internal (eqns 3.5a,b) d i f f u s i o n and external mass transfer pre
sents as complete a kinetic analysis as i s conventionally a v a i l 
able in other well studied commercial examples of c a t a l y s i s . 

A second application of immobilized enzymes involves enzyme 
electrodes. An i l l u s t r a t i v e example of kinetic fundamentals i s 
provided by the urease electrode,which uses a urease membrane 
to cleave urea into bicarbonate and ammonium ion, coupled to an 
ammonium ion s p e c i f i c pontentiometric electrode. As with the 
glucose oxidase/catalase example above, the homogeneous phase 
kinetics can be applied to describe the response of the immobi
l i z e d urease: 2 8 

i n "planar" membrane: 

dif f u s i o n + reaction of urea substrate: 
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Figure 7. Activity profiles for glucose oxidase (Et) coimmobilized with catalase 
(Eg) in an initially uniform concentration. The glucose oxidase loading is constant; 
the catalase loading increases as reflected by increased Thiele modulus, <f>s = 
R V Ε,ο/DSo, from Curve a (EM0 = 0) to Curve d (Et0 (max)). Dimensionless time 

appears at the lower right-hand corner of each graph (27). 
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d 2 g k 3kE QS 
P s ^ 2 " (1+KS) (1+K- [NH4+] = ° ( 3 ' 6 a ) 

production of ammonium ion product 
, 2 r M H +, 2k-KE S 

v ; +
 ( n « ) ( i«'[HH^ i ) = 0 ( 3 · 6 b ) 

with boundary conditions (at steady state) 

d[NH+] d s 

— j = 0 = — at ζ = L (ammonium ion (3.6c) 
d z d z electrode) 

V ~ = L (  )  ζ  (externa  (3.6d) s αζ Z D - ν surface) 
. dNHT 

V - d ^ = k N H A
( [ N H ^ " l M Hîlb> ( 3 · 6 β ) 4 4 

Using publisheddata of Laidler et a l . , 2 9 the calculated ammonium 
ion concentration p r o f i l e i s presented i n Figure 8 for various 
urease loadings i n the thin "planar" membrane gel surrounding the 
tip of the ammonium ion electrode. These results contain useful 
design information. If ̂ e wish to use the electrode to measure 
substrate (urea), the NĤ  signal at the ammonium electrode sur
face (z/L = 1.0, Fig. 8) should be independent of Ε , thus we 
should produce an electrode with Ε > 20-30 mg urease per ml 
of gel. If we wish to detect an in h i b i t o r , then we should load 
the enzyme membrane electrode very l i g h t l y (e.g., Ε = 2 mg/ml) 
so that a 50% a c t i v i t y inhibition,corresponding to E^ = Ε /2, 
produces a considerable drop i n NĤ  signal. The experimental 
voltage response of an urease enzyme electrode with various 
urease loadings was determined by Guilbault and Montaivo; 3 0 

Fig. 9 indicates that the i n i t i a l loading of 20-30 mg calculated 
above i s i n reasonable agreemen£ with the experimental results 
(note that calculation gives NĤ  (Z=0) while measurement i s 
reported as ammonium ion electrode voltage.) Many other sub
stances have been analyzed experimentally with similar enzyme 
electrode probes ( G u i b a u l t ) 3 2 , indicating major potential for 
analogs of eqns (3.6a-e). 

Summary 

The kinetics of soluble and immobilized enzymes, involved i n 
reactions of soluble and insoluble substrates appears to be 
s u f f i c i e n t l y well studied over the l a s t 20 years that reactor 
design procedures based on fundamental kinetics rate equations 
may be executed with considerable confidence. The application of 
such emzyme kinetics forms to structured models of microbial 
metabolism has also progressed, as this book documents. 
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Figure 8. Influence of enzyme loading (mg enzyme/cc gel) on product profiles for 
50μ membrane; bulk urea concentration, 0.0833 M; bulk ammonium ion, negligible 
(10 1 M). Reproduced, with permission, from Ref. 28. Copyright 1972, Plenum 

Publishing Corp. 
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UREASE (mg//tgel) 

Figure 9. Comparison of experimental and calculated electrode steady-state 
responses versus enzyme loading. Key: Δ, experimental data (L = 350μ, bulk 
urea = 0.0833 M, bulk ammonium ion negligible); O, calculation from model given 
in text (L = 50μ, bulk urea = 0.0833 M, bulk ammonium ion negligible (10 1 M). 
Reproduced, with permission, from Ref. 28. Copyright 1972, Plenum Publishing 

Corp. 
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Optimization of Fermentation Processes Through 
the Control of In Vivo Inactivation of Microbial 
Biosynthetic Enzymes 

SPYRIDON N. AGATHOS and ARNOLD L. DEMAIN 
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Fermentation Microbiology Laboratory, Cambridge, MA 02139 

Prolonged productio
by in vivo stabilizatio
As a model system we have focused on the gramicidin S 
synthetase complex in Bacillus brevis. Our group 
previously reported an O2-dependent loss of total bio
synthetic activity preventable by anaerobiosis. We 
further found this inactivation to be independent of 
aerobic energy-yielding metabolism and of de novo pro
tein synthesis through inhibitor studies. However, 
retardation of inactivation was achieved upon addition 
of utilizable carbon sources to aerated cell suspen
sions, the degree of stabilization being proportional 
to the ease of uptake and to the concentration of 
each C-source. Dithiothreitol contributed to retard
ation and partial reversal of the inactivation. These 
results suggest that the in vivo inactivation may be 
due to an energy deficiency at the end of exponential 
growth with a concomitant exposure of sulfhydryl groups 
on the synthetases to autoxidation. 

Important commodity chemicals are currently being produced by 
microorganisms i n a variety of fermentation and bioconversion pro
cesses. The e f f i c i e n t production of these substances requires 
considerable enzyme levels catalyzing the biosynthesis of metabo
l i t e s , as well as good c a t a l y t i c a c t i v i t i e s and adequate opera
ti o n a l s t a b i l i t i e s . This i s certainly true of both primary and 
secondary metabolites. 

U n t i l recently, most work aimed at optimizing production of 
valuable secondary metabolites such as antib i o t i c s has consisted 
of environmental and genetic approaches affecting almost exclu
sively the levels and c a t a l y t i c a c t i v i t i e s of the relevant 
biosynthetic enzymes, rather than their operational s t a b i l i t y . 
Environmental manipulations have included: (a) the addition of 
appropriate precursors; (b) the disruption of regulatory mechanisms 
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controlling the i n i t i a t i o n of a n t i b i o t i c synthesis, such as re
pression and i n h i b i t i o n of their synthetases. For example, carbon 
catabolite regulation i s relieved through addition of a slowly 
u t i l i z e d carbon source at the beginning of a batch fermentation or 
through the slow addition of the otherwise readily consumed carbon 
source i n various fed-batch type operations. Similarly, nitrogen 
and phosphate regulation are bypassed either through r e s t r i c t i o n 
of the respective N- or P- source or through addition of a slowly 
metabolized alternative source of those nutrients. Feedback 
i n h i b i t i o n of a n t i b i o t i c synthetases has been minimized by appro
priate bioreactor design, e.g., a d i a l y s i s culture i n which the 
end product i s continuously removed; (c) f i n a l l y , the s p e c i f i c 
growth rate of the antibiotic-producing microorganism i s optimized 
during the idiophase (e.g., through lim i t a t i o n of a key nutrient, 
pH control, etc.) since i n i t i a t i o n and maintenance of i d i o l i t e 
production i s favored a

Genetic solutions t  problem  regu
latory mechanisms have also been applied successfully for the 
e f f i c i e n t production of secondary metabolites. Mutation and 
selection for superior producing mutants can account for much of 
the success of the modern a n t i b i o t i c industry. 

However, even with superior producer strains and rational 
environmental strategies for adequate expression and a c t i v i t y of 
the synthetases, these biosynthetic enzymes usually decay quickly 
during the idiophase. Thus, the i n vivo inactivation of 
biosynthetic enzymes i s widespread and appears to be a limiting 
factor i n the prolonged production of antibiotics and related 
secondary metabolites. Despite i t s importance, i n vivo enzyme 
inactivation of secondary metabolism has not received any atten
tion as a d i s t i n c t b i o l o g i c a l phenomenon, although a fundamental 
understanding of the process(s) could hold the key to i t s success
f u l circumvention as i s the case with other types of c e l l u l a r 
enzyme regulation. 

We have reasoned that a novel approach to prolong the produc
tion phase of secondary metabolites should be based on an attempt 
to prevent or retard the process of in vivo inactivation of the 
enzymes (synthetases) catalyzing their formation i n fermentations. 
Such an attempt would require an understanding of the chemical 
nature of the inactivation. This knowledge could be subsequently 
translated into process development and control i n actual fermen
tations, which, for the most part, are carried out i n batch 
reactors. If the object of the fermentation i s the recovery of 
the enzymes for further use i n a c e l l - f r e e system or the acquisi
tion of active whole c e l l s for repeated use i n a fixed bed-type 
bioreactor, the prevention or retardation of the inactivation 
process would ensure both an adequate margin of time for primary 
harvesting and a longer h a l f - l i f e of the a c t i v i t y for the bio-
catalysts in the c e l l s . 

The purpose of this communication i s to i l l u s t r a t e the 
potential of the above-mentioned approach by focusing on our 
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i n v e s t i g a t i o n of the in vivo i n a c t i v a t i o n of the enzyme (synthe
tase) complex responsible for the formation of gramicidin S (GS), 
a c y c l i c peptide a n t i b i o t i c i n B a c i l l u s brevis ATCC 9999. This 
i n v e s t i g a t i o n represents the f i r s t attempt, to our knowledge, to 
understand and to control in vivo i n a c t i v a t i o n of a synthetase 
involved i n the production of a secondary metabolite. The choice 
of GS synthesis, as our model system, was influenced by the r e l a 
t i v e l y large amount of information i n the l i t e r a t u r e about the 
enzymology of GS formation, the p a r t i c i p a t i o n of only two polyen-
zymes i n i t s biosynthesis and the existence of a c e l l - f r e e 
biosynthetic system. Also the pattern of appearance and disap
pearance of the enzyme complex (GS synthetase) i s t y p i c a l of a 
large number of a n t i b i o t i c fermentations. In addition, the pro
ducing organism, B a c i l l u s b r e v i s , i s a non-filamentous, r a p i d l y 
growing prokaryote and only a single a n t i b i o t i c i s produced i n 
t h i s fermentation. 

Investigators have  appearanc
soluble GS synthetases at the end of exponential growth, they 
r a p i d l y disappear as the c e l l population moves into stationary 
phase (12,L3) ( F i g - 1)· These changes have beeen observed using 
the assay which measures the t o t a l synthetase a c t i v i t y as w e l l as 
both L-ornithine and L-phenylalanine-dependent ATP-PPi exchange 
reactions (assays for the i n d i v i d u a l heavy and l i g h t GS syntheta
ses r e s p e c t i v e l y ) . 

F r i e b e l and Demain (.4,5.) found that i n a c t i v a t i o n of soluble GS 
synthetase i n vivo i s oxygen-dependent and i r r e v e r s i b l e . They 
also found that N 2 gas prevented in vivo i n a c t i v a t i o n of the 
enzyme complex under otherwise fermentation conditions. However, 
under these conditions no GS was produced, presumably due to the 
need of oxygen for ATP production i n t h i s aerobic organism. 

I t i s useful to review b r i e f l y some of the current motions on 
i n vivo i n a c t i v a t i o n of microbial enzymes: 

In Vivo Enzyme I n a c t i v a t i o n . Enzyme l e v e l s i n microorganisms 
are known to be controlled through regulation of the rate of t h e i r 
synthesis (induction/repression) whereas enzyme a c t i v i t i e s are 
con t r o l l e d by non-covalent binding of various ligands ( a c t i v a t i o n / 
i n h i b i t i o n ) . However, through studies that have focused almost 
ex c l u s i v e l y on the disappearance of enzymes of primary metabolism, 
i t i s now apparent that an ad d i t i o n a l type of enzyme regulation i s 
operative i n microorganisms, i . e . , the control of enzymatic a c t i 
v i t y by se l e c t i v e i n a c t i v a t i o n . This i n a c t i v a t i o n of p a r t i c u l a r 
enzymes i s widespread among microorganisms, i s brought about by 
several mechanisms, and i s observed under s p e c i f i c p h y s i o l o g i c a l 
conditions (2,LI). In vivo i n a c t i v a t i o n i s defined as the i r r e 
v e r s i b l e loss of an enzyme's c a t a l y t i c a c t i v i t y i n the c e l l . This 
d e f i n i t i o n i s designed to contrast i n a c t i v a t i o n from i n h i b i t i o n , 
which i s the r e v e r s i b l e loss of enzyme a c t i v i t y through usually 
non-covalent binding of an i n h i b i t o r that can be dialyzed or 
di l u t e d away to restore a c t i v i t y . In v i v o enzyme i n a c t i v a t i o n can 
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Figure 1. Dynamics of appearance and disappearence of GS synthetases. Key: O, 
growth; GS; and A, total GS biosynthetic activity (Synthetase scale). 
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be classified into modification inactivation, which involves 
usually a covalent modification of the protein molecule and dégra
dât ive inactivation, which involves cleavage of at least one pep
tide bond of the enzyme protein. The in vivo inactivation of 
microbial enzymes is usually observed as the cells approach or 
enter stationary phase in a batch reactor. It occurs mainly at a 
point in which the microbe's nutritional/energetic state changes 
upon exhaustion or nutrients or a shift in carbon or nitrogen 
source. Possibly, i t is a general regulatory mechanism aimed at 
phasing out a particular enzyme when a metabolic shift renders i t 
wasteful of metabolites and/or directly harmful to the c e l l . 

Materials and Methods 

The culture used i  thes  experiment  Bacillu  brevi  ATCC 
9999. The preparation o
tion of growth were as previously  (9)
determined by the biuret method (6). 

In order to study the in vivo disappearance of GS synthetase, 
we have used a system that exhibits inactivation kinetics in 
short-term experiments. The system utilizes frozen and thawed 
cells of IJ. brevis harvested after growth in yeast extract-peptone 
(YP) medium in a 180-1 fermentor and frozen at -20°C immediately 
after harvesting. Small batches of cells were thawed just before 
performing in vivo inactivation studies according to the methodo
logy of Friebel and Demain (4). In brief, these cells are agi
tated under air in buffer for various periods of time in the 
presence of appropriate compound vs. nitrogen-covered controls, 
crude cell-free extracts are subsequently prepared using lysozyme, 
and the extracts are assayed by the overall GS synthetase assay 
(incorporation of L-[ 3H]ornithine into GS). 

Results and Discussion 

A typical kinetic pattern of the in vivo loss of GS synthetase 
in our frozen-thawed c e l l system is shown in Figure 2. The enzyme 
survives over 8 hours under nitrogen gas, but is usually lost at 
the end of 2-3 hours under conditions of agitation at 250 rpm, 
37°C in air (simulated aerobic fermentation conditions). The time 
scale should not be taken as an absolute measure of the enzyme's 
survival, because the rate of the inactivation depends upon the 
previous growth history of the cells. Therefore, comparisons are 
made only between experiments performed with cells from the same 
batch of cells. 

Lack of Inactivation by Energy-yielding Cellular Metabolism. We 
f i r s t examined whether the dependence of synthetase inactivation 
on oxygen reflects a requirement for aerobic energy-yielding meta
bolism. Some enzymes are inactivated in vivo in the presence of 
0 2 due to the operation of energy-yielding circuits in the c e l l , 
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Figure 2. Typical kinetic pattern of in vivo inactivation of G S synthetase complex 
in frozen-thawed cells of B. brevis. Standard conditions for inactivation: agitation 

at 250 rpm, 37°C under air, vs. Nt-covered control. 
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such as glycosis, the c i t r i c acid cycle, electron transport, etc 
(11)· Especially in Bacillus subtllis, i t has been demonstrated 
that inhibitors of such energy-yielding pathways prevent the in 
vivo inactivation of aspartase transcarbamylase, a process 
requiring oxygen and entry into the stationary phase (15). In our 
case, inhibitors of glycolysis (NaF), the c i t r i c acid cycle 
(malonate) and oxidative phosphorylation (DNP), in concentrations 
known to inhibit their respective metabolic circuits, were not 
effective in preventing enzyme inactivation (Table I)·. Therefore, 
i t appears as i f the inactivation is not due to energy-yielding 
metabolic cell activity. 

Table I. 

Effect of Energy Metabolism Inhibitors on 
in vivo Stabilit

Atmosphere Additive Activity % 

Nitrogen None 100 
Air None 4 
Air 50 mM NaF 2 
Air 50 mM Malonate 0 
Air 0.2 mM DNP 6 
Nitrogen 50 mM NaF 77 
Nitrogen 50 mM Malonate 85 
Nitrogen 0.2 mM DNP 103 

aIncubation with shaking for 90 min at 250 rpm, 37°C. 

Independence of Inactivation from Protein Synthesis. A similar 
experiment was carried out to determine whether the inactivation 
was dependent upon protein synthesis. Conceivably the process of 
in vivo synthetase inactivation could be enzymatic, involving the 
mediation of an enzyme that is derepressed at some point during 
late exponential growth in actively growing cultures of 1J. brevis, 
e.g., a protease with an unusual requirement for oxygen or an oxy
genase or an unknown "inactivase". Nevertheless, when a protein 
synthesis inhibitor (chloramphenicol) was included in the aerated 
cel l suspensions of our system in a concentration known to inhibit 
de novo protein synthesis in IJ. brevis, no prevention or slow
down of the inactivation process was noted, thus suggesting that 
the process is not protein-synthesis dependent. 

Carbon Source-mediated Retardation of Inactivation. As mentioned 
previously, a shift in C-metabolism is one of the physiological 
conditions most commonly associated with in vivo inactivation of 
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microbial enzymes. It might be assumed that as B. brevis moves 
into the stationary phase, the operation of the ITS synthetase for 
continued formation of the a n t i b i o t i c from i t s constituent amino 
acids becomes wasteful of protein precursors. Thus enzyme inac
t i v a t i o n may spare building blocks and energy and may be brought 
about by signals of progressive depletion of carbon and energy 
source and/or the i n t r a c e l l u l a r ATP pool. To determine whether 
carbon sources have any effect on inactivation of GS synthetase, 
various u t i l i z a b l e (glycerol, fructose, i n o s i t o l ) and n o n u t i l i z 
able (glucose, sorbitol) carbon sources were added to frozen-
thawed c e l l suspensions agitated under a i r . As shown i n Table II, 
several C-sources were able to p a r t i a l l y s t a b i l i z e the enzyme. 

Table I I . 

Effect o
S t a b i l i t

Overall synthetase 
Atmosphere Additive s p e c i f i c a c t i v i t y Γ "g GS 1 

Lmg-hr J 

A c t i v i t y 
(%) 

Nitrogen None 7.8 100 
A i r None 0.5 6 
A i r 1% Glycerol 7.0 90 
A i r 1% Fructose 5.4 69 
A i r 1% Glucose 3.6 46 
A i r 1% Inositol 3.1 40 
A i r 1% Sorbitol 0.4 5 

aIncubation with shaking for 90 min at 250 rpm, 37°C. 

The best s t a b i l i z a t i o n was obtained with glycerol, followed by 
fructose, glucose, and i n o s i t o l i n decreasing order of e f f e c t . 
Sorbitol was included i n this experiment since i t i s not a source 
of carbon for growth but i s known to s t a b i l i z e at high concentra
tions ("20%) some c e l l - f r e e enzymes. In our case i t was inactive. 
The results suggest that in vivo synthetase s t a b i l i z a t i o n by car
bon sources i s linked with the u t i l i z a t i o n of these compounds by 
the c e l l s under the conditions of aeration used here. Studies by 
Asatani and Kurahashi ÇI) have revealed that there exist systems 
of active uptake for both glycerol and fructose i n Β· brevis. The 
uptake of glycerol i s considerably faster than that of fructose 
and they are both catabolized through the g l y c o l y t i c (EMP) path
way. The same workers have reported that glucose, while not able 
to support growth as sole C-source for B̂ . brevis, can diffuse 
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passively and very slowly into the c e l l s and, once inside, i t can 
be catabolized through the EMP pathway. In our frozen-thawed 
c e l l s we are evidently experiencing increased permeability of the 
c e l l membrane to glucose as a result of the freeze-thaw treatment. 
Inositol has been found by Vandamme and Demain (14) to be a poor 
source of carbon for this organism. Our results indicate that 
there i s a direct relationship between magnitude of the s t a b i l i 
zation effect brought about by the C-sources i n question and their 
u t i l i z a t i o n . This correlation favors the idea of a metabolic 
basis for the observed s t a b i l i z a t i o n in vivo. It i s possible that 
the c e l l s of B̂ . bevis are starved for a C- (and energy) source at 
the point of the in vivo inactivation and that such nutrients must 
be added to retard the inactivation process occurring under a i r . 
An experiment was carried out i n which 1% glycerol was added to a 
c e l l suspension after i t had been subjected to inactivating con
ditions ( i . e . , shaking
inactivated synthetase
glycerol, demonstrating that glycerol i s effective i n retarding 
synthetase inactivation i n a i r but cannot restore a c t i v i t y after 
i t has been l o s t . 

Table I I I . 

Failure of Carbon Source to Re-activate 
inactivated GS Synthetases 

Overall Synthetase 
Atmosphere Additive s p e c i f i c a c t i v i t y Γ Ug GS Τ 

L mg'hr J 

Nitrogen None 10.3 
Ai r None 0.4 
Ai r None, i n i t i a l l y ; 0.4 

1% glycerol added 
after inactivation 

aIncubation with shaking for 90 min at 250 rpm, 37°C. 

Given the immediate implications of a simple step, such an 
addition or pulsing of carbon source for prolonged preservation of 
the synthetase a c t i v i t y i n whole c e l l s , further experiments were 
conducted over several hours, to examine the time course of the 
enzyme a c t i v i t y i n the presence of several levels of glycerol. 
Figure 3 shows that progressively higher levels of carbon source 
from 1 to 4% are able to proportionately retard the inactivation 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



62 BIOCHEMICAL ENGINEERING 

process. In the same experiment, the dissolved oxygen (D.O.) con
centrations were also monitored intermittently i n the vessels con
taining various glycerol l e v e l s . It can be seen (Fig. 3) that 
there exists a correlation between enzyme a c t i v i t y , levels of C-
source and D.O. concentration. The retention of enzyme a c t i v i t y 
i s generally compatible with "lower" D.O. l e v e l s . This could mean 
that the lower D.O. levels are maintained, at least partly, 
through increased respiratory a c t i v i t y i n the e a r l i e r domains of 
such time-course experiments, and that, i n the presence of C-source 
such as glycerol, respiratory a c t i v i t y depleting the D.O. i n the 
c e l l suspension i s maintained for a longer period of time thus 
preventing premature 0 2-mediated inactivation. It i s also possi
ble that the catabolism of the C-source i s required to continue 
furnishing both ATP (a co-substrate and possible positive a l l o s -
t e r i c effector of the enzyme'  structural integrity)  well
reduced pyridine nucleotides
retarding inactivation  below) , 
correlation of D.O. with remaining l e v e l of enzyme a c t i v i t y i s a 
sig n i f i c a n t result not only because i t immediately suggests ways 
of engineering intervention (e.g., through a controlled regime of 
D.O. during production phase) i n a batch a n t i b i o t i c fermentation 
to achieve optimal GS production, but also because i t might sug
gest a general model of regulatory action of oxygen upon enzymes 
i n aerobic microorganisms producing secondary metabolites. A case 
i n point i s the secondary metabolic process of cyanogènesis (pro-
ducion of HCN) by Pseudomonas species described by Castric and his 
colleagues £ 2 , 3 2 which i s also subject to oxygen-mediated inactiva
tion. It i s possible that oxygen becomes harmful to biosynthetic 
enzymes of secondary metabolism i n obligate aerobes at the point of 
C- and energy source depletion partly by virtue of the fact that 
D.O. levels are kept low only during aerobic C-source catabolism. 

A possible mechanistic scheme that would lin k d i r e c t l y the 
C-source catabolism with the molecular events constituting the 
inactivation of the sytnthetase via oxygen, could be formulated as 
follows: the actual target of the inactivation could well be 
l a b i l e sulfhydryl (SH-) active groups on the enzyme surface. 
According to Laland and Zimmer (8) i t seems that at least seven 
SH- groups are d i r e c t l y required for a c t i v i t y and possibly some 
more are involved i n ensuring the structural int e g r i t y of the 
enzyme macromolecule. It i s then plausible to assume that while 
such SH- groups are susceptible to autoxidation by D.O. the pre
sence of an actively metabolized C-source could lead to a low 
i n t r a c e l l u l a r redox potential which i s conducive to maintaining 
the i n t r a c e l l u l a r protein cysteine residues i n the SH- ( i . e . , 
reduced) state. Conceivably NAD(P)H produced under such con
ditions may be coupled to regeneration of SH- groups on the enzyme 
vi a t h i o l interchange (nucleophilic substitution) with glutathione 
(reduced) or lipoamide or thioredoxin. For example, glutathione, 
the most abundant i n t r a c e l l u l a r t h i o l i n most types of c e l l s may 
interchange with the enzyme as shown i n Figure 4. 
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Figure 3. Time course of specific activity of G S synthetase under air in the presence 
of various levels of utilizable carbon source (glycerol). Shown also are the corre
sponding levels of dissolved oxygen (DO). Standard conditions for inactivation: 
agitation at 250 rpm, 3TC. Glycerol levels: M, 4%; A, 2%; Δ, 1%; O, 0%. 

S SH Enz'i + GSH ^ Enz' -h GSSG 
S ^ ŜH 

GSH reductase 
n a d p* n a d ρ H 

Stabilizer compound —> —> —> —> Τ 

Figure 4. Hypothetical scheme illustrating the action of a stabilizer compound 
(e.g., utilizable carbon source) on an enzyme containing Ot-sensitive SH— 

groups. GSH, reduced glutathione; GSSG, oxidized glutathione. 
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Inactivation Through Autoxidation of Sulfhydryl Groups. To 
examine further the p o s s i b i l i t y that SH- groups are oxidized and 
inactivated by 0 2 i n vivo we checked the effect of an organic 
t h i o l (DTT) on the a c t i v i t y of the synthetase i n long-term experi
ments. Because hydrogen peroxide and superoxide free radicals are 
generated during most oxidations of organic t h i o l s , such as DTT, i n 
a i r (10), such reagents cannot be used as additives i n f o r c i b l y 
aerated c e l l suspensions, but only under N 2 gas. Results from 
long-term incubations are shown i n Figure 5. The experiment was 
carried out i n a way which only assumes a lack of forced 0 2 trans
fer to a l l c e l l suspensions [both experimental (with DTT) and 
controls (without DTT)]. This was achieved through a p a r t i a l 
atmosphere of N 2 gas i n rubber-capped v i a l s , which, however, per
mit the gradual entry of a i r l a t e r i n the incubation. DTT at 15 
mM preserved p r a c t i c a l l y the entire i n i t i a l a c t i v i t y of the enzyme 
during 16 hours of incubation
vessel (no DTT) had los
the slow return to aerobiosis i n the control vessels (no DTT) lead 
to autoxidation and inactivation faster than i n the vessels con
taining DTT. 

S t i l l another approach to determine the possible involvement 
of SH- groups as targets of oxidative inactivation of the enzyme 
was to incubate c e l l s , having already been exposed to various 
degrees of 02~dependent inactivation, under N 2 i n the presence of 
d i t h i o t h r e i t o l (DTT). If the hypothesis i s correct then the 
synthetase a c t i v i t y should increase under these conditions. It i s 
of course assumed that the postulated SH- autoxidation has led to 
sulfur derivatives of the enzyme, which are amenable to reduction 
back to the t h i o l state (SH-) i n the presence of excess 
d i t h i o t h r e i t o l . An i n i t i a l experiment along these lines i s shown 
i n Figure 6. It can be noted that moderate reactivation was 
achieved even from states that assume t o t a l loss of a c t i v i t y under 
a i r . In this experiment a 45-minute additional incubation of the 
previously exposed c e l l suspensions was carried out under N 2 i n 
the presence of 15 mM DTT. The results of this experiment 
strongly implicate SH- groups on the synthetase as the actual 
targets of the 02~dependent inactivation. 

Conclusions 

It seems that u t i l i z a b l e C-sources are able to retard i n vivo 
inactivation of the synthetases of GS and i t also appears as i f 
the inactivation i s brought about by autoxidation of SH- groups on 
the enzyme complex. Moreover the loss of synthetase a c t i v i t y i s , 
at least p a r t i a l l y , reversible through externally added d i t h i o 
t h r e i t o l . These results throw considerable l i g h t on the process 
of i n vivo inactivation of the biosynthetic enzyme complex cata
lyzing the formation of GS i n B̂ . brevis. We believe that these 
findings not only suggest fresh ways of optimizing the GS fermen
tation by controlling the rate of synthetase inactivation, but 
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Figure 5. Long-term incubation of frozen-thawed cells of B . brevis under Nt in 
the presence and absence of an organic thiol (DTT). Standard conditions: agitation 

at 250 rpm, 37°C. Key: O, Nt present; Δ, Na + 15 mM DTT present. 

% 
S.a. 

Figure 6. Effect of DDT on specific activity of GS synthetase at various degrees 
of prior exposure to standard inactivating conditions (air, 250 rpm, 37°C). The 
subsequent incubation of the cell suspensions was under Ng in the presence of 15 
mm DTT at 37°C for 45 min. Key: O, air only; Δ, air, then N, + 15 mM DTT. 
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also that such knowledge should be d i r e c t l y applicable to the 
e f f i c i e n t production of closely related antibiotocs of commerical 
significance, such as bacitracin. The methodology outlined i n 
this investigation and possibly s p e c i f i c findings may also be 
exendable to different processes c a l l i n g for i n vivo s t a b i l i z a t i o n 
of biosynthetic enzymes, pa r t i c u l a r l y of oxygen-labile enzymes i n 
aerobic organisms. Furthermore a fundamental understanding of the 
in vivo inactivation of such synthetases appears to hold the pro
mise for a more rational intervention on the part of the biochemi
c a l engineer i n making e f f i c i e n t use of the biosynthetic potential 
of a wide variety of i n d u s t r i a l l y s i g n i f i c a n t microorganisms. 
While the immediate benefit from such an understanding would be an 
extended production phase i n batch fermentations, this knowledge 
should also be central i n designing alternative whole-cell pro
cesses (e.g., immobilized c e l l reactors)  i n which keeping the 
enzymes "al i v e " i n thei
could be the optimal approac
batch to a continuous process. 
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Microbial Regulatory Mechanisms: 
Obstacles and Tools for the Biochemical Engineer 

H. E. UMBARGER 
Purdue University, Department of Biological Sciences, West Lafayette, IN 47907 

The integration of metabolic activity of bacte
rial cells with
extent to which
for industrial purposes. Since the mechanisms under
lying this integration are genetically controlled, 
they can be often bypassed or compensated by 
judicious selection of mutants. The general physio
logical and molecular patterns of regulatory mecha
nisms that should be considered in the use of mutant 
methodology are briefly reviewed. Examples of the 
way such knowledge can be exploited to obtain valine
-and isoleucine-producing strains are described. 

There i s today a widespread appreciation of the fact that 
metabolic pathways in microorganisms are remarkably well inte
grated with the growth process. It i s further remarkable that 
this integration i s possible under a broad range of environmental 
conditions — conditions that vary both chemically and physically. 

This integration results from controls exerted in two ways: 
one, the control of enzyme a c t i v i t y , and the other, the control 
of enzyme amount. ( S t r i c t l y speaking, this l a t t e r category should 
also include control of the amount of other macromolecules, such 
as the ribosomal proteins, ribosomal and transfer RNA, and mem
brane components.) Let me consider the physiological patterns 
found to affect enzyme a c t i v i t y , which I l i k e to c a l l the control 
of metabolite flow. (Throughout this a r t i c l e , the words "control" 
or "regulation" are meant to connote factors affecting b i o l o g i c a l 
functions that can be modulated, in contrast to a factor that has 
consequences on b i o l o g i c a l function. An analogy with a domestic 
water supply would be an adjustable valve that can be manipulated, 
in contrast to an obstruction in the supply line.) 

Broadly speaking, there are three basic patterns affecting 
the control of metabolite flow (Table I ) . The simplest i s end-
product i n h i b i t i o n in which the endproduct of a pathway i s an 
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Table I 

Physiological Patterns of Control of Metabolite Flow 

Pattern Example Reference 
En dp r ο duct 
i n h i b i t i o n 

Inhibition of threonine 
deaminase by isoleucine 
(E. Qoli) 

(1) 

Precursor 
activation 

Stimulation of lactate dehydro
genase by fructose-l,6-diphos-
phate (Streptococcus fecalis) 

(2) 

Compensatory 
modulation 

Stimulation of carbamylphosphate 
synthetase by ornithine 
(E. coli) 

(1) 

i n h i b i t o r of the i n i t i a l enzyme of the pathway. The in h i b i t i o n 
of threonine deaminase i s a well known example to which I refer 
lat e r in this a r t i c l e (1). There are variations on this general 
theme in which multiple endproducts may act in concert or syner-
g i s t i c a l l y upon a single enzyme catalyzing the f i r s t step i n a 
common pathway or in which a segment of a single pathway i s con
t r o l l e d by an intermediate i n h i b i t i n g an e a r l i e r step [e.g., the 
inh i b i t i o n of phosphofructokinase of Escherichia coli by phospho-
enolpyruvate (2)]. 

The reverse of endproduct i n h i b i t i o n i s precursor activation. 
Although i t is more d i f f i c u l t to c i t e examples i n biosynthetic 
pathways, an example i s found i n the activation of certain micro
b i a l lactate dehydrogenases by fructose-l,6-diphosphate. F i n a l l y , 
there i s another pattern of enzyme activation that I would c a l l 
compensatory modulation of a c t i v i t y . The example that i s particu
l a r l y well studied i s the activation of carbamyl phosphate synthe
tase of E. coli by ornithine (3). This enzyme forms carbamyl
phosphate needed for both pyrimidine nucleotide biosynthesis and 
arginine biosynthesis. The enzyme i s inhibited by UMP, an i n d i 
cator of the global pyrimidine pool. However, an ample supply of 
carbamylphosphate for arginine biosynthesis i s assured by o r n i 
thine stimulating the enzyme and antagonizing the UMP-mediated 
in h i b i t i o n . Ornithine, of course, i s an intermediate that would 
appear only when the arginine supply was low. 

This c l a s s i f i c a t i o n of regulatory patterns implies nothing 
with respect to the mechanisms by which regulation was achieved. 
The common mechanisms that have been recognized in controlling 
carbon flow are c l a s s i f i e d in Table II. We can recognize mecha
nisms that are s p e c i f i c in that they are related to the s p e c i f i c 
role the modulated enzyme plays and mechanisms that are general i n 
that they may affect many enzymes or pathways that are not func
t i o n a l l y related or have l i t t l e to do with the physiological role 
of the enzyme. 
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Table II 

Enzymic Mechanisms Underlying Control of Metabolite Flow 

Mechanism 
Specific mechanisms: 

Binding at 
cat a l y t i c s i t e 

Binding at 
regulatory s i t e 

Enzyme 
modification 

Protein-protein 
interaction 

Example in E. coli Référer 

Inhibitio  o  asparagine (4) 
synthetase by asparagine 

Inhibition of threonine ( 
deaminase by isoleucine 
and i t s antagonism by 
valine 

Adenylylation of glutamine ( 
synthetase 

Stimulation of α-subunit ( 
of tryptophan synthase by 
β-subunit 

General mechanisms: 
Energy charge 

Reducing 
potential 

Substrate 
a v a i l a b i l i t y 

Retardation of asparto- ( 
kinase III a c t i v i t y at 
low energy charge 

Inhibition of pyruvate ( 
dehydrogenase at low 
NAuVNADH ratios 
None known 
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The simplest of these mechanisms would be the action of an 
inhib i t o r binding at the active s i t e . The i n h i b i t i o n of succinate 
dehydrogenase by oxaloacetate can be looked upon as such an exam
ple (10). It may be that tight binding of a product may also play 
a role i n regulating the a c t i v i t y of an enzyme (11). The i n h i b i 
tion of asparagine synthetase by asparagine i n microorganisms 
provides a l i k e l y candidate for regulation by tight binding of 
product (4). 

Obviously more complex would be those enzymes on which a 
separate regulatory s i t e has been developed for binding of either 
a stimulatory or an inhibitory ligand that i s physiologically 
related to the function but not i t s e l f stoichiometrically related 
to the c a t a l y t i c events. When such a ligand i s an i n h i b i t o r , i t 
would be an example of what Monod and Jacob (12) had defined as 
an a l l o s t e r i c i n h i b i t o r  in contrast to the previous example
which they defined as i s o s t e r i c
regulatory process hav
synthetic pathways. However, in referring to binding of a regula
tory ligand to a d i s t i n c t regulatory s i t e , I would not wish to 
imply a common mechanism by which the i n h i b i t i o n or the stimula
tion occurs. There probably are several mechanisms involved, and 
at the lev e l of enzyme structure there i s seldom complete agree
ment among a l l investigators regarding the precise d e t a i l s . 

At the present time, we can c i t e more examples of enzyme 
modification occurring as regulatory mechanisms in animal metabo
lism than we can in microbial metabolism. In animal metabolism, 
phosphorylation by protein kinases affects many enzymes (13). 
There are examples of phosphorylation of b a c t e r i a l proteins, but, 
with few exceptions, the role or even the identity of the protein 
is unknown. One example that has been studied i s the i s o c i t r a t e 
dehydrogenase of E. coli, which i s phosphorylated when the c e l l 
i s shifted from glucose to acetate as the carbon source and which 
thereby undergoes a very rapid decrease in a c t i v i t y (14). 

The best-studied example of modification of an enzyme i s that 
of the adenylylation and deadenylylation of glutamine synthase of 
E. coli, which, i n effect, serves to i n h i b i t and to activate the 
enzyme (6). 

To some extent, the idea of protein-protein interactions 
affecting the a c t i v i t y of b a c t e r i a l pathways may s t i l l be hypo
t h e t i c a l . In yeast, we can c i t e at least one clearly important 
example. That i s the i n h i b i t i o n of ornithine transcarbamylase 
upon binding to arginase, an enzyme induced by adding arginine to 
the medium (15). This protein-protein interaction thus prevents 
a f u t i l e cycle i n which ornithine, formed from exogenous arginine, 
would be converted back to arginine. There are i n v i t r o models 
that can be cited in b a c t e r i a l metabolism that demonstrate the 
f e a s i b i l i t y of such a mechanism, in which an a c t i v i t y of one pro
tein i s markedly enhanced upon binding to another. For example, 
the conversion of serine and indole to tryptophan i s slowly cata
lyzed by the α subunit of tryptophan synthase alone but i s 
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stimulated some 30-fold upon binding to 3-subunit dimers. 
Under the category of general controls, I have l i s t e d energy 

charge and reducing potential, which could be looked upon as spe
c i a l cases of substrate a v a i l a b i l i t y . The energy charge experi
ments of Atkinson (16) have demonstrated several examples of i n 
vi t r o response to energy charge, but i t i s s t i l l d i f f i c u l t to 
assess the in v i t r o significance of such a response to energy 
charge, since c e l l s do have a remarkable capacity for maintaining 
the energy charge within rather narrow li m i t s (17). Similarly, 
the extent to which a pyridine nucleotide-linked reaction proceeds 
can be modulated by the NAD/NADH (or NADP/NADPH) ratio (9). The 
question i s whether these ratios can be so changed i n the growing 
c e l l to be exploited as a regulatory mechanism. 

One can anticipate that the flux through a pathway might be 
limited not by some rate-limitin  th  beginnin  withi
the pathway but by the
the pathway i s supplied  supply
strate i s modulated, such a mechanism might play a regulatory 
role. That a limitation i n supply can have important consequences 
on the extent that a pathway might function w i l l become clear i n 
the description of the development of an isoleucine-producing 
s t r a i n l a t e r i n this a r t i c l e . However, in the sense of the word 
"regulation" as used here, this example would not be considered a 
regulatory mechanism. 

Just as physiological patterns of control over metabolite 
flow can be recognized, so can physiological patterns of control 
over the amount of enzyme. Table III l i s t s a convenient c l a s s i f i 
cation. Clearly, the amount of enzyme at any time i s a summation 
of the amount formed and the amount destroyed. Two s p e c i f i c 
patterns controlling formation might be recognized: repression 
by endproducts and induction by substrate or a precursor. It 
should be stressed that the terms "repression" and "induction" 
are operational and should carry no connotations regarding the 
mechanisms. 

In addition, there are general mechanisms controlling larger 
groups of enzymes or groups of pathways. One general mechanism 
is involved i n repressing the formation of carbon- and energy-
yielding pathways when there i s a good carbon and energy source 
(this i s better known as catabolite repression) (27). An anala-
gous control mechanism i s related to the nitrogen supply, and 
many inducible catabolic pathways yielding ammonia are repressed 
when there i s already an adequate nitrogen supply (21). Another 
important control mechanism i s that related to growth rate. At 
high growth rates in a r i c h medium, the ρrotein-forming apparatus 
(ribosomes, tRNA, etc.) i s high, whereas the enzymes forming the 
small molecule building blocks are repressed to an extent much 
greater than that accounted for by the presence of the endproducts 
in the medium (22). 

Recent studies by Neidhardt and his colleagues (23) have 
revealed a newly recognized class of enzymes i n E. coli that are 
induced at elevated temperatures. 
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Table III 
Physiological Patterns of Regulation of Protein Amount 

Pattern 
Effect on Enzyme Formation 
Specific: 

Repression by endproducts 

Induction by substrates 
or precursors 

General: 
Related to carbon suppl

Related to nitrogen 
supply 

Related to growth rate 

Related to temperature 

Effect on Enzyme Destruction 
Specific: 

S t a b i l i z a t i o n by ligands 

General: 
Starvation of c e l l s for 
carbon or nitrogen 

Typical examples 

Repression of 
arginine biosyn
thetic enzymes 

Induction of lac 
operon 

Histidase induction 
in glucose-containing, 
N^-free media 
(K. aerogenes) 

Derepression of the 
protein synthesizing 
system at fast 
growth rates 
"Thermometer" proteins, 
which increase or 
decrease i n amount 
with growth 
temperature 

The s t a b i l i z a t i o n of 
glutamine phospho-
ribosylpyrophosphate 
amidotransferase of 
B. subtilis by 
substrates 

Increased protein turn
over with onset of 
starvation 

Reference 

(18) 

Serine protease i n h i b i 
tor of B. subtilis 

(19) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) Inhibition of protease 
a c t i v i t y ±. υ· Ό * S ^ ^ » 

*The examples cited are found i n E. coli, except where indicated. 
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F i n a l l y , the degradation of an enzyme by proteolysis can be 
modulated i n s p e c i f i c ways through substrate or product s t a b i l i z a 
tion (24). These would constitute s p e c i f i c controls over enzyme 
destruction. It i s also known that, when c e l l s are starved for 
amino acids, nitrogen, or energy, there i s increased turnover of 
many c e l l proteins (25). Such a control might be considered a 
general one. 

Some of the mechanisms underlying the physiological responses 
l i s t e d i n Table III are given i n Table IV. Enzyme destruction, 
which w i l l not be considered further, occurs of course by proteo
l y t i c breakdown and, i n that i t can be impeded by ligands (either 
substrates or inhibitors) that bind to the protein, could be sub
ject to a s p e c i f i c control. Proteolysis might be enhanced by 
factors that activate proteases or release protease i n h i b i t o r s . 
Such an enhancement might be considered a general control over 
proteolytic breakdown. 

The formation of protein  regulate , 
either by affecting formation of mRNA (transcription) or i t s u t i 
l i z a t i o n as template (translation). In turn, transcription can be 
controlled i n two ways. One i s a control of i n i t i a t i o n of tran
sc r i p t i o n ( i . e . , whether the RNA polymerase forms an i n i t i a t i o n 
complex). The other i s a control over how far a polymerase 
travels and whether i t proceeds into a structural gene or not 
( i . e . , whether attenuation of transcription occurs). Transla-
ti o n a l control would more l i k e l y be achieved by controlling ribo-
some binding to the mRNA, although mechanisms affecting ribosome 
travel are conceivable. 

Among the molecular mechanisms controlling the i n i t i a t i o n of 
transcription i n bacteria that might be considered s p e c i f i c mecha
nisms of control are those that involve a negative control element, 
or the repressor of the o r i g i n a l model of Jacob and Monod (44). 
Two kinds of control were envisioned i n that model. One involved 
a repressor protein that was active only in the presence of the 
endproduct of the pathway. The best-studied example i s the pro
duct of the trpR gene, which becomes active only after binding to 
tryptophan. The binding of the activated repressor to the opera
tor si t e s of the trp operon, of the aroH gene, or of the trpR 
gene and the binding of RNA polymerase to the corresponding pro
moters are mutually exclusive (28). The inverse of this pattern 
is the inactivation of the repressor protein by the substrate^ (or 
a derivative). The best-studied example of this pattern i s the 
inactivation of the lac repressor by i t s binding of allolactose, 
a derivative of lactose formed by the action of 8-galactosidase 
on lactose (29). 

Although i t was considered as one p o s s i b i l i t y by Jacob and 
Monod (44) i n their formulation of a model for control of gene 
expression, regulation by positive control elements was considered 
a less l i k e l y mechanism for control of gene expression. There 
have been several examples described i n which positive control 
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Table IV 

Molecular Basis of Regulation of Protein Formation 

Mode of Control Typical Examples Reference 

Transcriptional Control 

Control of Transcription I n i t i a t i o n 

Specific: 
Negative Control Elements 
Activated by endproducts 

Inactivated by substrat
or precursor 

Positive Control Elements 
Activated by substrate 
or precursor 

(Inactivation by 
endproduct) 

General: 
Positive Control Elements 
Activated by cAMP 

Activated by temperature 

σ-Like proteins 

[ppGpp-mediated 
regulation] 

[Nitrogen-mediated 
regulation] 

Repression of the trp 

operon by allolactose 

Induction of acetohydroxy 
isomeroreductase by 
acetohydroxy acids 
None known 

Dependence of lac 
operon induction on 
cAMP-CRP interaction 
Dependence of several 
heat-induced proteins 
on the htp gene product 
Shift of RNA polymerase 
s p e c i f i c i t y by B a c i l l i 
during sporulation 
Inhibition of RNA 
polymerase binding to 
rrn promoters. 
Enhancement of polymerase 
pausing in rrn opérons 

(28) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

The glnG-dependent activa- (36) 
tion of genes involved in 
catabolism of nitrogen-
containing compounds 
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Table IV, cont'd. 

Control of Transcription Termination 

General: 
p-Dependent termination 

p-Independent termination 

Transient terminâtion
polymerase pausing 

Specific: 
Antitermination by 
sp e c i f i c proteins 

Antitermination by 
ribosome halt at 
sp e c i f i c codon 

Control of Translation 

Specific-
Masking of ribosomal 
binding si t e s by protein 
binding 

By perturbation of 
secondary structure 
of message 

General: 
(Amino acid supply) 
(Inhibition) 

trpt* terminator at end (37) 
of trp operon 
t R 1 terminator of λ (38) 
Termination of tran- (39) 
scr i p t i o n at the end 
of leader sequence 
for amino acid 
biosynthetic operon 

in rmB operon 

λ Ν gene-dependent (41) 
transcription beyond 
the tp2 terminator 
Attenuation of ilv, trp, (39) 
his, and other amino 
acid biosynthetic codons 

Binding of small ribo- (42) 
somal proteins at ribo
some binding s i t e for 
the rbsL (str) operon 
The masking of erm (43) 
(erythromycin resistance) 
ribosome binding s i t e by 
retarded translation of 
the erm leader transcript 

None known 
None known 

Mechanisms enclosed in ( ) may be hypothetical, since no examples 
have been reported. Mechanisms enclosed i n [ ] remain unexplained, 
i . e . , precise mechanism i s unknown. 
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provides the primary control over expression of a gene. One ex
ample i s the positive control element (upsilon, the product of 
the ilvY gene) required for the induction of acetohydroxy acid 
isomeroreductase, the inducible enzyme i n the isoleucine and va
l i n e biosynthetic pathway of E. coti (30). (It should be pointed 
out that some regulatory elements can play both a positive and a 
negative control role. An example i s the araC gene product re
quired for induction of the arabinose-utilizing pathway (45). In 
the absence of arabinose, i t acts as a negative control element 
or repressor, and i n i t s presence i t acts as a positive control 
element.) Again, the inverse of this pattern, inactivation of a 
positive control element by the endproduct of a pathway, might 
provide a mechanism for repression. However, this writer i s 
aware of no example of such a mechanism. 

Several of the general control  formatio * 
to be achieved by affectin
no reason to assume tha  genera
diated v i a positive or negative control elements of broad s p e c i f i 
c i t y , and i t may be that many are. A well-studied example of a 
positive control element affecting many catabolic systems i n bac
t e r i a i s the interaction between cAMP and i t s binding protein 
(CAP), which allows binding of CAP to the DNA near the promoters 
of certain catabolic enzymes, after which RNA polymerase can more 
readily bind (31). The heat-induced proteins recently demon
strated in E. coli by Neidhardt's group may be considered another 
example (23). The induction of these enzymes appears to be depen
dent upon a positive control element specified by the htp gene 
(32). 

Another kind of control has been found to be important i n 
the B a c i l l i and might be important in other organisms as well. 
This i s a control of large numbers of genes by alte r i n g the speci
f i c i t y of RNA polymerase by the binding of different sigma (σ) 
factors (33). Thus, during the sporulation phase, the 55-kd σ 
factor that i s predominantly bound to RNA polymerase i s replaced 
by a 29-kd σ factor which allows some of the spore-specific genes 
to be expressed. To date, at least four different σ factors have 
been i d e n t i f i e d i n B. siibtiUs. 

Two other general regulatory mechanisms have been studied 
that appear to affect transcription i n i t i a t i o n . Neither, however, 
are well enough understood to decide whether they might constitute 
unique mechanisms or are special cases of positive control e l e 
ments that exert a generalized control role. One i s the ppGpp-
mediated regulation that impedes stable (ribosomal and transfer) 
RNA formation and, at least i n v i t r o , stimulates transcription of 
many biosynthetic and catabolic opérons. While ppGpp does pre
vent RNA polymerase binding to stable RNA promoters, the pro
nounced effect of ppGpp on stable RNA formation cannot solely be 
explained on this basis alone (see below) (34,35). The other i s 
the control that i s an effect of nitrogen l i m i t a t i o n and leads to 
the expression of genes involved in releasing NH3 from nitrogen-
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containing compounds (36). The glnG gene i s somehow involved, but 
whether that product i s a positive control element acting in a way 
analogous to that by which cAMP bound to CAP acts on carbon and 
energy producing pathways i s not clear. 

Table IV also l i s t s some of the factors that control tran
s c r i p t i o n termination. Transcription termination plays two roles. 
One, of course, i s the termination that occurs a short distance 
beyond the end of a given structural gene or beyond the end of the 
operon. The other i s a termination that serves to attenuate the 
transcript or to terminate transcription at a s i t e upstream of 
that at which the maximal-sized transcript i s terminated (39). It 
is the modulation of the l a t t e r kind of transcription termination 
that provides an important mechanism of transcriptional control. 

Transcription termination i s signalled by either p-dependent 
or p-independent sequence  i  th  (and RNA)  Th  l a t t e
readily recognized as region
y i e l d stem and loop structure y  sequenc
of several uridine residues i n which transcription i s terminated 
(46). p-Dependent termination sites seem to be characterized by 
transcripts with more weakly base-paired stem and loop structures 
near the termination s i t e i n the transcripts and with less precise 
points of termination than those found in p-independent termina
tion s i t e s (47,48). 

Closely related to the si t e s of p-dependent and p-independent 
termination s i t e s are si t e s at which pausing of RNA polymerase 
occurs. Pausing i s also apparently characteristic of termination 
s i t e s , but the "rules" for polymerase pausing are even less clear 
than those for termination (40,49). 

Polymerase pausing and transcription termination can thus 
affect the extent to which the DNA downstream of the pausing or 
termination s i t e are transcribed independently of the transcrip
tion i n i t i a t i o n event. That pausing or termination can be modu
lated allows a control of the process. It i s an enhancement by 
ppGpp of polymerase pausing at a s i t e early in ribosomal RNA 
opérons that may account for the s t r i k i n g effect that this nucleo
tide has on the synthesis of stable RNA over and above that which 
occurs at the polymerase binding step (40). The prolonged pausing 
of polymerase progress at a s p e c i f i c point has been termed "turn
s t i l e " attenuation. 

Similarly, when termination at a s i t e within an operon or at 
the end of a leader region i s affected by a s p e c i f i c regulatory 
signal, an e f f i c i e n t control can be achieved. One of the most 
studied controls over a p-dependent termination i s that which 
occurs at the XtRl s i t e and i s prevented by the λ Ν gene product 
(41). Like the a c t i v i t y of ρ i t s e l f , the a c t i v i t y of the Ν gene 
product i s dependent on the elongation subunit of RNA polymerase 
specified by the E. coli, nusA gene. It might be anticipated that 
attenuation of transcription by a s p e c i f i c antiterminating protein 
i s a general pattern that w i l l be found to occur frequently i n 
microbial systems. 
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Another control over termination that has been extensively 
studied i s the attenuation of transcription at the end of the 
leader regions of several amino acid biosynthetic opérons (or 
genes) in E. coli and related organisms (39). The primary indica
tion that such a mechanism i s involved in the control of an amino 
acid biosynthetic pathway i s an endproduct repression that i s de
pendent on the amino acid being transferred to i t s cognate tRNA 
at an ample rate. Thus, derepression of the h i s t i d i n e biosynthe
t i c pathway can be achieved by any mechanism that reduces the 
i n t r a c e l l u l a r l e v e l of h i s t i d y l tRNA, for example, by l i m i t i n g the 
supply of h i s t i d i n e i t s e l f or by l i m i t i n g the a c t i v i t y of the h i s 
t i d y l tRNA synthetase (51). 

Thus far, the amino acid biosynthetic genes controlled i n 
this way are characterized by the presence of a leader region be
tween the promoter and the structural gene (52,53)  The leader i s 
transcribed at a frequenc
polymerase a v a i l a b i l i t
tion i n i t i a t i o n i t s e l f i s controlled by the trp repressor). The 
leader transcript carries the information for a short peptide that 
i s unusually r i c h in the amino acid(s) for which the pathway i s 
concerned. Whether RNA polymerase stops at the end of the leader 
or proceeds into the structural gene i s dependent upon whether a 
ribosome can translate the leader transcript to the stop codon 
(amino acid excess) or i s s t a l l e d at a codon for the amino acid 
for which the pathway i s concerned (amino acid l i m i t a t i o n ) . The 
mechanism underlying termination i s that competing secondary 
structures of the leader transcript are selected by the extent of 
ribosomal travel and that one of these alternative secondary 
structures contains a t y p i c a l ρ (rho)-independent termination s i g 
nal. The general features have been studied best in the amino 
acid biosynthetic opérons of several Enterobacteriaceae (39). 

Although the nature of the b a c t e r i a l c e l l makes possible spe
c i f i c control over transcription i n ways that cannot be achieved 
in eukaryotic systems, control of gene expression at the l e v e l of 
translation i s also important i n bacteria. Control of translation 
i s achieved primarily by the prevention of ribosomal binding. 
Such a control might be achieved by masking the binding s i t e 
either by s p e c i f i c binding by proteins or by the secondary struc
ture of the message i t s e l f . The best-studied examples are the 
ribosomal proteins (54). Although the genes for a l l ribosomal 
proteins have not yet been examined, the general pattern that 
seems to be emerging i s that one of the ribosomal proteins speci
f i e d by a multicistronic, ribosomal protein operon prevents mes
sage translation by binding at the translational start s i t e on the 
message. The basis for the s p e c i f i c binding i n the case of ribo
somal proteins S4 and S7 i s that the RNA i n the v i c i n i t y of the 
ribosomal start s i t e has a structure strongly homologous to that 
of the region on 16S RNA that binds to S4 (or to S7) during ribo
some assembly (42). 

The control over the erythromycin resistance gene, which 
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specifies a ribosomal methylase, i s also achieved by interfering 
with translation of the message (43). Masking of the ribosome 
masking s i t e i s not by a protein binding to i t but by a secondary 
structure occurring in the message whenever a translating ribosome 
i s able to translate the peptide specified by the leader sequence 
(as could occur only i f already modified ribosomes were function
ing i n the presence of erythromycin or i f normal ribosomes were 
functioning i n the absence of erythromycin). The ribosome binding 
s i t e of the methylase message would be opened when the translating 
ribosome s t a l l e d i n the early part of the leader (as could occur 
i f unmodified, sensitive ribosomes were functioning i n the pre
sence of erythromycin). This mechanism, affecting a c c e s s i b i l i t y 
of a ribosome binding s i t e i s thus reminiscent of the control of 
formation of a transcription termination s i t e by the translation 
of the leader sequence of l amin  acid biosyntheti
described above. 

These examples are a small sample of many that could be cited 
that make i t quite clear that microbial metabolism i s rather 
r i g i d l y controlled for the primary function of the microbe: to 
grow and reproduce i t s e l f as e f f i c i e n t l y as possible. These are 
what I would term obstacles to the biochemical engineer who may 
wish to exploit a particular enzyme reaction or a particular path
way to a function that may well be detrimental to the primary 
function of the organism. However, in every case, the control 
mechanisms that constitute these obstacles are genetically con
t r o l l e d and, therefore, are subject to mutation. To the extent 
that mutations can be selected that are advantageous to the en
gineer without being l e t h a l to the organism, these control mecha
nisms can be considered "tools 1 1 to be manipulated and carefully 
honed. 

It i s , however, sometimes d i f f i c u l t to exploit the capacity 
of an organism to perform a useful biochemical transformation. 
Often Nature has selected organisms in which the strictures found 
in most organisms are modified, and the organism occupies a unique 
niche. Such organisms, i f discovered, can serve useful functions. 
Just such organisms are those that are currently being used i n the 
Japanese amino acid fermentation industry. In most cases, the 
organisms have been isolated and i d e n t i f i e d by empirical research 
and screening procedures. In some cases, the basis for the non-
normal formation of amino acids can be explained post facto, but 
seldom does i t appear that these organisms were developed by a 
preconceived, rational approach. I would therefore l i k e to c i t e 
and analyze what I think provides an exception. 

The exceptional case i s one i n which the investigators j u d i 
ciously combined empirical and rational approaches to prepare an 
organism capable of producing large amounts of the amino acid i s o -
leucine. The project was performed by investigation at the Tanabe 
Seiyeku Company in Osaka, Japan, and involved the organism Serra-
tia marcescens (55). Before review of this work, i t i s necessary 
to consider b r i e f l y several aspects of the pathways by which 
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isoleucine and the closely related amino acid, valine, are formed. 
Figure 1 shows these pathways. An important feature i s that 

the four steps leading to valine are catalyzed by enzymes that 
are also needed for isoleucine formation. In addition, a f i f t h 
enzyme, threonine deaminase, i s required i n most plants and micro
organisms for the formation of α-ketobutyrate. Several details 
of the pathways are given i n the legend. 

Also shown i n Figure 1 i s the arrangement of the structural 
genes found i n E. coli. It should be pointed out that a l l of the 
genes, except those for the two valine-insensitive acetohydroxy 
acid synthases, are contained i n the ilv gene cluster at the 84-
minute region of the E. coli chromosome. It might therefore be 
anticipated that an E. coli s t r a i n carrying a plasmid with the 
ilv gene cluster would be an excellent overproducer of valine. 
(If the chromosomal ilv fragment  derived fro  th  K-12 s t r a i
of E. coliy i t would hav
would be expressed. Se
more effective i f the inserted DNA carried an ilvA lesion, i . e . , 
was threonine deaminase negative. Overproduction of valine would 
be expected, since the valine pathway derives i t s carbon exclu
sively from a key intermediate in the central metabolic route, 
pyruvate. Flow into the pathway would then never be r e s t r i c t e d 
as long as ample carbon source was present. 

An analogous condition for isoleucine overproduction would 
not be expected to arise i f the corresponding plasmid containing 
an ilvA structural gene mutation leading to a feedback negative 
threonine deaminase were to be employed. As can be seen i n Figure 
2, carbon flow into the isoleucine pathway i s dependent not only 
on the supply of pyruvate but also on threonine, an endproduct 
i t s e l f , and the synthesis of which i s also stringently regulated. 
It i s doubtful whether threonine could be formed fast enough i n 
an otherwise normal c e l l to exploit f u l l y the high l e v e l expres
sion of the ilv genes carried on a plasmid as described here. The 
procedures followed by Komatsubara and his coworkers i l l u s t r a t e s 
well how this kind of obstacle can be circumvented. 

The sequence of manipulations employed by Komatsubara et a l . 
(55) i s summarized in Figure 3. The simplest step was to isol a t e 
a derivative of the parent S. maroeeoens s t r a i n , 8000, that was 
derepressed for the ilvGEDA operon and carried a lesion in the ilvA 
gene that allowed the formation of an isoleucine-insensitive 
(feedback negative) threonine deaminase (TD r). This kind of i s o 
l a t i o n had e a r l i e r been accomplished by the sequential selection 
of an aminobutyrate-resistant s t r a i n (derepressed) followed by 
selection of an isoleucine hydroxamate-resistant derivative (feed
back resistant) (58). The investigators were more fortunate i n 
the selection of s t r a i n GIHVL-r6426, which arose as an isoleucine 
hydroxamate-resistant s t r a i n after mutagenesis by nitrosoguani-
dine, a mutagen known for causing closely linked mutations in the 
same c e l l . The precise nature of the mutation allowing derepres
sion was not established, but, i n analogy with what has been 
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THREONINE AND ISOLEUCINE PRODUCING STRAINS 
(Komatsubara et a l . ) 

KNr31 
uth 

ilvA 
?(Met-leaky) 
0.3 g Thr/1 

HNr21 
uth 

ilvA 
thrA (AK rHD r) 
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thrA (HDr) 

ileS 
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?(Met-leaky) 
lysC (AK r) 
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thrA (AK rHD r) 

ileS 
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E-60 
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uth 8000 
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Figure 3. The development of an isoleucine-producing strain from S. marcescens 
strain 8000. Key: φ, phage-mediated transduction; M , nitrosoguanidine mutagenesis. 

See text for details. 
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learned about the control of the ilvGEDA operon i n E. coli, i t i s 
most l i k e l y a mutation affecting the attenuator (ilvGa), thereby 
abolishing the multivalent control of the parental s t r a i n . That 
ilvGy the structural gene for the valine-insensitive acetohydroxy 
acid synthase, was derepressed assured that acetohydroxy acid i s o -
meroreductase would be highly induced by substrate, even though 
i t s s tructural gene, ilvC9 i s not part of the derepressed operon. 
The resistant mutant was shown to excrete up to 3.5 gm of is o l e u -
cine per l i t e r i n a minimal medium containing 150 gm of sucrose 
as carbon source. That this l e v e l was limited by a v a i l a b i l i t y of 
threonine was l a t e r demonstrated by the fact that transfer of the 
two linked ilv mutations to a s t r a i n overproducing large quanti
ties of threonine resulted i n a much better isoleucine producer. 

The steps used to develop the threonine producer were complex 
and are also outlined i  Figur  3  Th  f i r s t f thes  step
the i s o l a t i o n of nitrosoguanidin
l i z e threonine as a nitroge  (59)
was i n the uth gene, which specifies threonine dehydrogenase. To 
obtain an organism even less able to break down exogenous threo
nine, mutagenesis to y i e l d an isoleucine-requiring s t r a i n lacking 
threonine deaminase was employed. When preformed threonine was 
added to f u l l y grown cultures of the resulting s t r a i n , D-60, the 
rapid disappearance noted with the o r i g i n a l parent s t r a i n was no 
longer observed (59). 

Strain D-60 was then used to select mutants resistant to the 
threonine analog, 3-hydroxynorvaline, following nitrosoguanidine 
mutagenesis (60,61). Three kinds of resistant s t r a i n were saved 
for subsequent use. One of these (HNr31) had an incomplete but 
undefined block i n methionine biosynthesis, which may have ac
counted for the small amount of threonine that was accumulated 
from homoserine being funneled into the threonine pathway. 

The other two mutants produced much greater amounts of threo
nine. One, s t r a i n HNr21, appeared to contain a single mutation i n 
the thrA gene, which specifies the bicephalic enzyme, asparto-
kinase I-homoserine dehydrogenase I (Figure 2). Normally, both of 
these a c t i v i t i e s are inhibited by threonine. The mutation i n 
st r a i n HNr21 abolished the threonine s e n s i t i v i t y for both a c t i v i 
t i e s . This loss of feedback control resulted i n an overproduction 
of threonine to an extent of 11 gm of threonine per l i t e r . The 
other s t r a i n , HNr59, also had a thrA lesion, but this one appeared 
to abolish only the threonine s e n s i t i v i t y of the homoserine dehy
drogenase. There was another mutation i n the same str a i n which 
appeared to be in the ileS gene. If so, i t undoubtedly caused the 
corresponding gene product, iso l e u c y l tRNA synthetase, to have a 
reduced a f f i n i t y for i t s substrate. Such an enzyme would lead to 
reduced levels of isoleucyl tRNA and derepressed levels of the thr 
operon and the ilvGEDA operon. Since the mutant was an ilvA mu
tant, the concomitant derepression of the ilvGEDA operon was of no 
consequence. However, the iVoA mutation made i t necessary for the 
st r a i n to be grown i n the presence of exogenous isoleucine and may 
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have reduced the effectiveness of the low-affinity isoleucyl tRNA 
synthetase i n causing a derepression of the threonine biosynthetic 
enzymes. 

In an attempt to enhance threonine production, steps were 
taken to replace the thrA gene mutation affecting only homoserine 
dehydrogenase I a c t i v i t y in s t r a i n HNr59 with that of s t r a i n 
HNr21, which affected both aspartokinase I and homoserine dehydro
genase I a c t i v i t i e s . This transfer was accomplished by in t r o 
ducing a thrB (or C) mutation i n HNr59, to y i e l d s t r a i n E-60 (62). 
This s t r a i n then served as recipient for phage-mediated transduc
tion with s t r a i n HNr21 as donor. The resulting s t r a i n , T-570, 
contained the doubly insensitive aspartokinase I-homoserine dehy
drogenase I a c t i v i t i e s of s t r a i n HNr21 but had not lost the close
ly linked ileS lesion of s t r a i n E-60 (or i t s parent, HNr59). Sur
pri s i n g l y , this s t r a i n did t produc  quit h threonin
did s t r a i n HNr21. 

Attempts were therefor
threonine pathway by enhancing the a c t i v i t y of the lysine-sensi-
tive aspartokinase. This was accomplished by selecting nitroso
guanidine- induced mutants resistant to aminoethylcysteine (61). 
One of these strains, AECrl74, was probably another doubly mutated 
st r a i n with a lysine-insensitive aspartokinase that was also de-
repressed. The derepression might have been either an "up" pro
moter or an operator mutation in the lysC gene (as i s suggested i n 
Figure 3). This s t r a i n accumulated 7 gm of threonine per l i t e r . 
Mutagenesis to threonine auxotrophy yielded s t r a i n N - l l , which 
allowed introduction of the thrA gene and ileS genes of s t r a i n 
T-570 by phage-mediated transduction (62). 

The resultant s t r a i n , T-693, produced up to 25 gm of threo
nine per l i t e r and provided exactly the kind of background that 
might feed carbon into an isoleucine pathway that had lost both 
feedback and repression control. This introduction was possible 
because s t r a i n T-693 carried the o r i g i n a l ilvA lesion of s t r a i n 
D-60. Phage grown on s t r a i n G1HVL-6426 was therefore used to ren
der s t r a i n T-693 isoleucine independent. In so doing, both the 
feedback resistance of threonine deaminase and the derepression of 
the ilvGEDA operon were introduced. The resulting s t r a i n , T-803, 
produced up to 25 gm of isoleucine per l i t e r . The carbon flow 
into the uncontrolled threonine pathway had thus been almost com
pletely diverted to isoleucine production with only about 3 gm of 
threonine now being formed by s t r a i n T-803. 

This rather involved example serves perhaps as an interesting 
model for the way empirically generated mutations can be ration
a l l y manipulated to y i e l d useful organisms. In the example cited, 
the useful tool of using analogs to select strains with altered 
control c i r c u i t s was invaluable. There were r e a l l y no unexpected 
mutations, yet there was no way to predict which combination of 
lesions would have supplemented each other to have yielded such 
p r o l i f i c overproducers. It may be that the maximally effective 
combination was not obtained i n s t r a i n T-803, and i t i s l i k e l y 
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that the investigators t r i e d many more combinations than those 
that were reported. 

Investigators are undoubtedly now being tempted to exploit 
the use of recombinant DNA technology to produce strains with cer
tain biochemical a c t i v i t i e s enhanced. The lesson the model system 
described here has for such investigators i s that, i n addition to 
requiring elevated enzyme a c t i v i t i e s , i t i s also necessary to 
assure that the c e l l can provide the substrates or the carbon re
quired for the enhanced pathway to function. The other lesson i s 
that s t r a i n development w i l l remain largely an empirical process 
but that empiricism w i l l be more readily harnessed i f the inves
tigator has a thorough knowledge of the physiology and biochemis
try of the process. 
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Mathematical Models of the Growth of 
Individual Cells 
Tools for Testing Biochemical Mechanisms 

M. L. SHULER and M. M. DOMACH 
Cornell University, School of Chemical Engineering, Ithaca, NY 14853 

The rationale for and development of mathe
matical models fo
potential use o
coli in ascertaining the plausibility of basic 
biological hypotheses is illustrated with respect 
to the control of the initiation of DNA synthesis 
and with respect to ammonium ion assimilation. 
Mechanisms postulated on the basis of in vitro 
enzymology can be tested for in vivo compatibility 
using the model. The transient behavior of single
-cells to step-up and step-down in glucose or 
ammonium ion is shown to result in oscillatory 
responses and hysterisis. Methods to construct 
population models from single-cell models are 
discussed. Population models are important to 
engineering analysis and in relating data for 
experiments with large populations to the responses 
of a "typical cell". 

Why Single-Cell Models? 

The basic conceptual unit i n microbiology i s the single c e l l . 
Although microbiologists and biochemists work with large popula
tions of c e l l s , the goal i s generally to understand the behavior 
of a " t y p i c a l " c e l l . There i s very l i t t l e direct data on the 
growth of individual c e l l s - and what data exists i s often of* 
questionable value because the conditions required for observa
tions may lead to "unnatural responses". Thus, the behavior of 
the " t y p i c a l " c e l l must be inferred from the aggregated behavior 
of the t o t a l population. Biologists usually are interested i n a 
single aspect of c e l l growth (e.g. protein synthesis). Cells 
contain a complex, nonlinear, highly regulated series of chemical 
reactions. Human logic consists of a few linear steps. It i s 
essentially impossible for the unaided mind to interrelate protein 
synthesis, DNA r e p l i c a t i o n , nutrient transport, etc. into a coher
ent conceptual model of a c e l l . 
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Computer models of single c e l l s act as an aid In building 
such conceptual models. Because such models make quantitative 
predictions - predictions which are experimentally v e r i f i a b l e -
they serve as good vehicles to reveal errors i n either basic 
mechanisms or the manner i n which they are integrated i n the con
ceptual model. Population models can be constructed from ensem
bles of s i n g l e - c e l l models. Such models may be useful aids i n 
r e l a t i n g the behavior of whole populations to biochemical mechan
isms within a t y p i c a l c e l l . S i n g l e - c e l l models are p a r t i c u l a r l y 
well suited to the conceptual and experimental needs of b i o l o 
g i s t s . 

S i n g l e - c e l l models are also of importance to biochemical en
gineers. The motivation i s different from b i o l o g i s t s . Engineers 
are interested i n manipulating a population of c e l l s ; such manip
ulation i s f a c i l i t a t e d b  mathematical models that can predict the 
response of the populatio
ronment. H i s t o r i c a l l y
in biosystems has sprung from a need to model populations of 
c e l l s . Population models have inherent limitations - limitations 
that can be circumvented by using ensembles of s i n g l e - c e l l models. 

Population Models. To understand why s i n g l e - c e l l models are 
useful i t i s important to review previous attempts at modeling 
populations. The history and philosophy of modeling as well as 
the virtues and faults inherent i n previous models has been well 
described i n the l i t e r a t u r e . Among these a r t i c l e s are those by 
Tsuchiya, Fredrickson, & Aris (1); Painter & Marr (2); 
Van Uden (3); Garfinkel, eit a l . (4); Fredrickson, Megee, & 
Tsuchiya (5); N y i r i (6); Boyle & Berthouex (7) (for waste treat
ment) ; Fredrickson (8) (for structured models only); and 
Bailey (9). 

One method of c l a s s i f y i n g models involves the concept of 
"structure". Structured models have the inherent a b i l i t y to de
scribe the physiological state of a microorganism or a culture of 
such c e l l s . Unless the physiological state can be specified, the 
dependence of a culture on i t s previous history cannot be ac
counted for. Such dependence on history i s known to be important 
C5). Typically, structure i s added to a model by considering the 
c e l l or culture to consist of two or more components (e.g. nucleic 
acids and protein, etc.) or to distinguish between separate c e l l s 
on the basis of size or age. 

Any model not incorporating the foregoing p r i n c i p l e i s 
unstructured—for example, the well-known Monod model. It has 
been shown that unstructured models are applicable only i n b a l 
anced growth situations (10), which, according to Campbell's (11) 
d e f i n i t i o n , requires that each component of the culture be accu
mulated at the same rate. Unstructured models are never general, 
give very l i t t l e insight into c e l l u l a r mechanisms, and cannot be 
used to describe lag and decline phases i n batch growth, transient 
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response i n chemostats, or growth i n multistage continuous c u l 
ture. If the formation of a product i s dependent on c e l l history 
and i s not growth associated, then an unstructured model w i l l be 
unsuitable. Unstructured models have been widely used, however, 
and have been successful when applied to the commonly occurring 
balanced growth situations of exponential phase batch culture and 
steady-state single-staged continuous culture. 

Two of the f i r s t structured models proposed were those by 
Williams (_L2, 13) and Ramkrishna, Fredrickson, & Tsuchiya (14). 
Both models were deterministic and dealt with a nonsegregated bio-
mass. A nonsegregated model i s one which does not recognize ex
p l i c i t l y the existence of individual c e l l s . For example, the con
tents of a fermenter can be thought of as consisting of two 
phases—one b i o t i c and the other a b i o t i c . The b i o t i c phase can 
then be treated as a homogeneous entity  Nonsegregated models  of 
course, cannot make any
the effects of c e l l geometr
easy to handle mathematically, and the overall biomass and i t s 
major components can be determined experimentally with reasonable 
accuracy. 

It i s obvious to anyone who has microscopically examined mi
cro b i a l cultures that c e l l s are individuals and can vary greatly 
i n observable properties such as c e l l s i z e . Only segregated mod
els can capture this property. Such models contain structure i n 
the sense that changes are allowed i n the d i s t r i b u t i o n of states 
among the population i n response to the external environment. 
Examples of models using age as a measure of the index of a c e l l ' s 
stage include those by Von Foerster (15); Trucco (16); Yakovlev, 
et a l . (17); Fredrickson & Tsuchiya (18); Kozesnik (19); and 
Lebowitz & Rubinow (20). C e l l size can also be u t i l i z e d as sug
gested by Koch & Schaechter (21) and Eakman, et a l . (22). In the 
above examples only one parameter was used as an index of state; 
i t would be impossible to insert any information about biochemical 
mechanisms into the model. 

Models which include both structure and segregation lead to 
mathematical equations which are extremely d i f f i c u l t to solve even 
with the aid of modern high-speed computers. Bailey and co-work
ers (23, 24, 25) have made progress i n circumventing some of these 
problems. Nonetheless i t appears impossible to prepare population 
models which would contain a high l e v e l of structure (say more 
than f i v e components) and segregation, and which s t i l l are mathe
matically tractable. 

Population models which contain both a high-level of struc
ture and segregation are desirable. Such models have the poten
t i a l to make accurate predictions of transient responses - such 
predictions are important not only for process control but may be 
useful i n designing cycled-reactors which can have product yields 
greater than comparable steady-state cultures (26, 27). There i s 
also preliminary evidence that under some circumstances only a 
small sub-population of c e l l s produce most of the product (24); 
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thus the manipulation of the d i s t r i b u t i o n of sub-populations can 
be predicted only i f a structured-segregated model i s available. 

Tanner (28) has made persuasive arguments for the need for 
more sophisticated models to optimize the design of commercial 
fermentation processes. He has stated that commercial fermenta
tion processes have not been s i g n i f i c a n t l y optimized "because 
there are no simple, general, and accurate mathematical models for 
predicting the casual effects of control variable changes". Fur
ther, he claims that "the establishment of just one of these pro
f i l e s [pH, temperature, nutrient, etc.] to optimize a batch f e r 
mentation i s a nearly impossible task to perform d i r e c t l y on a 
process". The use of mathematical models i n conjunction with mod
ern quantitative optimization procedures could circumvent much of 
the experimental work. The need for a good model of ba c t e r i a l 
growth which could accommodate product formation has been well 
recognized (e.g. 6̂, 23
s u f f i c i e n t l y general t

A way to generate highly structured-segregated models which 
are mathematically tractable i s to build population models using 
an ensemble of s i n g l e - c e l l models. Such an approach can avoid 
the generation of i n t e g r a l - d i f f e r e n t i a l equations which are so 
computationally d i f f i c u l t to solve. Thus, s i n g l e - c e l l models 
f i l l certain r e a l needs of both b i o l o g i s t s and engineers. The 
advantages of s i n g l e - c e l l models compared to normal population 
models are: 

1. e x p l i c i t accounting of c e l l geometry and i t s potential 
effects of nutrient transport; 

2. the a b i l i t y to predict temporal events during the d i v i 
sion cycle; 

3. the a b i l i t y to consider the effects of sp a t i a l arrange
ments within a c e l l ; 

4. and the ease i n which de t a i l s about biochemical pathways 
and their integration and metabolic control can be included. 
These advantages make s i n g l e - c e l l models p a r t i c u l a r l y well-suited 
to testing the p l a u s i b i l i t y of hypotheses about metabolic mechan
isms. 

S i n g l e - c e l l models i n v i t e complexity. Their main disadvan
tage i s that s i n g l e - c e l l models represent only a " t y p i c a l " c e l l 
and are adequate representations of the growth of c e l l populations 
only i f the moments of d i s t r i b u t i o n of c e l l u l a r properties higher 
than the f i r s t - o r d e r can be ignored. The la s t disadvantage i s 
circumvented by using an ensemble of s i n g l e - c e l l models to build a 
population model ( i . e . each s i n g l e - c e l l represents some small 
fraction of the t o t a l population). 

Ideal Model. Having discussed why s i n g l e - c e l l models may be 
useful, what characteristics should such models have? The follow
ing features are important: 

1. the model must be consistent with experimentally con
firmed observations over a wide variety of growth conditions, 
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2. the model must have a structure which can easi l y allow 
the incorporation of postulated biochemical mechanisms, 

3. the parameters of the model must be determined d i r e c t l y 
from independent experiments or estimated by an objective series 
of rules (no adjustable parameters), 

4. the effect of c e l l geometry and shape on nutrient uptake 
must be included (the external environment must be e x p l i c i t l y 
accounted f o r ) , 

5. the model must allow for the inclusion of randomness i n 
key metabolic systems, 

6. the model must not include a r t i f i c i a l constraints such as 
growth must be exponential, the c e l l must maintain a given shape, 
the c e l l w i l l divide when the amount of given component doubles, 
etc., 

7. the only signal
trations of various biochemica

8. the model must be mathematically tractable. 
The model should be a model - not a co l l e c t i o n of phenomenological 
equations based on curve f i t s . 

Examples of Single-Cell Models 

One of the f i r s t examples of individual-ce11 models i s that 
suggested by Von Bertalanffy (see 1). In his model growth was a 
result of competition between the process of nutrient assimilation 
and endogenous metabolism. Nutrient uptake was postulated to be 
proportional to the c e l l ' s surface area and the concentration of 
nutrient i n the abiotic environment and the rate of endogenous 
metabolism was postulated to be proportional to c e l l mass. 
Heinmets (35) suggested i n 1966 a model for a single c e l l (or the 
nucleus of an eucaryotic c e l l ) that incorporated 19 d i f f e r e n t i a l 
equations. The model contained an amino acid pool, a nucleotide 
pool for RNA synthesis, a general i n t r a c e l l u l a r metabolic pool, 
t o t a l protein, RNA polymerase, genes for synthesis of various 
RNA's, m-RNA (2 types), r-RNA, and t-RNA. The model could respond 
to step changes i n the extracellular nutrient pools. The main 
purpose of the model was to examine how a c e l l would change from 
normal to abnormal growth. The mechanistic scheme r e f l e c t s the 
general understanding of c e l l u l a r biochemistry i n 1965 but d i f f e r s 
somewhat from the present conception of the c e l l . The constants 
chosen were arbitrary, and the model was not formulated to any 
sp e c i f i c organism, and no attempt was made to compare the predic
tions to actual experimental data. Effects of c e l l geometry and 
size on nutrient uptake were not considered. The c e l l d i v i s i o n 
hypothesis depends on an imposed c r i t e r i o n to do with the concen
trations of i n t r a c e l l u l a r components. C e l l d i v i s i o n i s not a 
"natural" response of the model. Davison (36) has solved 
Heinmets' model with only the d i g i t a l computer and has compared 
the results with two experimental situations. The f i r s t was the 
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recovery of an IS. c o l i for Mg starvation, and the second was the 
effect of s p l i t radiation doses on Chinese Hamster c e l l s . In both 
cases reasonable qualitative predictions were obtained from the 
model. 

Another example of s i n g l e - c e l l model i s that proposed by 
Simon (37) i n 1973. He considered only steady-state balanced 
growth. His model c e l l contained enzymes involved i n d i v i s i o n 
i n i t i a t i o n , i n the formation of DNA precursors, and i n RNA synthe
s i s . DNA synthesis was i n i t i a t e d when a c r i t i c a l material accu
mulated to a threshold value; DNA i n i t i a t i o n caused a l l the thres
hold material to be consumed. Each protein synthesis rate was 
made proportional to the degree of genome activation. The r a t i o 
of c e l l volume to protein was considered constant, and volume 
growth was forced to be exponential. The surface to volume r a t i o 
was considered constant (a cylinder without ends)  The effects of 
the abiotic environmen
value of the growth rat
required to divide when the amount of each component i s doubled. 
I n i t i a l c e l l size could be predicted. A short general qualitative 
comparison of the model to experimental observations was given; 
the model was found to be satisfactory for the parameters com
pared. 

Weinberg, Zeigler, & Laing (38) and Zeigler & Weinberg (39) 
have attempted to construct a model of an IS. c o l i c e l l . They have 
considered how the various components of the c e l l might be aggre
gated. Their c e l l contains e x p l i c i t concentrations for c e l l wall, 
DNA, m-RNA, t-RNA, ribosomes, protein, amino acids, wall pre
cursors, nucleotides, ATP, and ADP are shown (38, 39) along with 
a pool called glucose which includes glucose and other small 
metabolites made from glucose. They claim that their model of a 
c e l l d i f f e r s from others i n that the abstraction involved i n model 
formulation arises from the aggregation of variables rather than 
the selection of subsystems. Difference and Boolean equations 
were used to describe the system. Hyperbolic ("saturation kinet
ics") rate forms were not used; for example, the rate of produc
tion of amino acids from glucose was made proportional to the 
product of glucose, ATP, and enzyme 2 concentrations. Enzyme 
a c t i v i t y was modified to simulate an a l l o s t e r i c enzyme by use of 
Boolean equations. Their c e l l was constrained to grow exponen
t i a l l y i n volume. A mechanism for i n i t i a t i o n of DNA r e p l i c a t i o n 
was included but none for c e l l d i v i s i o n . From the above papers 
(38, 39) i t i s not clear whether nutrient uptake was e x p l i c i t l y 
accounted for or not. They (39) describe how they evaluated rate 
constants from the data i n the l i t e r a t u r e . A direct comparison to 
experimental data was made (38) for s h i f t experiments between 
various media; r-RNA and DNA concentrations were s a t i s f a c t o r i l y 
predicted by the model i f feedback controls were included. 

Another approach to predicting the response of a " t y p i c a l " 
c e l l to a s h i f t i n media has been suggested by Bremer and co-work-
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ers (40, 41, 42)· They have made extensive measurements of RNA 
metabolism and protein synthesis in IS. c o l i and have correlated 
their results with phenomenological expressions. These expres
sions coupled with similar relationships suggested by other 
workers (e.g. Cooper and Helmstetter (43)) allow rather accurate 
calculation of c e l l size and composition for unrestricted growth 
i n media of various compositions. These expressions appear to be 
unsatisfactory for growth r e s t r i c t e d by a l i m i t i n g nutrient as 
glucose (41). The above expressions do not e x p l i c i t l y depend on 
the external environment; the growth rate which a media w i l l 
support must be known beforehand. These expressions are r e a l l y 
correlations rather than a true model. They are limited to a 
narrow range of growth conditions and are not potentially as 
general as the other models discussed. 

Another type of s i n g l e - c e l
Nishimura and Bailey (24)
c e l l mass and DNA content are e x p l i c i t l y recognized. Rules con
cerning DNA r e p l i c a t i o n and the timing of i n i t i a t i o n DNA synthesis 
are imposed on the c e l l ; the rules are derived from the observa
tions of Cooper and Helmstetter (43) and Donachie (44). The 
s i n g l e - c e l l model was essentially the basis for the construction 
of a population model - a formulation among the most general 
currently available. The main li m i t a t i o n of the model i s i t s 
i n a b i l i t y to permit an e x p l i c i t calculation of each c e l l ' s growth 
rate i n terms of the external environment and the c e l l ' s physio
l o g i c a l state. 

Ho and Shuler (45) proposed a mathematical model for the 
growth of an individual bacterium incorporating feedback control 
of nutrient uptake. This simple model could predict the growth 
pattern for a c e l l of a given shape (filamentous, b a c i l l u s , or 
spherical). The model c e l l contained four components (ammonium 
ion, glucose, precursors, and macromolecules). An a n a l y t i c a l 
solution was possible for filamentous c e l l s , but numerical solu
tions were required for other c e l l shapes.t 

More recently Shuler, Leung, and Dick (46) have presented a 
more complete model for the growth of a s i n g l e - c e l l of Escherichia 
c o l i B/r A. The model contained 14 components. A l l of the c e l l ' s 
components were included i n one of the model components. The 
model c e l l r e l i e d on chemical concentrations as control signals so 
that the growth pattern, timing of DNA synthesis, c e l l shape, c e l l 
s i ze, c e l l composition, and c e l l d i v i s i o n could be considered 
natural responses to e x p l i c i t changes (e.g. glucose concentration) 
i n the external environment. An attempt was made to evaluate 
kin e t i c parameters from independent measurements on exponentially 
growing c e l l s . Four parameters, having to do with c e l l envelope 

tThe example cited i n Equation B9-B14 of Ho and Shuler (45) i s 
faulty. However, i t i s easy to demonstrate that the conclusion i s 
correct. Details of the corrected example are available upon 
request. 
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and cross-wall formation were taken as adjustable. This prototype 
model i s being further developed. 

The Cornell Single-Cell Model 

The prototype model has been revamped. The base model has 
20 components; the additional components are necessary to allow 
an accurate description of the systems allowing the incorporation 
of ammonium ion into amino acids, to allow more accurate estimates 
of c e l l u l a r energy expenditures, and to allow a more complete 
simulation of systems controlling transcription and translation. 
Some of the parameters i n the prototype model (46) were calcu
lated based on c e l l dimensions obtained for c e l l s fixed i n osmium 
tetroxide; these have been recalculated using size parameters 
obtained from glucose-limited chemostat culture  with gluter
aldehyde-fixed c e l l s . 

Figure 1 and Tables I to IV describe the current model. 
J u s t i f i c a t i o n of parameter values have been given elsewhere (46-
50). Almost a l l parameters were estimated from independent 
measurements on exponentially growing c e l l s or c e l l - f r e e systems. 
Values for η2 and η 3 (parameters associated with the rat i o of 
envelope used for extension and cross-wall formation) were re
quired to be positive but were otherwise considered adjustable. 
Values for and Kp^ A 2 were adjusted within the range of 0 to 
0.05 gm/cc of c e l l volume. Values for η 2 , r\39 , and K p | > A 2 

were estimated by comparing data to model predictions at y = 
0.95 hr 1 and μ = 0.5 h r " 1 . A parameter for unidentified energy 
consumption, 6^9 was included to make the predicted growth y i e l d 
at μ = 0.95 hr 1 match experimental measurements. Values for 
K i I F * P * Z * a n <* KZMi» r e ( l u i r e < * experimental growth data for μ < 
0.95 hr 1 but were evaluated independently of the model's pre
dictions. A l l parameters were set based on glucose-limited 
growth only. No further adjustments were made for prediction of 
ammonium ion-limited growth. 

The model makes reasonable predictions of the dependence of 
c e l l s ize, c e l l shape, c e l l composition, growth rate, and the 
timing of c e l l u l a r events on external concentrations of glucose. 
Results for glucose-limited growth are given elsewhere (47, 50). 

The current model makes use of recent observations of 
F r a l i c k (51), Messer, et a l . (52) , and Fayet & Louarn (53) to 
construct a mechanism for the control of the i n i t i a t i o n of DNA 
synthesis. The scheme i s i l l u s t r a t e d i n Figure 2. The dnaA gene 
which i s located near the o r i g i n makes a gene product (RP) which 
represses the transcription of the 0-RNA gene. I n i t i a t i o n re
quires 0-RNA as a primer. An anti-repressor (ARP) i s made which 
inactivates RP. Experimental evidence for ARP exists (51), and 
there are indications that ARP production i s related to c e l l 
envelope formation (54). In the model we have made the rate of 
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TABLE I: Stoichiometric relations for the lumped energy, mass, 
and reductant consumptive processes represented in the 
c e l l model. 
The following symbols are used: 

a,3 = anabolic use of ammonium ion or glucose, 
respectively 

γ = conversion of precursor into macromolecule 
ε = conversion of one precursor into another 
ω = direct use of reducing equivalents for 

energetics or for biosynthesis 
δΑΤΡ = A T P r e c l u i r e m e n t s t o drive given reaction 

X = t o t a l pool of reducing power 
The rest of the symbols are defined i n Figure 1. 

Transport 
(1) Αχ* transports i n & becomes Αχ 

(2) A 2 * transports i n & becomes A2 

Precursor Formation 

*Couple
ω. Αι + ω Α ^ 0 2 •> ω Α Η2Ο Αι χ Αχ Α χ 

6 Α ΑΤΡ -* δ Α (ADP + Ρ.) 
Α2 Α2 i 

(3) otiAi + 6 ι Α 2 + ... •+ Pi + . . . δ ρ ιΑΤΡ -V δ ρ ι(ΑΟΡ + 
(4) ε 2Ρι + 32A2 + . . . •> P 2 + . . . δ ρ 2ΑΤΡ -> δ ρ (ADP + ν 
( 5 ) ε 3 Ρ 2 + ω Ό Χ + ... + Ρ 3 

r 3 
+ . . . δ ρ 3ΑΤΡ -> δ ρ 3 ( Α 0 Ρ + 

(6) ει»Ρι + $ι*Α2 + ... -> Ρι» + . . . δ ρ ΐ (ΑΤΡ -> δ ρ (ADP + p i > 

Macromolecule Formation 
(7) ΎιΡι J Μι + ... V A T P -> y ( A D p + 
(8) Ύ2?2 £ Μ 2 + ... δ Μ ΑΤΡ ->-

V ( A D P + 

(9) Ύ3Ρ3 J Μ 3 + ... ΑΤΡ 
Μ 3 

-+ δ (ADP 
Μ3 + p i > 

(10) Ύ ^ Ρ * δ Μ / Τ Ρ 
-> δ (ADP Mit + p i > 

(11) γ 5A2 J Μ 5 + ... δ Μ 5
Α Τ Ρ -> r (ADP V + p i > 

Additional Direct Reductant Use 
Transport of ions 

Membrane recharge to offset H + 

leakage 

W + ωΐΟΝ *>* - W I 0 N H 2 ° 
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Table I, continued. 
Additional Biosyntheti
SO" -> S = ω 8 0 ι + Χ + SO  -> [S ] 
Mass use ω Β Ι ( ) Χ + M J * - M^*D 

Additional ATP Coupling 
PG formation ό ATP -> 6„(ADP + P.) 

P G P G i 

Non-Specified ATP Use 
Size linked oyATP -* δ γ(ΑΟΡ + P ±) 

* 
Coupled to either phosphate bond energy or oxidative reactions. 

Products of oxidation include pmf and reducing equivalents. 
** 

M0X* **RED = u n r e c * u c e ( l a n c* reduced c e l l mass, respectively. 
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TABLE I I : Equations Describing the Rate of Change of Each Compo
nent i n the C e l l . 

The symbols are the same as l i s t e d i n Figure 1 and Table I. 
Additional symbols used are: 
μ, k, η = maximum rates of synthesis of the macromolecules, pre

cursors, and enzymes, respectively 
V = maximum transport rate 
Κ = saturation constants 

k i = decomposition rates 
R = rate of transport 
F = number of forks i n DNA molecule 

Ν 
ο 

= number of DNA origins 
S c e l l u l a r surfac
V = volume 

RI = mass of i d l i n g ribosomes 
7 moles acetate formed 
L moles glucose dissimilated 
GD = number of genes coding for stable RNA synthesis 
P = density 
f = proportionality constant between Mi* and c e l l surface 

area 
SL = septum length 
CL = length of c y l i n d r i c section of the c e l l 
W = c e l l width 

SEPF = mass of septum 
IF = i n i t i a t i o n factors for protein synthesis 
RP = repressor protein 
ARP = anti-repressor protein 

(P/0) = max maximum P/0 r a t i o 

When S and D are used as subscripts, they denote rate of 
synthesis and rate of degradation respectively. A and C as sub
scripts refer to anabolism and catabolism. 
dAi _ c r / d P l \ / d P lN ι ,dGLNN / 1 Λ 

it " V s - α ι [ ( ΐ Γ > 5 - (-dT> D
] - a i , G L N ( ^ r > s

 ( 1 ) 

NET 

,dM5. (2) 
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Table II, continued. 

105 

.dATP 
K dt ; 

,dP! 

GLN ^ t - g + W~dt>s 

r f s ν 
i d M 2RTI 

[1dt » 
,dPG 
l d t > s 

(3) 

f - " a ! ' V s + < ωΐΟΝ + ω Ο
dP 3 

ν δ + ωΡ 3<1ΠΓ> (4) 

(dA 2/dt), 
(dATP/dt). + dX/dt(P/0) 

S max 4 + (12 - 4·Ζ)(Ρ/0) max 
•180 

Ζ = μ 
/ (dMWdt) s 

^ < d * / d t ) g + K z M i > 

(5) 

(6) 

A L» 
dA2 

dt " "A2 

,dGLN. ι · r. 

GLN/V 
SxGUI + G L N / V 

Ai/V 
. W + A l / V 

A 2/V 
«ΡχΑ, + A l / V 

Pi/V 

W + P l / V 

(7) 

(8a) 

GLN 
J L K G L N + (GLN/V)^ 

( d t ) s 
(8b) 

Term i s equivalent to glutamine driven Glutamate Synthase 

Continued on next page. 
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dp N E T 

* Term i s equal to net Ρ χ formation, ("̂ ~") » where the f i r s t 

term refers to Αχ incorporation v i a glutamate dehydrogenase, 
( d tV 

** This term i s equivalent to: e 2 [ ( ^ f ) - 1 
S D 

t This term i s equivalent to: ει*(~ΠΓ*) 
S 
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Table II, ycontinued. 
dMi 

dM2 RTI 
dt = P 2 

P2/V iPG 
^ P ^ P * ^ 1 P G + PG/7 

\LIF 

r rdMi/dtv Mi l S  ι 
K i I F + [ ( Μ

•GD -

kTM 2 

RTI rdM2 

(dMi/dt) s | M 2 R T I 
RTM 

RTI1 dt 

RTI 

dM2 RTM 
dt 

RTM 
R T M < R T I T M 2 R U + A 2 / V 

R T M 

dM2 "*M /dMX\ . 
ίγ ' μ 2 Μ ^ δ - ν Μ * Μ 2 Μ 

dM3 

dt 
= „ / Pa/V V A 2 / V 

dM5 

dt 

107 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

Continued on next page. 
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Table II, continued. 
dPG 
dt 

* ( K i P > RT - k — ± l £ L — } 

7 V | R I kTPG A2/V + 

•PG 

Αχ Ai 
CA* __Aj7y__ 

K
A L

+ C A J ' K A X + A L / V 

A2/V 
K. . + A2/V AiA 2 

A 2/V ^ 
V^K+

 c U l K i A i + A i / v A K A I A 2
+ A 2 / VJ 

Ai Κ 

*A2 

dEi 
dt 

dE 2 

dt 

dE 2 

dt 

dEij_ 
dt 

V = 

/ c*2 \ / K i A 2 \ 

niN 

n 2 

dMi 
ο dt 

dMi 
dt 

TI3M1 

ni» 

Μι» 
cyto 

S = f ΜΗ and dS = f dMt» s s 

S • nW2 + πΝ·α,+ 2πW·SL 

V = χ ÏÏW3 + πΝ 2 » C L + h irW2 * S L - - | T T - S L 

SL SEPF 
2ÏÏW 

E 3 SEPFι = SEPF, + _ _ -|tH-At 11 E 2 + E 3 

dS 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 
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Table II, continued. 

/dARP\ „ k . ( W | 

At 

(34a) 

(34b) 

RP burst 
KiRP + 

^IRP 
/dM l / dt\ ( « i / ^ ) 8 " 

(35) 

RP„ . « RP + RP, Total burst (36) 
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TABLE I I I : Values of Parameters Associated with Rate Equations 

ammonium ion gm v A = 9.5 χ 10 , Αχ hr cm 

K * = 3.6 χ 10"6 

Αχ cc 

Κ, A = 2.3 χ 1θ" 3 ^ i A i cc 

2.056 χ 10 - 7 J E S - κ - 1.0 χ 10~5 Β» ce hr Αι 

Κ Α
1 = 1.0 χ ΙΟ" 7 &* Αι ce 

ce 

Κ Α = 1.0 χ ΙΟ" 5 Β&. Αχ ce 

glucose 

amino acids 

οκ = 1.7 χ ΙΟ" 5 . 8* 2 Κ * = 1.2 χ ΙΟ" 5 5 5 1 

Α2 hr cm Α  ce 

~ i A 2 

k i = 0.390 

cc' 

gms 
hr cc 

IL, = 5.0 χ ΙΟ" 2 -SB Τ ι ce 

= 0.025 h r " 1 

k i = 475 

KGLNPi " ' " cc 

q β 3 

hr»gm Et» 

9.9 χ ÎO"* 

k'' β 0.39 J = S -hr cc 

* P I A i - 2·5 * 1 0 - 5 S 

^ P i = 1.1 χ 10 -5 gm 

GLNAi 3. 6 x 1 0 - 6 2» 
cc 

^GLN = 3 · 3 * 1 0 " 1 2 

ribonucleotides k 2 - 0.19 , S m 

hr cc 

K- = 9.0 χ 10" 3 SE r 2 CC 

V = 0-03 h r " 1 

deoxyribonu- k 3 = 40 - — ^ 
cleotides h r g m E l 

IL, - 2.2 χ 10~ % SS. 
P 3 ce 

ce 

K P 2 A 2 c c 

= 2.5 χ ÎO -" « 

^ f - l . l x l O - « a CC 

IL, „ = 9.9 x 10-" M t 3 p 2 cc 

*P 3A 2 ' 7 ' 2 * 1 0 ' 5 f ! 
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Table III, continued. 
cel l envelope ki, = 0.060 —22— κ = 9.9 χ 10~* ^ 

precursors h r c c ^ " P l c c 

ν • 5·°x 10-3 S V A 2 - ̂  * 10" I? 

VA, * 7 · 2 x 1 0 " 5 f? NM1 ° ° · 0 2 5 H R _ 1 

V • K 1 x 1 0 - 5 f ! ν = ° · 0 2 5 h r _ 1 

"te "
K i p G - 2.0 χ 1 0 - i ^ K i I F = 0.009 ( ^ ) 3 

μ 2 = 14 hr" 1 k =0.07 hr" 1 

RTM ™ 2 R T M 

τ> ·» Λ ο ο gm RNA 
Ρ " 3 μ 2 Μ " ° · 3 2 gmProtein 

Κ ™ - 1.1 χ ΙΟ"5 « k = 21.0 hr" 1 

™ 2 R T M C C ™ 2 M 

DNA u 3 = 6.0 x 10" 1 S . S? 8 . 1C, _ = 4.0 χ 10"6 f§ 
hr fork M 3 P 3 C C 

IL, . = 2.0 x 10"s 

M 3 A 2 C C 

c e l l envelope μ„ - 100.0 h r g = 5.0 x 10"* f f 

VA, " 1 · 8 x 1 0~* f? S i , " °' 2 3 h r _ 1 

W a =
 1 · 8 X 1 0" S 

glycogen μ 5 - 2.0 χ 10"2 T̂Ms " ° ' U h r _ 1 

VA. = 2·° x 10"3 S ^ - 1-° * l 0' 3 f ! 

Continued on next page. 
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Table III, continued* 
= Q ο v i n 3 

η 3 - 1.6 χ 10"2 hr" 1 

2 

enzymes Π ι = 1.0 χ 10 3 η 2 = 3 .2 χ 1θ" 

13 

IL, = 2 . 0 χ ΙΟ" 1 0 ( S E ) ' n i f = 0 .01 
£ι|» ce 

* β 2 kTE, - ° · 0 5 h r ' X 

P p G - 6 .4 χ ΙΟ"3 - J g L - k ± p i - 12 .7 χ ΙΟ"» £ 

kTPG « 1 2 5 h r ' X kTPGA2 = 7·2 X 1 0 ' 5 S 

acetate u = 0 . 9 Κ  1.0  ΙΟ"1* ^ ζ ζΜι
ρ oxidation — . = 1 . 5 
0 'max 

cel l shape ρ = 0 .258 *E* f = 259 χ 10 6 — cyto ce s gm 

ο = 0.553 BS. 
env cc 

DNA initiation k = 2 . 6 χ 1 θ " 3 - ^ r - IT = 0 . 22 - S * — ARP gm Mi* iRP cc-hr 

*** · 3 · 6 5 x 1 0 - 1 7 S r 

Stoichiometric Coefficients: 

«i - 0.179 ε 2 =1.149 γ χ - 1.167 
α l.GLN = ° · 1 2 2 2 Ε 3 - 1·049 γ 2 = 1.057 
β ι = 1 > 1 2 8 ε„ = 0.128 γ 3 = 1.053 

Β 2 = -0.456 ° 1 · 1 0 

βι, - 1.28 Υ5 = 1.11 
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Table III, continued* 

glycogen y 5 = 2.0 χ 10" 2 = 0.14 h r - 1 

5 

KM 5A 2
 = 2 - ° x 1 0 " 3 f KTM 5 « 1-0 x 10" 3 g 

enzymes n i = 1.0 χ 10" 3 n 2 = 3.2 χ 10" 3 

n 3 = 1.6 x 10" 2 h r " 1 

ΚΕι> = 2.0 χ ΙΟ"» φ " „„ . 0 > 0 1 

% = 2 k T E i t = 0.05 h r ' 1 

PpGpp P p G = 6.4 χ 10"  H ? - g l r a o f K i P i - 12.7 χ 10"» j g 

k T p G = 1 2 5 h r - 1 K T p G f t 2 - 7.2 χ 1(Γ« g 

acetate P Z = 0.9 = 1.0 χ 1 0 " l k 32 

oxi d a t i o n ^| =1.5 Pi 
I 
max 

c e l l shape P / . = 0.258 f = 259 χ 10 6 ^ cyto ce s gm 
P p n v = 0.553 3 2 i env cc 

DNA i n i t i a t i o n k f t R p - 2.6 χ 10"· ̂  K ( R p = 0.22 j ^ r 

' . • ' • « • " ' " i Î 0 
S t o i c h i o m e t r i c C o e f f i c i e n t s : 

o i = 0.179 e 2 = 1.149 Y i = 1.167 
a l 6LN = ° · 1 2 2 2 Ε 3 = Ί Μ 9 Ύ2 = 1-057 

β ' = 1 > 1 2 8 e« = 0.128 γ 3 = 1.053 
β 2 = -0.456 Ύ" = 1 Λ 0 

3H. 1.28 Ύ5 = 1.U 
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TABLE IV: Values of Parameters for Calculation of Energy Require
ments 

Mole ATP Mole 'H^ <5_, — ω, Compound or Process i gm i gm 

Ax , NĤ +, transport 0.028 
A2, glucose transport 0.0056 

+PX, Amino Acids 0.0025 
P 2, Ribonucleotides 0.022 
P 3, Deoxyribonucleotides 0.0031 
P^, Non-Protein Envelo
Mx, protein 0.03
M2, RNA 0.0067 
M3, DNA 0.0071 
M^, Non-Protein Envelope 0.0081 
M5, Glycogen 0.0124 

Ion Transport 

Membrane Energy Recharge 

PG Formation 

Uncoupled ATP Use 

SO^ S 

Biosynthesis Reduction 

2 χ 10"3 mole 
gm c e l l 

5.8 χ 10"* moles 
cm2-hr 

3 moles 
mole 

0.0633 moles 
cm3 

1.21 χ 1Q-3 mole 
gm 

1.39 χ IP" 2 mole 
gm 

+Glutamate dehydrogenase pathway for carbon and energy limited 
conditions. 
For glutamine synthetase, assume 1 mole ATP is used for every 
mole glutamine formed which results in a value of 0.007 for δ 
i n Equation 3, Table II. GLN 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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Figure 2. A potential scheme for the 
control of initiation of DNA synthesis. 
The dnaA gene product, RP, is a repres
sor protein. If a molecule of repressor 
protein combines with anti-repressor 
protein, ARP, it is inactivated. Active RP 
prevents the transcription of O-RNA, 

which is required for initiation. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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ARP formation to be a constant fraction of the rate of c e l l enve
lope formation. When the l e v e l of unbound RP approaches zero, 
0-RNA transcription i s allowed. The combining of RP with ARP i s 
similar to a mechanism proposed by Fantes, et a l . (55). The 
model mechanism requires that the dnaA gene be transcribed only 
for a short period of time so as to obtain a "burst". Pritchard, 
Barth, & C o l l i n s (56) have previously postulated the production 
of an i n i t i a t i o n - i n h i b i t o r as a "burst" by a gene located near 
the o r i g i n . 

The p l a u s i b i l i t y of the above mechanism was established by 
comparing to data the model's predictions of the length of the C 
period (the time to replicate a whole new DNA molecule) and D 
period (the time from the termination of the chromosome synthesis 
to the next c e l l division) and the timing of i n i t i a t i o n . The 
results are given i n Table  V d VI  Othe  mechanism  (e.g
positive control due t
of c e l l envelope synthesis
to the t o t a l c e l l mass) have been shown to be implausible when 
tested for growth under glucose l i m i t a t i o n (46). The form of the 
equations for the glucose-limited c e l l have been j u s t i f i e d (46, 
47, 50). For the case of ammonium ion l i m i t a t i o n the equation 
for ammonium ion transport (Equation 21) can be j u s t i f i e d based 
on the observations of Stevenson and S i l v e r (57). They presented 
evidence for a dual-transport system i n 12. c o l i . The scheme for 
incorporation of ammonium ion into c e l l u l a r metabolites can be 
described by the following equations: 

(1) L-glutamate + ATP + NHi/ + L-glutamine + ADP + Ρ 

(2) α-Ketoglutarate + L-glutamine + NADPH -> 2 glutamate + NADP+ 

(3) α-Ketoglutarate + NHi»+ + NADPH -> L-glutamate + H20 + NADP+ 

Reaction 1 i s mediated by glutamine synthetase while Reactions 2 
and 3 are catalyzed by glutamate synthase and glutamate dehydro
genase respectively. 

In Table II the series process described by Reactions (1) and 
(2) are represented by Equations (8a) and (8b) and Reaction (3) by 
the f i r s t part of Equation (8e). 

Glutamate i s considered a key compound because i t represents 
the f i r s t major transformation of inorganic-N to organic; hence, 
nitrogen flux into the amino acid pool cannot occur any faster 
than glutamate-N production. This follows from glutamate's high 
a c t i v i t y with transaminases. 

(4) L-glutamate + RC0C00H + RCHNH2C00H + α-Ketoglutarate 

Presumably two potential routes of ammonia incorporation 
exist (58, 59). The high a f f i n i t y route consists of glutamine 
synthetase a c t i v i t y working i n conjunction with glutamate 
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TABLE V: Comparison of Model and Experimental Estimates of C&D 
Periods 

y Snodel ^model C* _ expt. D* ^ expt 
hr " 1 min. min. min. min. 

0.95 41 21 42 22 
0.68 47 28 42 22 
0.51 59 35 56 28 
0.39 75 42 73 39 
0.29 99 
0.24 120 60 ^115 -57 
0.16 189 81 -178 -89 

Values from Helmstetter & Pierucci (71) . No measurements were 
made for μ < 0.35 h r " 1 . Values for μ < 0.35 hr 1 were estimated 
from the suggestion (26) that C = 2/3 τ and D = 1/3 τ. 

TABLE VI: Comparison of Model and Experimental Estimates of the 
Time of I n i t i a t i o n of Chromosome Synthesis 

t / TModel t/τ * expt. 
hr" 1 

0.95 0.59 0.58 ± 0.1 
0.68 0.78 0.91 ± 0.1 
0.51 0.86 0.96 ± 0.1 
0.39 0.90 0.98 ± 0.1 
0.29 0.94 0.99 ± 0.1 
0.24 0.95 0.99 ± 0.1 
0.16 0.99 1.0 ± 0.1 

From Helmstetter & Pierucci (71). Note that t/τ = 0 = 1.0 or 
i n i t i a t i o n at c e l l d i v i s i o n i s essentially the same as i n i t i a t i o n 
at c e l l b i r t h . 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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synthase* Glutamate dehydrogenase a c t i v i t y i s responsible for 
the low a f f i n i t y system which predominates under conditions of 
high i n t r a c e l l u l a r ammonium ion l e v e l s . There i s evidence (60, 
61\ 62) that the high a f f i n i t y system i s subject to ammonium ion 
repression and modulation of i t s a c t i v i t y by a number of mechan
isms, including covalent modifications through a cascade enzyme 
system. In contrast the low a f f i n i t y system i s modulated only by 
large concentrations of glutamate (61, 63). Data to support this 
scheme has been obtained primarily with c e l l - f r e e systems. 
Whether this scheme can function i n a complete organism can be 
v e r i f i e d by comparing the computer predictions with data. 

In Figure 3 the model's predictions of growth rate dependence 
on ammonium ion concentration i s compared with chemostat data. 
Generally the model's predictions are quite reasonable. The 
model, however, suggest  that th  changeove  fro  th  lo  t  high 
a f f i n i t y region occur a
break appears to occur  y ζ
predicts a lower effective saturation constant than indicated by 
the data. Nonetheless, the general character of the c e l l re
sponse i s well captured by the model. 

In Figure 4 the model's predictions of c e l l size for both 
glucose- and ammonium-limited growth are compared, to chemostat 
data. In both cases the model's predictions are i n close accord 
with the observed responses. The reason the nitrogen-limited 
c e l l s are larger than the glucose-limited c e l l s i s probably due 
to increased storage of carbon as glycogen. The model's pre
dictions of glycogen content of ammonium-limited c e l l s i s com
pared to the data of Holme (65) i n Figure 5. 

The predictions of the model for nitrogen-limited growth are 
in remarkable agreement with experiment when considering that no 
new adjustable parameters were introduced to describe nitrogen-
limited growth. A l l parameter values were set with respect to 
glucose-limited growth. The mechanisms postulated on the basis 
of i n v i t r o enzymology appear to be quite plausible upon i n t e 
gration into the whole c e l l . 

Transient Response of Single-Cell Models. With the base 
model well-established by comparison to steady-state data, tran
sient response predictions can be made with some minimum degree 
of confidence. The highly structured nature of the Cornell 
s i n g l e - c e l l model should endow the s i n g l e - c e l l model with the 
potential to accurately predict dynamic internal changes i n com
position. A computer simulated experiment i s shown i n Figure 6 
to test transient changes i n growth rate to a step change i n 
glucose concentration. In the experiment the glucose concentra
tion i s _ a l t e r e d suddenly from a high value permitting y = 
0.95 hr 1 at steady-state to a glucose concentration permitting 
growth at y = 0.50 hr" 1 at steady-state. The change i n c e l l -
growth rate drops dramatically and o s c i l l a t e s s l i g h t l y . Eight 
c e l l generations are required before the new steady-state growth 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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Figure 3. The model's prediction of growth-rate (solid line) dependence on 
ammonium-ion concentration is compared to experimental data. The data and the 
model predictions indicate that more than a single system is responsible for 

ammonium-ion uptake, assimilation, or both. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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0.8 h 

Figure 4. Variation of cell volume with growth rate. For glucose-limited cells: 
O, data from Cornell; data from Ref. 64. For ammonium-limited cells: Δ, 
data from Cornell. Solid line, the model's prediction for glucose-limited cells; 

dashed line, model's prediction for ammonium-limited cells. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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Figure 5. Model's predictions of the effects of ammonia limitation on glycogen 
content. Data points from Ref. 65. 
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Figure 6. Transient responses of the computer cell: O, response to step-decrease 
in external glucose concentration (1000 mg/L to 4.5 mg/L); Δ, response to a 
step-increase (4.5 mg/L to 1000 mg/L). Relative rate corresponds to the average 

growth rate during that cell generation. 
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rate i s approximated. If the experiment i s reversed and glucose 
i s suddenly changed from the lower to the higher value, the c e l l 
responds by steadily increasing i t s growth rate. Again i t takes 
about eight c e l l generations to get a new steady-state. The 
important feature here i s that the c e l l returns to the o r i g i n a l 
growth-rate v i a a different path. There i s substantial hystere
s i s i n the computed predicted response to these perturbations. 

The explanation for the rapid response of the c e l l to a step 
down i n energy a v a i l a b i l i t y i s shown i n Figure 7. The decrease 
i n glucose causes a rapid increase i n ppGpp which d r a s t i c a l l y 
reduces RNA synthesis and consequently reduces other c e l l u l a r 
processes such as protein synthesis. Such responses have been 
observed experimentally (66, 67). 

Nitrogen-limited c e l l s also show hysteresis when subjected 
to an experiment analogou
The biggest differenc
sponse and overshoot during the step-up part of the experiment. 
The overshoot i s probably due to the high l e v e l of both low and 
high a f f i n i t y systems for converting ammonium into amino acids. 
The growth rate of JE. c o l i i n glucose-minimal medium can be 
enhanced by the addition of amino acids. The large decrease i n 
growth rate during step-down i s l i k e l y due to the i n a b i l i t y of 
the low a f f i n i t y glutamate dehydrogenase system to produce 
s u f f i c i e n t amino acids by i t s e l f with low ammonium ion concen
trations and a moderately long lag i n the production of the 
enzymes for the high a f f i n i t y system. 

Population Models From Single-Cell Models 

The s i n g l e - c e l l model i s limited i n i t s usefulness for 
engineering calculations unless a population model can be con
structed from the information i n the s i n g l e - c e l l model. It i s 
possible to build a population model using an ensemble of single-
c e l l models to mimic the response of a large population of c e l l s 
(24, 46, 68). Since computer capacity i s f i n i t e , the question i s 
r e a l l y , "how few c e l l models can be included i n a population and 
s t i l l allow reasonable predictions of the behavior of a natural 
population of c e l l s ? " 

Figure 9 presents a sketch of an " i d e a l " size d i s t r i b u t i o n 
and a " t y p i c a l " size d i s t r i b u t i o n . The " i d e a l " d i s t r i b u t i o n 
would occur i f there were no va r i a t i o n producing processes within 
the c e l l ( i . e . a l l c e l l s have i d e n t i c a l c e l l cycles). In the 
ideal d i s t r i b u t i o n c e l l s automatically divide at twice the b i r t h 
volume, and there are two times as many c e l l s of b i r t h size as 
d i v i s i o n s i z e . The frequency function of c e l l s of intermediate 
size would decrease approximately exponentially from b i r t h to 
fission-ready c e l l s . 

However, variation causing processes e x i s t . Hypothetical 
probability functions r e l a t i n g b i r t h and d i v i s i o n to c e l l size 
are shown. Such functions w i l l result i n a " t y p i c a l " size 
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Figure 7. Changes in the relative magnitude of internal ppGpp concentration (Ci) 
and in the rate of RNA synthesis (A) are given for the first division cycle after the 
step-down in glucose concentration (see Figure 6). The decrease in energy-avail
ability causes a rapid increase in ppGpp that significantly reduces RNA synthesis 

and consequently, reduces cell metabolism and growth. 
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Figure 8. Transient response of the computer cell to a step-change in external 
ammonium-ion concentration: O, response to step-decrease (2.5 mg/L to 1.4 
mg/L); Δ, response to step-increase (lΛ mg/L to 2.5 mg/L). The relative rate 

corresponds to the average growth rate during that cell generation. 

Figure 9. Sketches of ideal size distribution ( - ' - · - ) and typical size distribu
tion ( ). The typical distribution results from random processes that cause the 

cell to have a significant probability of fission over a range of sizes. 
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di s t r i b u t i o n plot which exhibits a s l i g h t positive skewing. For 
each size class i n the d i s t r i b u t i o n c e l l s can enter by growth or 
b i r t h and may exit the size class due to further growth or 
d i v i s i o n . 

Consideration of " i d e a l " and " t y p i c a l " size distributions 
suggests certain characteristics required to simulate a large 
population with a f i n i t e number of c e l l s . The ensemble to be 
constructed w i l l have some number of discreet size classes and 
some other number of c e l l models within each size class. Require
ments for an accurate simulation are: 

1. Sufficient number of size classes so that growth through 
the intervals i s smooth. If the c e l l s are spaced further apart 
than the mesh size of the size analyzer i n use, then gaps in the 
frequency curve w i l l p e r i o d i c a l l y occur. 

2. Mechanisms causin
i d e n t i f i e d . 

3. Once the variation causing processes are quantified, 
then s u f f i c i e n t c e l l s must be put into each size class to 
accurately mimic the random processes within each size class ( i . e . 
the sample must be large enough that the d i s t r i b u t i o n of prop
er t i e s can reproduce i t s e l f for the case of steady-nutrient 
supply). 

Factors that could contribute to v a r i a b i l i t y within the 
c e l l can easily be imagined. Any time a small number of copies 
exist the process description becomes less deterministic and more 
stochastic. Some possible variatio n producing processes are: 

1. RP "burst" size 
2. RP p a r t i t i o n upon f i s s i o n 
3. ARP variation 
4. Replication velocity - possibly related to the number of 

unwinding enzymes 
5. Ratio of E2 to Ε3 and consequently r a t i o of cross-wall 

formation to c e l l extension 
6. Asymmetric d i v i s i o n . 
To more e f f i c i e n t l y test ways of constructing population 

models we have simulated the simulation by using a number of 
structureless c e l l s . The c e l l s were assigned a mode of c e l l i n 
crease, and their variation of f i s s i o n size was accomplished by 
selecting the next termination size on a random basis and storing 
i t . The range and frequency of f i s s i o n size was comparable to 
observed patterns (e.g. 10% c o e f f i c i e n t of variation and Gaussian 
frequency d i s t r i b u t i o n (22, 69). 

Figure 10 shows the results of a simulation with 200 c e l l s -
20 c e l l classes and two c e l l s per c l a s s . A steady-state environ
ment was imposed. Even after 30 generations the size d i s t r i b u t i o n 
exhibits s i g n i f i c a n t i n s t a b i l i t i e s . By going to 2000 c e l l s -
20 c e l l classes and 100 c e l l s per class (Figure 11) - the s t a b i l 
i t y of the size d i s t r i b u t i o n i s greatly improved. In the above 
two cases equal c e l l sizes among daughters at d i v i s i o n was re
quired. L i t t l e differences i n distributions were observed when 
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Figure 10. Computer simulation of a population using 200 unstructured cell 
models. There were 20 size classes with 10 cells per class in the simulation. Even 

at steady state the size distribution shows significant instabilities in shape. 
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Figure 11. Computer simulation of a population using 2000 unstructured cell 
models. There were 20 size classes with 100 cells per class in the simulation. The 
steady state size distributions are considerably more stable than the simulation with 

200 cells (See Figure 10). 
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unequal f i s s i o n was allowed. The precision of f i s s i o n i s high 
(70), so i t s inclusion with r e a l i s t i c probability values was not 
expected to greatly a l t e r the res u l t s . The bulk of variation i n 
bi r t h size (> 75%) i s linked to the variation i n ove r a l l f i s s i o n 
size and not the location of the cross-wall plane. Since the 
assumption of equal f i s s i o n greatly simplifies programming and 
reduces demands on computer memory, i t i s prudent to assume equal 
f i s s i o n . 

Figure 12 displays the steady-state s t a b i l i t y of s i z e -
distributions generated with the structured s i n g l e - c e l l model. 
Sixteen c e l l classes with f i f t e e n c e l l s per class were used. 
Random processes allowed were variation i n "burst" size of RP 
(20%) and in r e p l i c a t i o n v e l o c i t y (10%). Variation with respect 
to other c r i t e r i a are currently being investigated. The s t a b i l 
i t y displayed by the distribution  w i l l b  acceptabl  i t 
potential applications
(e.g. RNA, DNA, protein, )  generate  popu
l a t i o n runs. 

Summary 

Sin g l e - c e l l models can be written that mimic very closely 
the responses of l i v i n g c e l l s . Such models are convenient tools 
for testing the p l a u s i b i l i t y of basic biochemical mechanisms. 
They may be pa r t i c u l a r l y a t t r a c t i ve i n testing the potential i n 
vivo compatibility of mechanisms postulated on the basis of i n 
vi t r o enzymology. The s i n g l e - c e l l models make reasonable pre
dictions during transient conditions and are numerically stable. 
Since stable distributions of a population can be constructed by 
using an ensemble of s i n g l e - c e l l models, i t should be possible to 
develop population models with both high levels of segregation 
and structured. Such models need to be further developed and 
tested for their a b i l i t y to predict the transient behavior of c e l l 
populations to perturbations i n the abiotic environment. 
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Figure 12. Computer simulation of a population using 240 structured cells (the 
Cornell single-cell model). There were 16 size classes and 15 cells per class in the 
simulation. The steady-state size distributions display a level of stability acceptable 

for most applications. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



5. S H U L E R A N D D O M A C H Models of Cell Growth 131 

Literature Cited 

1. Tsuchiya, Η.Μ.; Fredrickson, A.G.; Aris, R. Adv. Chem. Eng. 
1966, 6, 125-205. 

2. Painter, P.R.; Marr, A.G. Ann. Rev. Microbiol. 1968, 22, 
519-548. 

3. Van Uden, N. Ann. Rev. Microbiol. 1969, 23, 473-486. 
4. Garfinkel, D.; Garfinkel, L.; Pring, M.; Green, S.B.; 

Chance, B. Ann. Rev. Biochem. 1970, 39, 473-498. 
5. Fredrickson, A.G.; Megee, R.D., III; Tsuchiya, Η.Μ. Adv. 

Appl. Microbiol. 1970, 13, 419-465. 
6. Nyiri, L.K. Adv. Biochemical Eng. 1972, 2, 49-95. 
7. Boyle, W.C.; Berthouex, P.M. Biotechnol. Bioeng. 1974, 16 

1139-1159. 
8. Fredrickson, A.G
9. Bailey, J .E. Chem
10. Fredrickson, A.G.; Ramkrisha, D.; Tsuchiya, Η.Μ. Chem. Eng. 

Symp. Series 1971, 67(108), 53-59. 
11. Campbell, A. Bacteriol. Rev. 1957, 21, 263-272. 
12. Williams, F.M. J . Theo. Biol. 1967, 15, 190-207. 
13. Williams, F.M. "Systems Analysis and Simulation in Ecology"; 

Patten, B.C., Ed.; Academic Press: New York, 1971, Vol. 1. 
14. Ramkrishna, D.; Fredrickson, A.G.; Tsuchiya, Η.Μ. 

Biotechnol. Bioeng. 1967, 9, 129-170. 
15. Van Foerster, Η. "The Kinetics of Cellular Proliferation"; 

Stohlman, F . , Ed.; Grune & Stratton: New York, 1959, p. 382. 
16. Trucco, E. Bull. Math. Biophys. 1965, 27, 285-304, 449-471. 
17. Yakovlev, A.Y.; Zorin, A.V.; Isanin, N.A. J . Theor. Biol. 

1977, 64, 1-25. 
18. Fredrickson, A.G.; Tsuchiya, Η.Μ. AIChE J. 1963, 9, 459-468. 
19. Kozesnik, J . "Continuous Cultivation of Microorganisms"; 

Malek, I.; Beran, K.; Hospodka, J., Eds.; Academic Press: 
New York, 1964, p. 59. 

20. Lebowitz, J . L . ; Rubinow, S.I. J . Math. Biology 1974, 1, 
17-36. 

21. Koch, A.L.; Schaechter, M. J . Gen. Microbiol. 1962, 29, 
435-454. 

22. Eakman, J.M.; Fredrickson, A.G.; Tsuchiya, Η.Μ. Chem. Eng. 
Prog. Symp. Series 1966, 62(69), 37-49. 

23. Bailey, J . E . ; Fazel-Madjlessi, J.; McQuitty, D.N.; Lee, L.Y.; 
Oro, J.A. AIChE J. 1978, 24, 570-576. 

24. Nishimura, Y.; Bailey, J .E. Math. Biosciences 1980, 51, 
305-328. 

25. Nishimura, Y.; Bailey, J .E. AIChE J. 1981, 27, 73-81. 
26. Pickett, A.M.; Bazin, M.J.; Topiwala, Η.Η. Biotechnol. 

Bioeng. 1980, 22, 1213-1224. 
27. Pickett, A.M.; Bazin, M.J.; Topiwala, Η.Η. Biotechnol. 

Bioeng. 1979, 21, 1043-1055. 
28. Tanner, R.D. Biotechnol. Bioeng. 1970, 12, 831-843. 
29. Bischoff, K.B. Can. J . Chem. Eng. 1966, 44, 281-284. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



132 BIOCHEMICAL ENGINEERING 

30. Blanch, H.W.; Rogers, P.L. Biotechnol. Bioeng. 1972, 14, 
151-171. 

31. Constantinides, Α.; Spencer, J . L . ; Gaden, E . L . , Jr. 
Biotechnol. Bioeng. 1970, 12, 803-830. 

32. Ho, L.Y.; Humphrey, A.E. Biotechnol. Bioeng. 1970, 12 
291-311. 

33. Koga, S.; Burg, C.R.; Humphrey, A.E. Appl. Microbiol. 1967 
15, 683-689. 

34. Yamashita, S.; Hoshi, Η.; Inagaki, T. "Fermentation 
Advances"; Perlman, D.; Academic Press: New York, 1969, 
p. 441. 

35. Heinmets, F. "Analysis of Normal and Abnormal Cell Growth"; 
Plenum Press: New York, 1966. 

36. Davison, E.J . Bull. Math. Biol. 1975, 37, 427-458. 
37. Simon, Z. J . Theor  Biol  1973  38  39-49
38. Weinberg, R.; Zeigler

1971, 1, 34-48. 
39. Zeigler, B.P.; Weinberg, R. J . Theor. Biol. 1970, 29, 35-56. 
40. Dennis, P.P.; Bremer, H. J . Bacteriol. 1974, 119, 270-281. 
41. Brunschede, Η.; Dove, T . L . , Bremer, H. J . Bacteriol. 1977, 

129, 1020-1033. 
42. Bremer, H.; Chuang, L. J . Theor. Biol. 1981, 88, 47-81. 
43. Cooper, S.; Helmstetter, C.E. J . Mol. Biol. 1968, 31, 519-

540. 
44. Donachie, W.D. Nature, 1968, 219, 1077. 
45. Ho, S.V.; Shuler, M.L. J . Theor. Biol. 1977, 68, 415-435. 
46. Shuler, M.L.; Leung, S.; Dick, C.C. Ann. N.Y. Acad. Sci. 

1979, 326, 35-55. 
47. Domach, M.M.; Leung, S.K.; Cahn, R.E.; Cocks, G.G.; 

Shuler, M.L. J . Bacteriol. (Submitted for publication) 
48. Leung, S.K. M.S. Thesis, Cornell University, Ithaca, New 

York, 1979. 
49. Dick, C.C. M.S. Thesis, Cornell University, Ithaca, New 

York, 1978. 
50. Domach, M.M. Ph.D. Thesis, Cornell University, Ithaca, New 

York, 1982. 
51. Fralick, J.A. "DNA Synthesis - Present and Future"; 

Molineux, I.; Kohiyama, Μ., Eds.; Plenum Press: New York, 
1978, 71-83. 

52. Messer, W.; Dankwork, L.; Tippe-Schindler, R.; Womack, J . E . ; 
Zahn, G. "DNA Synthesis and Its Regulation"; Goulian, M.; 
Hanawalt, P., Eds.; W.A. Benjamin: Menlo Park, California, 
1975, p. 602. 

53. Fayet, O.; Louarn, J . "DNA Synthesis - Present and Future"; 
Molineux, I.; Kohiyama, Μ., Eds.; Plenum Press: New York, 
1967, p. 27. 

54. Grossman, N.; Ron, E.Z. J . Bacteriol. 1980, 143, 100-104. 
55. Fantes, P.Α.; Grant, W.D.; Pritchard, R.H.; Sudbery, P.E.; 

Wheals, A.E. J . Theor. Biol. 1975, 50, 213-244. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



5. SHULER AND DOMACH Models of Cell Growth 133 

56. Pritchard, R.H.; Barth, P.T.; Collins, T. Symp. Soc. Gen. 
Microbiol. 1969, 19, 263-297. 

57. Stevenson, R.; Silver, S. Biochem. Biophys. Res. Comm. 1977, 
75, 1133-1138. 

58. Kavanagh, B.M.; Cole, J.A. "Continuous Culture 6: Applica
tions and New Fields"; Ellwood, D.C.; Evans, C.G.T.; 
Melling, J., Eds.; Ellis Horwood Ltd.: Chichester, Great 
Britain, 1976, Chap. 14. 

59. Dalton, H. "Microbial Biochemistry"; Quayle, J.R., Ed.; 
University Park Press: Baltimore, 1979, Chap. 6. 

60. Woolfolk, C.A.; Shapiro, B.; Stadtman, E.R. Arch. Biochem. 
Biophys. 1966, 116, 177-192. 

61. Miller, R.E.; Stadtman, E.R. J . Biol. Chem. 1972, 247, 7407-
7419. 

62. Ginsburg, Α.; Stadtman
Metabolism"; Prusiner
Press: New York, 1973, p. 9. 

63. Varricchio, F. Biochim. Biophy. Acta 1969, 177, 560-564. 
64. Helmstetter, C. J . Mol. Biol. 1974, 84, 21-36. 
65. Holme, T. Acta Chem. Scand. 1957, 11, 763-775. 
66. Cashel, M. Ann. Rev. Microbiol. 1975, 29, 301-318. 
67. Gallant, J . Ann. Rev. Genetics 1979, 13, 393-415. 
68. Shuler, M.L.; Domach, M. 72nd Annual AIChE Meeting, San 

Francisco, California, November 25-29, 1979. 
69. Koppes, L .J .H. ; Woldringh, C.L.; Nanninga, N. J . Bacteriol. 

1978, 134, 423-433. 
70. Marr, A.G.; Harvey, R.J . ; Tentini, W.C. J . Bacteriol. 1966, 

91, 2388-2389. 
71. Helmstetter, C.; Pierucci, O. J . Mol. Biol. 1978, 102, 477-

486. 
RECEIVED June 29, 1982 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



6 

Single-Cell Metabolic Model Determination 

b y Analysis of Microbial Populations 

JAMES E. BAILEY 
California Institute of Technology, Department of Chemical Engineering, 
Pasadena, CA 91125 

The properties of microbial populations result from 
the characteristic
the level of the
tions of population behavior may therefore be con
structed based on understanding of single-cell 
metabolism, and, conversely, studies of population 
properties may be employed to extract information 
about single-cell operation. Population balance 
equations provide the primary mathematical tool for 
these purposes, and flow cytometry allows experi
mental access to the distribution of cell states in 
the population. Application of these methods to bac
teria and yeasts is illustrated using three example 
systems. 

The microbial populations propagated i n reactors ranging from 
P e t r i dishes to fermentors to natural ecosystems are t y p i c a l l y 
heterogeneous with respect to age, size, and biochemical a c t i v i t y . 
The overall rates of substrate u t i l i z a t i o n , biosynthesis and prod
uct formation i n these reactors are sums, taken over the c e l l pop
ulation, of the rates of the corresponding processes i n the i n d i 
vidual c e l l s present (1,2). Viewed from this perspective, optimiz
ing the performance of a microbial process requires determination 
of the c e l l s ' genotype and of a reactor design such that the optim
a l d i s t r i b u t i o n of states i s achieved i n the process's microbial 
population. 

Adoption of this approach to microbial process development 
cannot occur u n t i l methods exist for determining the influence of 
reactor design and operating parameters on s i n g l e - c e l l metabolic 
control actions and reaction rates. I f this information i s a v a i l 
able, population balance equations and associated medium conserva
tion equations provide the required bases for reactor analysis 
(_1,2). For example, for a well-mixed, continuous-flow isothermal 
microbial reactor at steady-state, the population balance equation 
may be written: 

0097-6156/83/0207-0135$07.50/0 
© 1983 American Chemical Society 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



136 BIOCHEMICAL ENGINEERING 

^ [r f(p,s)f(p,s)] = D[4<K2p,s)-<f>(p,s)-f(p,s)] (1.1) 

f(0,s) = 0 (1.2) 

where here i t has been assumed that the state of a single c e l l can 
be characterized by a single variable ρ (e.g., c e l l age, c e l l pro
t e i n content, or c e l l volume) and that the effect of the environ
ment on c e l l kinetics and controls can be represented by a single 
environmental variable s (e.g., l i m i t i n g nutrient concentration, 
temperature). Even i n this r e l a t i v e l y simple case, the above 
equation shows the connection among reactor operating conditions, 
represented here by the d i l u t i o n rate D (= mean residence time-1), 
s i n g l e - c e l l kinetics an
(<Kp,s)dp = the fractio
ρ and p+dp) and r f(p,s)(the time rate of change of ρ i n a c e l l 
with a certain p-value i n a certain environment s ) , and the d i s 
t r i b u t i o n of states i n the c e l l population, here written as a f r e 
quency function f(p,s) for s i n g l e - c e l l p-values (f(p,s)dp = the 
fract i o n of c e l l s i n the population with p-values between ρ and 
P+dp) . 

The population balance equation for the process has an ex
tremely important alternative application. If the frequency func
tion or subpopulation fractions evaluated using the frequency 
function can be measured experimentally, the population balance 
equations provide a l i n k between alternative models for regulation 
and s i n g l e - c e l l kinetics and parameter values employed i n those 
models on the one hand, and experiment on the other. That i s , one 
may calculate, using the population balance equations, frequency 
functions corresponding to various single c e l l models and then 
compare the frequency functions so calculated with the experimental 
ones. Through this sort of comparison, qualitative features of 
presumed single c e l l models can be tested and, furthermore, param
eters i n those models may be evaluated. Use of this strategy w i l l 
be i l l u s t r a t e d below i n several examples. 

While clever experimental design may make i t possible to test 
predictions of s i n g l e - c e l l models without recourse to measurements 
of f, direct experimental access to the frequency function i s often 
desirable and sometimes necessary i n order to evaluate s i n g l e - c e l l 
control and kinetic properties using the strategy just outlined. 
A variety of methods are available for achieving frequency func
tion measurements. The painstaking investigations of Henrici (_3) 
and l a t e r workers demonstrate the f e a s i b i l i t y of measuring d i s t r i 
butions of c e l l sizes and shapes from microscopic observation of 
c e l l populations. This approach i s usually limited by d i f f i c u l t i e s 
i n obtaining fine quantitative resolution and i n examining a suf
f i c i e n t l y large sample population to obtain good s t a t i s t i c s . 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



6. B A I L E Y Single-Cell Metabolic Model 137 

The advent of s i n g l e - c e l l measurements i n flowing c e l l sus
pensions, f i r s t accomplished i n the Coulter p a r t i c l e s i z i n g i n 
strument (4), has revolutionized the experimental characterization 
of distributions of states i n c e l l and other particulate popula
tions. Optical techniques, including l i g h t scattering, l i g h t ab
sorption, and fluorescence measurements from individual c e l l s i n 
flow systems, have broadened the scope of c e l l u l a r parameters 
which can be measured on an individual c e l l basis i n a m i l l i 
second or less i n a flowing c e l l suspension (5). As i l l u s t r a t e d 
schematically i n Figure 1, such instrumentation allows rapid de
termination, from a properly prepared and labeled sample of the 
c e l l population, of an experimental approximation to the frequency 
function for s i n g l e - c e l l content of the labeled component. The 
sample preparation process shown i n Figure 1 may be simp l i f i e d 
greatly i n cases where l i g h t scattering or l i g h t absorption are 
used to measure the c e l
now been applied successfull
and fluorescent stains are available which can be used to achieve 
measurements of s i n g l e - c e l l protein, DNA, double-stranded nucleic 
acid content and v i a b i l i t y of some strains (e.g., 6-9). 

A framework for formulating models of s i n g l e - c e l l controls 
and kinetics i s provided by consideration of the c e l l cycle of the 
organism (10). The cycle of chemical and morphological changes 
which occurs as a daughter c e l l ages, grows, and ultimately divides 
to y i e l d new daughter c e l l s may be decomposed into several i n t e r 
locking cycles, such as the c e l l d i v i s i o n cycle, which describes 
the cycle of growth and di v i s i o n , and the nuclear cycle, which con
cerns the processes of DNA synthesis and segregation of DNA mole
cules upon c e l l d i v i s i o n . Previous investigations by geneticists, 
microbiologists and biochemists provide guidance into the basic 
features of these cycles and into their interrelationships and 
coordination. 

In the examples discussed below, c e l l cycle properties re
ported i n the b i o l o g i c a l sciences l i t e r a t u r e comprise the starting 
point of either mathematical or experimental analyses which relate 
s i n g l e - c e l l operation with the resulting properties of a growing 
c e l l population. The tools of mathematical modeling of c e l l popu
lations and of flow cytometry allow prediction of microbial popula
tion behavior under circumstances different from those used i n the 
or i g i n a l exposition of the c e l l cycle models. Consequently, such 
simulations and experiments provide a means for evaluating the gen
e r a l i t y of the proposed c e l l cycle models and, i n some cases, for 
quantitative determinations of parameters or k i n e t i c forms which 
are part of the c e l l cycle model. This i s an extremely important 
aspect of the studies to be described here, since, given the diver
s i t y and complexity of control systems i n microorganisms and other 
c e l l s , the observation of a particular phenotypic control behavior 
i n one or a set of c e l l environments i n no way guarantees that the 
same controls or results w i l l occur when growth conditions are 
changed. An area of special interest here i s the application of 
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c e l l cycle models based upon transient, unbalanced growth experi
ments to steady-state balanced growth situations and vice-versa. 
The value of combinations of steady-state and transient experiments 
i n formulating and testing models of single c e l l kinetics and con
t r o l s w i l l be apparent i n the examples which follow. 

Three example organisms are considered i n the following sec
tions. These have been chosen to i l l u s t r a t e a variety of b i o l o g i 
cal features, mathematical modeling approaches and results, and 
alternative experimental approaches and strategies for identifying 
and testing models. Escherichia coli, the widely-studied intes
t i n a l bacterium, i s examined f i r s t . This simple procaryote divides 
by binary f i s s i o n and exhibits a pattern of DNA synthesis during 
the c e l l cycle which i s rather complex and quite different from 
that observed i n eucaryotic microorganisms. Furthermore, i t w i l l 
be seen that, for this microorganism  accurate calculation of c e l l 
numbers requires attentio
c e l l and i t s control (her
term "DNA" refers only to DNA i n the chromosome(s) of the c e l l ) . 
The next example considers the f i s s i o n yeast, Schizosaccharomyces 
pombe, which divides by binary f i s s i o n and which exhibits a nu
clear c y c l e - c e l l separation coordination which i s s i g n i f i c a n t l y 
different from that normally ascribed to eucaryotes. The f i n a l 
example w i l l consider growth of Saccharomyces cerevisiae popula
tions. This yeast, used widely i n baking and brewing, provides an 
interesting third type of s i n g l e - c e l l behavior with DNA synthesis 
occurring i n the c l a s s i c a l eucaryotic pattern, but with asymmetric 
c e l l d i v i s i o n . 

A Mathematical Model for Growth of E. coli Populations 

Cooper and Helmstetter (11) have shown that, under a variety 
of growth conditions, many experimental observations are consist
ent with a model i n which the time for r e p l i c a t i o n of the entire 
chromosome of E. coli B/r i s approximately forty minutes. During 
this time, the rate of r e p l i c a t i o n fork advance appears to be con
stant. Furthermore, c e l l d i v i s i o n control i s related to DNA syn
thesis: the bacterial c e l l divides approximately twenty minutes 
after a r e p l i c a t i o n fork reaches the terminus of the chromosome. 
These features i n combination imply interesting patterns of DNA 
synthesis i n individual bacterial c e l l s . 

As shown i n Figure 2, the situation i s quite simple when the 
organism has a doubling time of sixty minutes. DNA synthesis oc
curs at a constant rate for the f i r s t forty minutes of the l i f e of 
a single c e l l (the times shown i n this diagram are times remaining 
u n t i l d i v i s i o n ) , and the c e l l synthesizes no DNA during i t s f i n a l 
twenty minutes of growth before d i v i s i o n . However, the growth of 
an E. coli c e l l with a doubling time of f i f t y minutes implies a 
more complicated pattern of DNA synthesis, i n which a new set of 
re p l i c a t i o n forks begins synthesizing DNA ten minutes before the 
c e l l divides. 
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Figure 1. Schematic diagram of flow cytometry measurement of the frequency 
function, f, for single-cell protein content, p, in a cell population. After cellular pro
tein is stained with a specific fluorochrome, the dilute cell suspension is analyzed in 
the flow cytometer. Laser radiation excites stain fluorescence in a single cell; that is 
measured by a photomultiplier tube. The resulting voltage pulses are sorted and 

stored to obtain the frequency function. 
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Figure 2. DNA synthesis rates and chromosome configurations according to the 
Cooper-Helmstetter (11) model for E . coli growing at different rates. (The circular 
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Thus, during the f i n a l ten minutes of c e l l growth, DNA i s synthe
sized at double the rate observed at any time during the slower 
growth situation. This model indicates that DNA synthesis i n bac
t e r i a , far from being a continuous process, i s also one that pro
ceeds at various rates, with discontinuities i n rate depending 
upon time elapsed i n the c e l l cycle and the doubling time of the 
c e l l . This feature of this simple bacterium provides a dramatic 
example of variation i n netabolic a c t i v i t i e s of c e l l s during their 
l i f e cycle. 

The Cooper-Helmstetter model does not i n i t s e l f provide a 
complete model for growth and d i v i s i o n of a single bacterium, but 
such a model may be obtained by adding two additional elements. 
Donachie (12) has shown that DNA synthesis - growth rate - c e l l 
size data i s consistent with the hypothesis that r e p l i c a t i o n forks 
begin at every chromosome o r i g i n whenever m = 2 n m*  η = 1,2,...
where m* i s the mass of
assuming that the s p e c i f i
i s independent of c e l l mass or physiological state and i s a func
tion of time that i s either specified or determined by calculation 
using an auxiliary model (13). Figure 3 summarizes the different 
parts of the model and the way i n which they interlock i n order to 
provide a complete description of s i n g l e - c e l l mass synthesis, DNA 
synthesis, and c e l l d i v i s i o n . As noted i n the figure, the Cooper-
Helmstetter model allows determination not only of the amount of 
DNA i n the individual c e l l , but also of the chromosome configura
tion; that i s , position of the r e p l i c a t i o n forks along the chromo
some. Thus, by reference to a map of the chromosome, one may de
termine the numbers of a l l chromosomal genes i n the c e l l at any 
instant of time under any growth environment and growth history. 

By means of a clever transformation of variables and some i n 
genious reasoning, Nishimura was able to obtain a n a l y t i c a l solu
tions for the distributions of mass, DNA content, chromosome con
figuration, and t o t a l c e l l numbers i n populations of bacteria de
scribed by the above model (14). Figure 4 shows the model results 
for steady-state balanced growth of E. coli at a variety of doub
l i n g times. The rear panel, which shows the calculated r a t i o of 
mean DNA content to mean c e l l mass, exhibits a decreasing depend
ence on doubling time which i s consistent with previous experiment
a l observations (15). However, there are many simpler models which 
presumably could be derived which would also reproduce this par
t i c u l a r r e s u l t . The present model also gives the effects of popu
l a t i o n growth rate on DNA and mass frequency functions as shown i n 
the sequences along the floor of the figure. However, experimental 
data on these frequency functions are not presently available. 
Consequently, one must find alternative situations to test the 
model i n which the model i s i n some sense more severely and c r i t i c 
a l l y exposed. 

Several lin e s of research i n the physical sciences and engin
eering suggest that unsteady-state experiments are often extremely 
useful i n exploring generality of mathematical models. For example, 
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Figure 3. Summary of a model for coordinated mass and DNA synthesis and cell 
division for individual cells of E . coli. Reproduced, with permission, from Ref. 14. 

Copyright 1980, Elsevier North Holland, Inc. 

Figure 4. Calculated properties of E . coli populations in steady state balanced 
growth at different rates. Frequency functions for cell mass and DNA content are 
shown on the bottom panels; the rear panel shows the calculated ratio of mean cell 
DNA content to mean cell mass. Reproduced, with permission, from Ref. 13. 

Copyright 1981, American Institute of Chemical Engineers. 
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transient experiments were applied i n the studies of Kjeldgaard 
et ai. (16) i n studies of E. eoli macromolecular synthesis. In 
pa r t i c u l a r , the time dependence of t o t a l culture c e l l mass, DNA, 
RNA, and c e l l numbers were followed after a s h i f t increase i n 
growth rate. These experiments show cle a r l y that c e l l mass, DNA, 
and c e l l numbers follow different trajectories with c e l l mass re
sponding f i r s t to the new environment, DNA second, and c e l l num
bers l a s t . The number of c e l l s i n the population increases f o l 
lowing the s h i f t at a rate characteristic of the old medium u n t i l 
roughly one hour after the s h i f t . The model described, when used 
to calculate the results of the same experiment, yields the be
havior shown i n Figure 5. The time-variations of t o t a l culture 
c e l l mass, DNA content, and c e l l numbers shown on the rear panel 
mimic very closely the experimental results. Consequently the 
model easily passes thi  test  It would b  interestin  t  desig
new transient experiment
of the model just outline
l a t i o n behavior. 

This example shows how basic information from the b i o l o g i c a l 
sciences l i t e r a t u r e combined with f a c i l e mathematical analysis can 
provide useful working relationships which connect basic single-
c e l l cycle parameters with properties of c e l l populations growing 
under different conditions. Related models of E. coli population 
dynamics have been developed extensively by Bleecken (17-19), who 
has structured his model and analysis to allow direct determina
tion of the number of any particular gene present i n the culture 
during balanced growth and during the transient following a growth 
rate change. 

Also of interest i n this connection i s the elaborate model of 
the b a c t e r i a l c e l l developed by Shuler and colleagues which i s de
scribed i n d e t a i l elsewhere i n this volume. That model offers the 
advantages of more complete representation of basic c e l l u l a r func
tions and, thereby, a b i l i t y to simulate correctly a wider variety 
of responses to growth environment. Furthermore, that model does 
not require any supplementary or auxiliary calculations to deter
mine growth rate of the organism as does the model outlined above. 
On the other hand, the structured model of Shuler and coworkers 
requires considerably more computational e f f o r t for i t s solution 
and less p o s s i b i l i t y of i d e n t i f i c a t i o n of certain qualitative fea
tures than does the approach outlined above. It i s expected that, 
i n the coming years, through lumping procedures guided by sensi
t i v i t y analyses, a spectrum of models for this organism w i l l be
come available which w i l l allow the experimentalist or reactor de
signer to select the l e v e l of model complexity required for the 
problem under consideration. 

C e l l Cycle Operation and Single-Cell Protein Synthesis Kinetics 
for S. pombe 

Flow cytometry provides direct qualitative insights into the 
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coordination of DNA synthesis and c e l l d i v i s i o n i n the f i s s i o n 
yeast S. pombe. To put the experimental results into perspective, 
consider the composite diagram showing the interrelated cycles of 
DNA synthesis and separation, c e l l shape, and c e l l volume i n d i 
cated schematically i n Figure 6 (20-24). Here the events which 
occur during the c e l l cycle are displayed i n r e l a t i v e position and 
duration along arcs of a c i r c l e , the top of which i s taken a r b i 
t r a r i l y to be coincident with the c e l l separation event. In this 
discussion, the relationship of the i n t e r v a l of DNA synthesis, 
which i n this eucaryote provides duplication of a l l of the chromo
somes i n the mother c e l l , r e l a t i v e to the time of physical separ
ation of daughter c e l l s i s of special interest. 

For this organism, as iti other eucaryotes, the DNA content 
of the c e l l exhibits less variation than i n the b a c t e r i a l case, 
with the content for an individual c e l l ranging between one com
plete set of genetic information
equivalent (1C), and two
organism a rather unusual feature occurs i n which physiological 
separation of the daughter c e l l s takes place before physical sep
aration, so that DNA synthesis may begin i n the physiologically 
partitioned daughter c e l l s before those c e l l s actually physically 
separate. Thus, depending upon the disposition of the i n t e r v a l of 
DNA synthesis r e l a t i v e to c e l l separation, c e l l s w i l l exist i n the 
population containing up to 4C DNA content i f DNA synthesis i s 
complete before the c e l l s separate and as l i t t l e as 1C DNA i f the 
c e l l s separate before DNA synthesis begins (here and below, the 
term " c e l l " refers to the physically separated units which are ob
served i n a flow cytometry measurement) . Previous experiments on 
the coordination between DNA synthesis and c e l l separation i n this 
organism are somewhat ambiguous (20-24), so that the S-phase has 
been shown i n the above diagram as straddling the point of c e l l 
separation. Notice that, independent of the disposition of this 
r e l a t i v e l y b r i e f interval of the c e l l cycle, the majority of c e l l s 
i n a f i s s i o n yeast population w i l l possess a DNA content of 2C. 

The upper four frames of Figure 7 show flow cytometer mea
surements of the frequency functions of individual c e l l DNA con
tent i n S. pombe (972 h"") populations grown i n steady-state chemo
stat culture. The parameters indicated i n the figure frames are 
the s p e c i f i c growth rates i n units of h r " 1 . The dominant peak i n 
each of these measurements corresponds, as explained previously, 
to a DNA content of two genome equivalents (2C). An interesting 
feature i s observed i n the data obtained at lower growth rates. 
The frequency function for an overall population s p e c i f i c growth 
rate of 0.088 hr""1 exhibits three modes, the f i r s t corresponding 
to a DNA content of 1C, the second to the most prevalent 2C popu
l a t i o n , and the f i n a l one to a population of c e l l s containing a 
DNA content of 4C. The l a s t mode i s not believed to be the result 
of c e l l clumping, as a l l samples i n these analyses were treated by 
sonication immediately p r i o r to flow cytometric analysis. (The 
s u i t a b i l i t y of this procedure for providing accurate c e l l counts, 
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Figure 6. Schematic diagram of the nuclear and cell division cycles of fission 
yeast S. pombe. 
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and thereby minimum clumping, was v e r i f i e d i n separate control 
experiments.) 

Consequently, these data indicate that the coordination be
tween DNA synthesis and c e l l separation becomes imprecise i n this 
organism at low growth rates, with some c e l l s dividing before i n 
i t i a t i n g DNA synthesis and others completing DNA synthesis before 
dividing. This interesting imprecision i n c e l l cycle operation 
would not have been evident by any population-average measurements 
upon this system. Only measurement of the frequency function pro
vides the s e n s i t i v i t y and d e t a i l of information required to ob
serve this feature. 

The two frequency functions shown i n the bottom two frames of 
Figure 7 correspond to different steady-state populations growing 
at approximately the same overall population growth rates as those 
shown i n the two middl  frames  Thes  different stead  state
were achieved by differen
seem to be connected wit  clumping phenomeno
when reactor start-up i n i t i a t e s with a s i g n i f i c a n t glucose l i m i t a 
tion of growth. Additional information on this multiple steady-
state phenomenon and on i t s manifestation i n other types of mea
surements i s available elsewhere (9). 

Figure 8 shows the frequency functions for single c e l l pro
tein content obtained by the same cu l t i v a t i o n methods as just out
l i n e d . Considering the set of steady-state results obtained by 
the same start-up procedure (the top four frames i n Figure 8), i t 
i s apparent that there i s a s i g n i f i c a n t s h i f t of the frequency 
function towards higher protein contents and also increased skew
ing to the right as the overall population s p e c i f i c growth rate 
increases. 

Quantitative analysis of these measurements has been under
taken by two different strategies based upon the governing popu
l a t i o n balance equations which describe the system (25). One 
method employed the Collins-Richmond equation (26), the integrated 
form of the population balance equation, with results which are 
summarized i n d e t a i l elsewhere (25). In the second approach, a 
simple functional form was chosen for the f i s s i o n frequency func
tion <b which contained two adjustable parameters (the results of 
Harvey, Marr and Painter (27) indicate that the results of popu
l a t i o n balance model solutions are not highly sensitive to the 
functional form of this function i n the model). Then, four d i f 
ferent function forms for the s i n g l e - c e l l rate of protein synthe
si s function r ^ were examined. For the following four functional 
forms, 

r^(p,s) = k Q ( s ) , zero order (2.1) 

r f(p»s) = k 1(s)p, f i r s t order (2.2) 
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rf(p»s) = k Q ( s ) + k^(s)p, two term 

2 
r f(p,s) = k Q ( s ) + k 1(s)p + k 2(s)p , three term 

(2.3) 

(2.4) 

a parameter search using the Marquardt algorithm was conducted to 
minimize i n an integral least squares sense the difference between 
the population balance model solution and measured frequency func
tion. The best f i t calculations for each of the four different 
functional forms of protein synthesis kinetics are shown by s o l i d 
lines i n Figure 9 along with the experimental frequency function 
data for an overall population s p e c i f i c growth rate of 0.246 hr" 1. 
Clearly, even with optimally adjusted parameters, the zero order, 
f i r s t order, and two-term models cannot provide a satisfactory f i t 
of the experimental data
second-order dependence
represents the data. 

Similar calculations seeking best f i t s between various models 
and experimental data corresponding to different o v e r a l l s p e c i f i c 
growth rates provided estimates of the kinetics of single c e l l pro
tein synthesis at each of the growth rates considered. These re
sults are shown i n Figure 10. The qualitative features of these 
results are rather surprising, indicating that the basic function
a l form of single c e l l protein synthesis kinetics changes s i g n i f 
icantly from approximately linear at the lowest growth rate con
sidered to d i s t i n c t l y parabolic at the more rapid growth rates 
investigated. 

These trends may r e f l e c t the need for inclusion of additional 
variables i n modeling the kinetics of single c e l l protein synthe
s i s . It i s possible that the great difference i n protein synthe
s i s rates observed at small protein contents at different o v e r a l l 
growth rates i s because of some change i n another aspect of the 
c e l l ' s metabolism which i s not represented i n this model. The 
minima i n protein synthesis rates displayed i n Figure 10 may re
sult from a requirement that the c e l l engage i n other biosynthetic 
a c t i v i t i e s during this part of the c e l l cycle at high growth rates. 
It i s si g n i f i c a n t to note that an independent analysis of the same 
data using the Collins-Richmond equation indicated the same q u a l i 
tative relationship between rate form and overall growth rate as 
i s indicated i n Figure 10 (25). 

A comparison of the outcomes of this approach to s i n g l e - c e l l 
protein synthesis kinetics determination with the alternative 
method which has been widely used i n many previous studies of 
c e l l cycle and c e l l k i n e t i c behavior of many organisms i s instruc
t i v e . In the l a t t e r methods, synchronous culture or an equivalent 
experimental technique are used to make measurements of the time 
variation of protein content or some other c e l l u l a r variable ver
sus time as the c e l l grows from a newborn daughter c e l l to a 
mature and dividing mother c e l l . Then, by estimating the slope of 
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this c e l l variable versus time trajectory, one estimates synthesis 
rates and established k i n e t i c s . The d i f f i c u l t y with this procedure 
i s the limited range of the c e l l variable over which the measurement 
can be made, namely from a value corresponding to a newborn c e l l to a 
value corresponding to a dividing c e l l . Over this limited range of 
change of any variable, for a variable that increases monotonically 
during the c e l l cycle, i t i s very d i f f i c u l t to discriminate among 
alternative k i n e t i c forms unless they are extremely diff e r e n t . 

This i n s e n s i t i v i t y of the trajectory-tracking kinetics de
termination approach can be seen by inverting the procedure: as
sume different functional forms for the kinetics on a s i n g l e - c e l l 
basis and calculate, using these k i n e t i c s , the trajectory of the 
c e l l u l a r variable versus time. The results w i l l show that, for 
quite different k i n e t i c forms, the trajectories are very close 
and, considering unavoidabl
very d i f f i c u l t to distinguish
use of a linear k i n e t i c form and the parabolic one shown i n 
Figure 10 for the u = 0.246 hr" 1 case gives very similar ρ versus 
time traj e c t o r i e s ; on the other hand, when these k i n e t i c forms are 
used to calculate frequency functions i n balanced growth, the re
sults are quite different (compare frames Β and D of Figure 9). 
Therefore, i n this case and presumably i n many others, analysis 
of the relationship between s i n g l e - c e l l k i n e t i c form and the cor
responding frequency function i n steady-state balanced growth pro
vides a more sensitive tool for discrimination and i d e n t i f i c a t i o n 
of s i n g l e - c e l l kinetics than do c l a s s i c a l trajectory-tracking pro
cedures of various kinds. 

As a test of the range of a p p l i c a b i l i t y of the kinetics de
termined i n the steady-state measurements, the transient popula
tion balance equation has been solved, using the kinetics deter
mined from steady state, to simulate the sequence of protein con
tent frequency functions obtained i n synchronous growth of this 
organism. The simulation results are i n very good qu a l i t a t i v e 
agreement with the experimental measurements of the corresponding 
quantities (28). 

Growth and Nuclear Cycle Operation i n Single C e l l s 
of S. oerevisiae 

The budding yeast S. oerevisiae i s currently employed i n a 
variety of applications, including brewing, baking, and genetic 
engineering. This organism grows on a single c e l l basis by, at a 
particular point i n i t s growth, producing a bud which increases i n 
size and mass as the c e l l grows (29-34). In fact, i t has been 
suggested that, to a good approximation, a l l of the new c e l l mass 
synthesized between bud emergence and separation of the bud as a 
daughter c e l l goes into the growing bud entirely (29). The mother 
c e l l mass, at least i n the simplest form of this model, i s not 
presumed to increase at a l l during this stage of the c e l l d i v i s i o n 
cycle. These features are summarized q u a l i t a t i v e l y i n the sketch 
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of the c e l l d i v i s i o n cycle for 5. oerevisiae provided i n Figure 1L 
As indicated i n this diagram, upon c e l l d i v i s i o n , the mother c e l l 
recycles to a standard point, labeled " s t a r t " , and the bud, being 
generally smaller than the " s t a r t " c e l l mass, must grow for some 
time before i t attains the " s t a r t " state and before i t i s pre
pared to form a bud and i t s e l f become a mother c e l l . 

This view of the growth and d i v i s i o n of individual c e l l s of 
this organism i s based upon a variety of experimental studies 
which have involved growth rate s h i f t experiments, s h i f t s of grow
ing c e l l s into starvation media, and growth of yeast populations 
i n different media supporting different growth rates (29-34). 
Other measurements, often made i n concert with the above experi
ments, suggest that the nuclear cycle for this organism i s coor
dinated with the c e l l d i v i s i o n cycle i n the manner shown i n 
Figure 11. The G\9 or f i r s t  i n t e r v a l extend  fro  c e l l " b i r t h " 
u n t i l the point of bud emergenc
synthesis occurs. The duratio  S-phas  reporte
r e l a t i v e l y insensitive to overall population growth rate i n aerobic 
situations i n shake flask cultures (aerobic i s used here i n a 
somewhat generous sense, since shake flask cultures cannot gener
a l l y be assumed to be s u f f i c i e n t l y aerated to eliminate oxygen 
limitations of growth and resulting responses of c e l l u l a r con
tr o l s ) . Following the DNA synthesis i n t e r v a l , the second gap and 
nuclear d i v i s i o n phases occur, after which c e l l separation takes 
place. Interestingly, the experiments cited above suggest that 
the t o t a l time spent i n the G 2 and M phases are also r e l a t i v e l y 
insensitive to overall growth rate of the population. Thus, the 
effect of o v e r a l l growth rate suggested by this model i s to affect 
primarily the length of G\ and correspondingly, the fr a c t i o n of 
the population which consists of unbudded c e l l s and the corres
ponding c e l l mass and c e l l DNA frequency functions. 

Flow cytometry and mathematical analysis of the results has 
been applied to study the operation of the nuclear cycle i n 
5. oerevisiae grown i n steady-state chemostat culture under anaer
obic conditions (36); a similar strategy was employed i n the i n 
vestigations of Slater et al. (30). I t i s worth noting here that 
experiments under these conditions have not been reported previ
ously, and consequently these results contribute to determination 
of the extent of general a p p l i c a b i l i t y of the model suggested by 
experiments under different growth conditions. 

Assuming that an individual c e l l nuclear cycle operates qual
i t a t i v e l y as shown i n Figure 11, i t follows that the expected form 
of the frequency function of individual c e l l DNA content i n a 
growing population of this budding yeast w i l l have the following 
features: At a DNA content corresponding to one genome equiva
lent (1C), there should be an impulse which has magnitude equal to 
the fr a c t i o n of the population i n the G1-phase of the nuclear 
cycle. Similarly, a second impulse located at a fluoresence l e v e l 
corresponding to a DNA content of two genome equivalents (2C) w i l l 
appear with a magnitude equal to the fraction of the population i n 
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CELL DIVISION CYCLE 

bud emergence cell separation 

first 
gap (G|) 

DNA synthesis 
(S) 

second, gap (62) 
- and ~ nuclear division (M) 

61 

I NUCLEAR CYCLE 

Figure 11. Schematic diagram of the nuclear and cell division cycles for the 
budding yeast S. cerevisiae. Reproduced, with permission, from Ref. 35. Copyright 

1980, Pergamon Press Ltd. 
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the G2+M-phases. Between these two impulses w i l l be a connecting 
curve which corresponds to c e l l s i n S-phase and with DNA contents 
between 1C and 2C. It must be recognized, however, that actual 
experimental measurements of the frequency function using flow 
cytometry w i l l not have this appearance due to noise both i n the 
organism metabolism and i n the measurement procedures. Thus, one 
expects to see something approximating normal distributions cen
tered where the two impulse functions are anticipated. 

The results of flow cytometry frequency function measurements 
at different continuous culture d i l u t i o n rates are i l l u s t r a t e d i n 
Figure 12. These possess the general forms just suggested. Un
fortunately, the magnitude of the dispersion i n these data i s suf
f i c i e n t l y great as to obscure the contribution of the S-phase 
c e l l s . A v a i l a b i l i t y of this information for this organism i s 
hampered by the r e l a t i v e l
phase and by the resolutio
tions of ways to improv  analysi
niques i n this regard are i n progress. 

However, by adding to the expected idealized DNA frequency 
function a noise model, i t i s possible through a parameter optim
iz a t i o n procedure to extract from the data shown i n Figure 12 es
timates of the fractions of the c e l l population at a given overall 
population growth rate (= D) which are i n the Gi,S, and G2+M-
phases of the nuclear cycle. Combining this information with the 
calculated age di s t r i b u t i o n i n the culture, i t i s possible to es
timate the duration of the nuclear cycle intervals under different 
o v e r a l l growth rates of the yeast population. The results of this 
analysis are i l l u s t r a t e d i n Figure 1 2 . These findings show that 
the nuclear cycle operation, at least as manifested by the dura
tion of the different phases, i s q u a l i t a t i v e l y i d e n t i c a l under 
these culture conditions as under the different growth environ
ments investigated i n formulating the model discussed above. That 
i s , the duration of the S-phase and the t o t a l time an individual 
c e l l spends i n the G2+M-phases i s r e l a t i v e l y insensitive to over
a l l growth rate of the culture. On the other hand, the time spent 
i n the Gi-phase changes s i g n i f i c a n t l y with respect to over a l l pop
ulation growth rate, decreasing dramatically as the culture growth 
rate i s increased. 

The diagram of budding yeast c e l l cycle operation shown i n 
Figure 11 above i s somewhat oversimplified. Important aging 
phenomena occur as a c e l l cycles around the inner loop producing 
buds and resulting daughter c e l l s i n each pass through the inner 
loop of the c e l l d i v i s i o n cycle diagram. As a mother c e l l pro
duces repeated offspring, i t accumulates bud scars. Also, i t may, 
through increased age and opportunity to conduct biosynthesis and 
construction of large organelles, gain metabolic capcity as i t 
ages. Therefore, i n formulating mathematical models of single-
c e l l growth of this and related organisms, the possible positive 
effect of aging due to accumulation of organelles may need to be 
considered, as may the possibly inhibitory effect of the accumula-
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Figure 12. Nuclear cycle time intervals 
estimated by analysis of DNA content fre
quency functions for S. cerevisiae ATCC 
18790 populations grown at steady state 
at different dilution rates. Reproduced, 
with permission, from Ref. 36. Copyright 

1981. DILUTION RATE <h") 
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tion on the outer c e l l surface of bud scar material which i s i n 
active for material exchange with the c e l l environment. 

Discussion 

The examples above i l l u s t r a t e how measurements of c e l l popu
l a t i o n frequency functions,fractional amounts of various c e l l sub-
populations, and overall behavior of microbial cultures can be 
used to evaluate i n qualitative and quantitative terms some of the 
fundamental processes of control and biosynthesis at the single-
c e l l l e v e l . Population balance equations, or equivalent computer 
simulation techniques and mathematical analyses, connecting single-
c e l l behavior with population properties provide the required 
working connection between experiments and s i n g l e - c e l l properties. 
This approach appears t
for some of the cases considered
c e l l operation than do  attemp
scribe s i n g l e - c e l l behavior d i r e c t l y . Furthermore, the flow cy
tometry experimental methods i l l u s t r a t e d do not i n general require 
special manipulation of culture conditions or c e l l s for the pur
poses of conducting the desired experiment. Cells may be c u l t i 
vated under any conditions of interest, including time-invariant 
environments which give r i s e to balanced growth, and the methods 
described i n this paper applied. Combinations of flow cytometry 
measurements and computer analysis based on c e l l cycle models 
provide rapid access to qualitative and quantitative information 
on c e l l cycle operation and control. 

Obviously, more research i n this direction i s required to en
able these strategies to be applied for the design purposes de
scribed at the beginning of the paper. This w i l l require a 
broader repertoire of experimental c a p a b i l i t i e s , including the 
a b i l i t y to measure more detailed information about c e l l composi
tion using flow cytometry. Furthermore, the mathematical modeling 
approaches described i n this work must be enhanced and expanded to 
include more c e l l components and to consider relationships among 
substrate u t i l i z a t i o n , c e l l growth and the synthesis of c e l l com
ponents, and product formation on an individual c e l l basis. This 
general l i n e of research i s an important avenue for r e l a t i n g re
actor design and characterization objectives of biochemical reac
tion engineering with basic metabolism and c e l l u l a r control i n f o r 
mation i n the b i o l o g i c a l sciences. 

It i s interesting to note that, i n some of the examples 
above, a ki n e t i c approach i s appropriate which d i f f e r s from the 
tr a d i t i o n a l strategy of defining composition and temperature de
pendence of reaction rates functions. Certain assemblies of com
plicated c e l l u l a r reaction and regulation processes may be repre
sented reasonably accurately under a variety of growth conditions 
i n terms of timers, the i n i t i a t i o n points and durations of which 
may be dependent upon growth conditions. However, the above ex
amples show that certain parameters associated with s t a r t i n g 
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points and running time of these timers are invariants and thus 
provide a useful foundation upon which to describe the features of 
c e l l operation and c e l l population properties. More attention to 
mathematical modeling of systems which feature such clocks and 
which focus upon the starting and running time of these clocks i s 
an interesting avenue for future work. 
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A C y b e r n e t i c P e r s p e c t i v e of Microbial Growth 

DORAISWAMI RAMKRISHNA 
Purdue University, School of Chemical Engineering, West Lafayette, IN 47907 

What goes by cellular metabolism is an immense 
class of chemica
and without the cel
diversity and specificity. It forms the basis of the 
response of microorganisms to their environment, the 
modelling of which must of necessity suffer some over
simplification if it is to be of any value. In this 
context, kinetic models of microbial growth within the 
framework of interaction between lumped biochemical 
species and the environment have had considerable 
appeal in the past. However, the subtle facilities 
which derive from the elaborate internal machinery 
of the cells pose a challenge that no meager expan
sion of the kinetic framework will ever meet. 

We examine here a cybernetic perspective of 
microbial growth which contends that the net asset 
of the cell's internal machinery is the facility to 
make 'rational' (optimal) decisions in responding to 
its environment, one that seems markedly manifest in 
the situation of diauxic growth. The growth of micro
bial cells in the presence of multiple substrates is 
addressed in this work within a cybernetic framework 
which lays emphasis on the optmial allocation of exist
ing 'resources' among parallel enzyme-synthesis 
systems. The work to be presented will discuss the 
main issues connected with this outlook, what the 
chief assets of the framework might be and the inter
pretation of several experimental results within the 
cybernetic scheme. 
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Mathematical models of varying degrees of sophistication 
are the main instruments with which quantitative understanding 
has been secured of engineering processes both i n analysis and 
design. In dealing with microbial systems, an important develop
ment i n the past has been of the adoption of the chemical kinetic 
framework viewing the c e l l mass as lumped biophase (the so-
called non-segregated models) and interacting as a whole with i t s 
environment. Such models have been the basis for design and 
analysis of i n d u s t r i a l fermentations. Several interesting 
features of the methodology of chemical reaction engineering have 
found their way into biochemical engineering. Whether or not 
precisely quantitative understanding follows from modelling, an 
entirely useful aspect of i t has been the e f f i c i e n t assessment of 
the implications of s p e c i f i c hypotheses concerning the behavior 
of a given system thus formulating new revealing experiments  It 
i s perhaps i n this sens
e l l i n g has been a valuabl
systems, and i t i s i n this sense too that the ideas to be pre
sented here must be interpreted. 

In the adoption of a s t r i c t l y chemical ki n e t i c framework for 
modelling microbial systems, an important d i s t i n c t i o n arises. 
Microorganisms are not a "dead bag" of biochemical constituents 
responding to their environment i n s t r i c t conformity with a 
kinet i c prescription that i s characteristic of reaction systems. 
(In this connection, i t i s interesting to allude to the remark of 
Fredrickson and Tsuchiya [1] that "... organisms ... are not t i n 
s o l d i e r s ! " ) . It i s germane that we quote Demain [ 2 ] in this 
regard, "Microorganisms have evolved over the years, developing 
better and better mechanisms to prevent overproduction of their 
metabolites. Yet we microbiologists and bioengineers are 
dedicated to increasing the ine f f i c i e n c y of fermentation organ
isms as we continue to work toward the goal of almost complete 
conversion of nutrient into product with as l i t t l e as possible 
going into the microbial protoplasm (except, of course, i f we are 
in the single c e l l protein business)." Further, Demain observes 
th a t , " A l l microorganisms must possess regulatory (control) 
mechanisms i n order to survive. Very e f f i c i e n t organisms are 
tig h t l y controlled. In fermentation organisms, controls are less 
r i g i d but nevertheless present." The implications of the fore
going assertions are deep and far-reaching. The biochemical 
engineer's objective i s in c o n f l i c t with that of the organism 
and an attempt to 'control 1 the organism without f a m i l i a r i t y with 
i t s internal control features could lead one away from projected 
optimal goals. (It must of course be mentioned here that there 
exist several instances of dramatic improvements i n the formation 
of fermentation products through efforts based on a qualitative 
understanding of the regulatory processes within the c e l l s . Some 
of these involve genetic variations while others do not.) 

Demain points out that coordination of microbial metabolism 
i s a necessity born out of the tremendous divers i t y which per-
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vades c e l l u l a r constitution and a c t i v i t y . The genetic capacity 
of a bac t e r i a l c e l l can accommodate over 1000 enzymes and that 
only under some s t r i c t supervision can the resources of the c e l l 
be invested frugally. Such a coordination i s accomplished 
ch i e f l y by (i) induction, ( i i ) catabolite regulation and ( i i i ) 
feedback regulation. Induction provides the c e l l with the 
mechanism to form enzymes rapidly when needed. Catabolite 
regulation becomes useful, for example, i n the i n h i b i t i o n of 
formation of certain enzymes (catabolite repression). Feedback 
regulation includes feedback i n h i b i t i o n and feedback repression. 
Feedback i n h i b i t i o n i s distinguished from repression i n that the 
former involves an end product which i n h i b i t s the action of an 
enzyme somewhere "upstream" the pathway, while the l a t t e r implies 
the prevention of the formation of one or more upstream enzymes 
by a derivative of the
these regulatory processe
elaborate genetic mechanism. 

The biosynthesis of a particular enzyme i s i t s e l f an 
elaborate and complex process involving several c e l l u l a r com
ponents. The genetic information for any particular enzyme i s 
carried i n a stretch of DNA which i s the 'structural gene' for 
that protein. The 'pattern' i s transcribed i n a s t r i p of the 
messenger RNA that dictates the proper sequence of amino acids i n 
the synthesis of the enzyme. Van Dedem and Moo-Young have made 
an interesting beginning into incorporation of the operon theory 
of Jacob and Monod into a kinetic model for enzyme syntheses [ 3 ] . 
Indeed even a r e l a t i v e l y simple model leads to many u n i d e n t i f i 
able kinetic constants. 

Our objective i n this work i s to present an approach at 
variance from modelling of microbial response based purely on 
kinetic considerations. We base this approach on the viewpoint 
that while the detailed modelling of regulatory processes 
(accounting for their underlying genetic mechanisms) i s in t r a c t 
ably complicated, i t may be possible to interpret them as being 
inspired by an optimal motive. It would seem that such f a c i l i t y 
for an optimal response of an organism to i t s environment would 
be an acquisition consistent with the theory of evolution. While 
this viewpoint i s evident i n the statement of Demain quoted 
e a r l i e r , i t has been a popular aspect of contemporary biology 
(see for example [4]). This approach based on postulating the 
existence of an optimality c r i t e r i o n i s what we have termed as 
the 'cybernetic' perspective. (Cybernetics, which arises from 
the Greek word χ υ β ε ρ ν η τ η Β meaning steersman, has been defined by 
Wiener as control and communication in the animal and the machine 
[5]). The basic merit of the cybernetic approach i s that i t 
adopts a mathematically simple description of a complex organism 
but compensates for the oversimplification by assigning an o p t i 
mal control motive to i t s response. The implication i s that the 
elaborate internal machinery of the c e l l provides the organism 
with the f a c i l i t y to implement the calculated control policy. 
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While a truly detailed model would actually be concerned with 
details of this implementation (even i f i t i s not viewed as such) 
they are of no concern to the cybernetic model. There i s of 
course no direct way of confirming an optimal strategy so that 
i t s acceptability must be based on experimental evidence pertain
ing to i t s implications. This has been the basis of some c r i t i c 
ism of the cybernetic approach [6], It i s emphasized here that 
formulations of optimal p o l i c i e s must be construed merely as 
innovative description (prediction) of observed phenomena rather 
than as "ultimate" explanations. In this connection, i t i s im
portant to recognize that the approach could lead to many new and 
interesting experiments. An example of the cybernetic approach 
to microbial growth may be found i n the work of Swanson, Aris 
Fredrickson and Tsuchiya [7,8] , who were speci a l l y concerned with 
the lag phase i n single substrate systems

It may be seen tha
invariant strategy rathe
i n the framework of kin e t i c models. Thus thaapproach envisaged 
here i s more l i k e l y to describe transient semi-continuous experi
ments, i n which the c e l l s 1 environment may be varied at will,than 
a purely kinetic approach. There are however important con
straints only within which the framework suggested here may be 
considered. Since the organisms are deemed to respond based on 
an invariant optimal strategy ( i . e . , the c e l l s never lose sight 
of their optimal goal while experiencing the varying environment) 
we are not addressing situations in which any aberration i n the 
regulatory mechanisms (leading to non-optimal goals) are encount
ered. Thus only environmental manipulations i n which no genetic 
changes are brought about i n the organisms can be legitimately 
considered, since the mutants cannot be expected to retain the 
optimal framework of the o r i g i n a l genotype. Having said t h i s , we 
wish to emphasize the d i s t i n c t i o n between s t r i v i n g for an optimal 
goal and actually accomplishing i t . If we grant that the f a c i l 
i t y for optimal behavior has been acquired for certain types of 
environmental variations, then one may expect that as long as the 
organisms are subjected to the same class of environmental 
changes, they would not only s t r i v e for an optimal goal but also 
accomplish i t . On the other hand, i f we subject the micro
organisms to environmental changes of a type entirely different 
from those with which they can cope i n an optimal way, then the 
result could well be a non-optimal behavior even i f there have 
occurred no genetic changes. Such aberrations from optimal be
havior would seem to come within the purview of the cybernetic 
approach. In fact this i s an important issue which we w i l l 
address again at a later stage. 

A c l a s s i c example i n which the internal regulatory processes 
of the c e l l s play a very important role i s the phenomenon of 
diauxic growth discovered by Monod [ 9 ] i n multiple substrate 
systems. In diauxic growth there i s preferential u t i l i z a t i o n of 
certain substrates over others, although each substrate by i t s e l f 
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would have been acceptable to the organism. The situation 
appears to f i t the cybernetic approach rather well since prefer
ence for a particular substrate could well be the result of an 
optimal strategy. We quote again from Demain [2]. "The c e l l 
faces a problem when more than one u t i l i z a b l e growth substrate i s 
present. Enzymes could be formed to catabolize a l l substrates, 
but this would be wasteful. Instead, enzymes are made which 
u t i l i z e the best substrate (usually glucose) and only after ex
haustion of the primary substrate are enzymes formed which 
catabolize the poorer carbon source." That one substrate i s 
"better" than another i s unmistakably implied although a qu a l i 
f i c a t i o n as to what makes one better than the other i s con
spicuously absent. 

THE CYBERNETI

Viewing the c e l l as a control system raises several impor
tant issues. We assume that the control system i s much l i k e that 
conceived for controlling i n d u s t r i a l systems. F i r s t , an essen
t i a l part of control of a process i s measurement of one or more 
process variables. Thus the transformation of nutrient material 
to protoplasmic mass and also products which are released into 
the environment provides a spectrum of quantities for "measure
ment". If control i s based on sensing concentrations of en
vironmental components prior to (such as nutrients) or at early 
stages of transformation, i t comes within the category of feed
forward control. In constrast i f control i s based on correction 
of performance by measuring variables at the downstream end of 
the transformation process then we have feedback control. In
deed we could have both feedforward and feedback strategies. 
Feedback control i s possible, for example, i n muscular action 
(in higher organisms) to accomplish a particular goal. In the 
situations of interest to us here one i s inclined towards a 
feedforward strategy because an e f f i c i e n t system would gear i t s 
internal machinery to prepare ahead i n a complex process of 
breakdown of nutrients. It i s recognized however that the possi
b i l i t y of feedback strategies cannot be entirely overlooked. 

The next issue i s that of the control objective. Prior 
discussions i n this paper and reference to other works such as 
Demain [2] gravitate towards the concept of maximizing biomass 
productivity. Again this suggestion i s more of an interesting 
p o s s i b i l i t y than with a view to exclude others that may appear 
more attractive i n subsequent stages of this work. Suppose we 
grant that the c e l l ' s goal i s i n maximizing c e l l mass. Two basic 
questions arise. Is the desired maximization of the c e l l mass 
productivity at every instant, or over a f i n i t e time int e r v a l i n 
which case the average productivity i s maximized? We may refer 
to the f i r s t case as a "short term" (or instantaneous) perspec
tive. In the second case, we have a "long term" perspective. In 
examining the r e l a t i v e p l a u s i b i l i t y of the two schemes we must 
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bear in mind that growth represents a complex sequence of reac
tions occurring necessarily over a f i n i t e time i n t e r v a l . Thus 
an organism evolving i n certain patterns of environmental var
iations could conceivably account for this i n formulating i t s 
optimal policy much in the s p i r i t of "saving ( i t s resources) for 
a rainy day". This argument i s in favor of a 'long term 1 objec
tive . Of course the organism's projection of i t s future could 
prove to be i n error (since the experimenter can vary i t s envir
onment at w i l l ) the result of which would then be a non-optimal 
response. Dhurjati [10] has investigated a 'long term' model 
for diauxic growth which w i l l be discussed subsequently. 

A 'short term' perspective i s r e f l e c t i v e of a decision to 
make the best use of the environment at the instant (without 
concern for the future). Here one has the option of assuming 
that there may or may not b  tim  dela  i  th  implementatio
of that policy. If a smal
lay does not r e f l e c t a  organism) y  greatly 
affect the organism's response i n slowly varying environment. 
However, for rapid environmental changes, substantially non-
optimal behavior may be expected from such models. Another i n 
teresting situation to investigate here i s the effect of how 
limitations on control variables might affect a policy based on 
a short term perspective. To make this clearer, suppose the 
control objective i s to be implemented by allocating existing 
resources of the c e l l . Suppose further that resources are con
stantly replenished by growth processes. A short term perspec
tive makes no anticipation about subsequent replenishments so 
that i t i s possible to conceive of situations where, in the i n 
terest of an immediate optimal objective, an impending c r i s i s 
(such as inadequate resources to u t i l i z e a later favorable en
vironment) i s not accounted for. 

Another important issue i s that of the proper control var
iables. We have just alluded to the p o s s i b i l i t y of viewing 
microbial response as a resource allocation problem. The re
sources might, for example, constitute only a c r i t i c a l resource 
such as ATP that i s the primary source of energy for metabolic 
purposes. It i s d i f f i c u l t to be any more s p e c i f i c about this 
issue at this inceptive stage of our work. 

In what follows we w i l l present two models, one based on a 
'long term' perspective and another based on a 'short term' per
spective both addressing the phenomenon of diauxic growth i n 
multiple substrate systems. 

Growth in Multiple Substrate Systems 

Monod's pioneering work on diauxic growth [ 9 ] i s an i n t e r 
esting situation i n which internal regulatory processes appear 
to play an important role. Here, the c e l l s are confronted with 
a mixture of two substrates (generally sugars) such as, say glu
cose and xylose. While growth could occur following a normal 
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lag phase with either of the substrates i n the absence of the 
other, i n the mixed substrate environment the c e l l s show an ex
clusive preference for glucose u n t i l a l l of i t i s v i r t u a l l y ex
hausted before xylose i s u t i l i z e d . This preference for glucose 
could be interpreted as the result of an optimal decision. 
Dhurjati [10] has considered a cybernetic model based on a long 
term perspective of microbial response to a multisubstrate en
vironment. Thus he proposes that the c e l l s i n the inoculum, on 
exposure to a mixture of two substrates (such as glucose) and 

(such as xylose), at some i n i t i a l instant (t=0) must decide 
on a program of u t i l i z a t i o n of the two substrates such that a l l 
the obtainable biomass i s realized i n the shortest time. The 
optimal objective i s therefore the maximization of the average 
biomass productivity over the entire period of growth. The 
ta c i t implication here i  tha  batch h i d
the outset. This "projectio
long term policy. Thu y
presumed to commit i t s e l f to a policy of alloc a t i o n of i t s re
sources based on the assumption that no subsequent replenishment 
of either substrate would be available. Of course actual ex
perience could be otherwise since the experimenter could vary 
the environment at w i l l . The question arises then as to how the 
model would view the growth of the culture i n an environment 
thus manipulated. Could the c e l l s not review the situation at 
any instant when there i s an external manipulation and make a 
reallocation of i t s resources ( i . e . , revise i t s control policy)? 
If so could this occur continually regardless of the speed with 
which the substrate environment i s varied? Dhurjati 1s model i s 
predicated on a long term policy which i s provoked only when a 
step change in substrate concentration occurs. While there are 
some conceptual d i f f i c u l t i e s with this model connected with the 
questions just raised, i t does lead to the diauxic growth curve. 
To highlight on the model, the c e l l growth process i s viewed as 
comprising the growth reaction 

Β + S± + E± + 2B i = 1, 2,... 
where Β i s the biomass, S i i s the i t h substrate, E i i s consider
ed as a 'key enzyme' i n the uptake of the i t n substrate. The 
enzyme E i i s synthesized at a rate dependent on the allocation 
of i t s resources and Dhurjati's [11] equation i s reproduced here 

de. 
- r - 1 = ot.Ru. - B.e. (1) dt i l i l 

where e . # i s the enzyme concentration, a i and $^ are rate con
stants, R i s a fixed rate of t o t a l resource a v a i l a b i l i t y the 
fraction of which allocated # for enzyme E i i s given by Ui. The 
resource a v a i l a b i l i t y rate R i s assumed to be fixed here a l 
though i n a more elaborate model i t i s possible to include re
plenishment of resources during growth. Note that Eq.(l) im
pli e s a maximum level of enzyme concentration because of the 
f i r s t order breakdown rate. The substrate consumption rate i s 
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assumed to involve the enzyme concentration i n the following man
ner ds. V e.s 

d t ^ = " b K~+~s7 i - l . 2 . · . . (2) 
1 1 

while growth on the substrates i s written as 

J = - b E Y . ^ (3) dt i ι dt 
The biomass, whose concentration i s represented by b, i s viewed 
as comprising key enzymes and the rest of the biomass. For the 
sake of simplicity no material resources have been e x p l i c i t l y i n 
cluded i n the biomass for the present. 

Dhurjati [10] based the optimal allocation of resources on 
minimizing the time required for r e a l i z i n g a l l of the biomass 
from the different substrates. Thus the control objective i s 
given by 

Mi
i l î 1 

where tf i s the time required for the substrate levels to drop to 
some preassigned values (since a r b i t r a r i l y small values would 
lead to a r b i t r a r i l y large times mathematically). 

This completes Dhurjati 1s model. The mathematical techniaue 
of computing the optimal allocation rates to accomplish the objec
tive (4) i s contained i n the well-known minimum pri n c i p l e of 
Pontryagin [11] which w i l l not be discussed here. The linear 
functionality of the control variables u^ leads to what i s ref e r 
red to as a "bang-bang" policy which i n the present context im
p l i e s exclusive u t i l i z a t i o n of one of the substrates. (Dhurjati 
[10] has investigated the p o s s i b i l i t y of singular control which 
could accommodate simultaneous consumption of different sub
strates and finds the constraints to be implausible). The 
diauxic growth situation i s thus described by this model. 
Dhurjati was able to adapt model constants to describe growth 
data obtained by him on K l e b s i e l l a pneumoniae grown on a mixture 
of glucose and xylose. The preference for glucose with a higher 
growth rate on i t i s consistent with the interpretations of the 
model. The result i s displayed i n Figure 1. The question arises 
as to whether the organism i n fact consumes both glucose and 
xylose after the former has dropped to s u f f i c i e n t l y low levels. 
While this i s not readily v e r i f i a b l e because of the d i f f i c u l t i e s 
inherent i n measuring small differences i n small substrate con
centrations some assertions can be made in regard to Dhurjati 1s 
model. The l i n e a r i t y in the control variable w i l l permit only 
exclusive u t i l i z a t i o n of one substrate or the other. If for ex
ample 'more preferred* substrate, say drops to s u f f i c i e n t l y 
low levels, the preference would switch to the 'less preferred' 
substrate (S 2) after which exclusive u t i l i z a t i o n of S 2 w i l l 
follow u n t i l again i t i s profitable to switch to Si and so on. 
This did not occur i n the calculations presented because of the 
high discrepancy between growth rates on the two substrates and 
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Figure 1. The diauxic growth curve predicted by Dhurjati's model for Klebsiella 
pneumoniae grown on a glucose-xylose mixture. Dashed lines, model; solid line, 

experimental. 
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the preassigned levels of substrate concentrations at t f . Un
doubtedly, for substrate pairs on which the difference i n the 
growth rate i s not very great, the model would predict alternate 
switching between substrates u n t i l t f i s reached. Unless non
linear relationships are entertained i n the control variables 
one i s constrained to this sort of prediction. It w i l l be of i n 
terest to investigate experimentally whether such alternate 
switching i s i n fact encountered. It i s i n this connection that 
the measurement of dissolved oxygen becomes a very interesting 
diagnostic tool. For example, a change in policy (such as 
switching substrates) i s readily detected by a r e l a t i v e l y abrupt 
change i n dissolved oxygen while no corresponding change i s l i k e 
ly to be apparent i n either the biomass or the substrate concen
trations. In Figure 2, are presented some results from 
Dhurjati 1s experiments
terrupted by varying amount
time. The dissolved oxyge  abrup p  oxyge
centration at the instant of glucose addition since the growth 
rate i s higher on glucose and c a l l s for increased oxygen con
sumption. The oxygen concentration shoots up again when the 
added glucose i s exhausted. The concentration to which this up-
shoot occurs depends on time elapsed following glucose addition 
before the the organism i s ready to revert to xylose again. If 
this time i s short, growth resumes on xylose at the same l e v e l 
at which i t was interrupted. If the time span i s longer the re
sumption occurs at a somewhat reduced l e v e l possibly indicating 
that some breakdown of the key enzyme for xylose may have occur-
ed i n the interim. There appears to be l i t t l e doubt that the 
measurement of dissolved oxygen w i l l play a key role i n the 
diagnosis of switching p o l i c i e s of the c e l l ' s internal machinery. 

Kompala [12] has considered a model based on a short term 
perspective for the growth situation with which Dhurjati dealt. 
This model adopts the viewpoint that the c e l l optimally allocates 
i t s resources at every instant. Thus the state of the c e l l and 
i t s environment results i n an immediate resource al l o c a t i o n with 
the objective of maximizing the acceleration ( or minimizing the 
deceleration) i n growth rate. The implication i s that the c e l l 
i s ever al e r t to environmental changes and always does the best. 
Some possible objections may arise. F i r s t , i t i s not clear, 
whether i t i s reasonable to expect that regardless of the rate 
at which environmental changes occur, the c e l l s would optimally 
gear i t s enzyme synthesis rate unhampered by any metabolic 
i n e r t i a ; for example, could control action taken at a particular 
instant result i n an instantaneous change in enzyme synthesis 
rate? An attempt to cure this would in essence be a renewed 
quest for a 'long term' model. Second, with the imposition of a 
proper penalty for decision, i t does not necessarily follow that 
what i s best for each instant i s best on the whole, an issue 
that has been raised before. Kompala's model constants do adapt 
to produce the diauxic curve. His model equations are v i r t u a l l y 
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TIME (HOURS) 
Figure 2. Dissolved oxygen curve for Klebsiella pneumoniae grown on xylose 
with periodic addition of glucose. G, 250 mg/mL glucose; X, 250 mg/mL xylose 

(t = 0, 50 mLX). 
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t h e same a s t h o s e o f D h u r j a t i [10] e x c e p t f o r t h e e n z y m e s y n t h e 
s i s a n d b r e a k d o w n r a t e s i n E q .(1) w h i c h m u s t b e r e p l a c e d b y 

d e . α ! s . 

d T - φ τ γ ι " 6 i e i ( 5 ) 

A t a n y i n s t a n t t , t h e s t a t e o f t h e b i o m a s s i s d e t e r m i n e d b y t h e 

c o n c e n t r a t i o n s b , a n d {e^} w h i l e t h a t o f t h e e n v i r o n m e n t b y { s ^ } . 

T h e g r o w t h r a t e a t t h i s i n s t a n t i s d e t e r m i n e d b y t h e a b o v e v a r i 

a b l e s . H o w e v e r , t h e o r g a n i s m g e a r s t h e e n z y m e s y n t h e s i s r a t e a t 

t h a t i n s t a n t t o m a x i m i z e d ^ b / d t b y m a n i p u l a t i n g t h e c o n t r o l v a r 

i a b l e s { u ^ } . B e c a u s e u ^ o c c u r s l i n e a r l y i n E q . ( 5 ) t h e o p t i m a l 

d e c i s i o n i s r e a d i l y a r r i v e d a t . B y l e t t i n g 

V . a ' s . 2 

j = { i : m a x ( K ' V s . ) 2 } ( 6 ) 

we f i n d t h e o p t i m a l p o l i c

" ι = <7 ) 

T h i s r e m a r k a b l y s i m p l e r e s u l t a s a g a i n s t t h e u s e o f t h e 

P o n t r y a g i n p r i n c i p l e r e q u i r e d f o r D h u r j a t i ' s m o d e l i s i n d e e d a 

g r e a t a s s e t f o r t h i s m o d e l . ( P a r a l l e l t o t h e p o s s i b i l i t y o f 

s i n g u l a r s o l u t i o n s i n D h u r j a t i ' s f o r m u l a t i o n , o n e n e e d s t o i n 

v e s t i g a t e s i m u l t a n e o u s u t i l i z a t i o n h e r e w h e n Vjxl^s^2/^ + s ^ 2 

v e r s u s i n t e r s e c t f o r d i f f e r e n t i ) . 

F i g u r e 3 s h o w s t h e r e s u l t s o f c a l c u l a t i o n s f o r b a t c h g r o w t h 

w i t h t w o s u b s t r a t e s . T h e s e q u e n t i a l u t i l i z a t i o n o f t h e s u b 

s t r a t e s c h a r a c t e r i s t i c o f t h e d i a u x i c g r o w t h s i t u a t i o n i s r e 

p r o d u c e d b y t h e m o d e l . T h i s b y i t s e l f i s n o m o r e t h a n e s t a b l i s h 

i n g t h a t t h e m o d e l p r e m i s e s a r e n o t i m p l a u s i b l e a n d i s t h u s m o r e 

a b e g i n n i n g t h a n t h e e n d . I n F i g u r e 4, t h e m o d e l ' s p e r s p e c t i v e 

o f a n e x p e r i m e n t i n w h i c h t h e g r o w t h o n t h e ' l e s s p r e f e r r e d ' 

s u b s t r a t e i s i n t e r r u p t e d b y a d d i t i o n o f t h e m o r e p r e f e r r e d s u b 

s t r a t e . T h e i m m e d i a t e s w i t c h t o g l u c o s e o b s e r v e d i n D h u r j a t i ' s 

e x p e r i m e n t s i s a c c o m m o d a t e d b y t h i s m o d e l . I f i t i s a g r e e d t h a t 

a m o d e l b a s e d o n a l o n g t e r m p e r s p e c t i v e s u c h a s t h a t o f D h u r j a t i 

w i l l i g n o r e e n v i r o n m e n t a l c h a n g e s o t h e r t h a n t h o s e o n w h i c h t h e 

o p t i m a l p o l i c y w a s b a s e d , t h e n t h e p e r t u r b e d b a t c h e x p e r i m e n t 

j u s t r e f e r r e d t o c a n n o t b e d e s c r i b e d b y D h u r j a t i ' s m o d e l . I n 

t h i s s e n s e , K o m p a l a ' s m o d e l i s a n i m p r o v e m e n t o n D h u r j a t i ' s 

m o d e l . 

N e i t h e r o f t h e a b o v e m o d e l s e x p l i c i t l y i n c l u d e t h e o r i g i n a l 

c l a i m t h a t t h e r e s o u r c e s a r e a p a r t o f t h e b i o m a s s a n d t h e i r 

a v a i l a b i l i t y may t h u s b e c o n s t r a i n e d . T h i s f e a t u r e i s r e a d i l y 

b u i l t i n t o e i t h e r m o d e l . F o r e x a m p l e , we may d e n o t e t h e r e 

s o u r c e s b y R , t h e i r c o n c e n t r a t i o n b y r , a n d p o s t u l a t e t h a t t h e i r 

f o r m a t i o n o c c u r s b y g r o w t h , a n d c o n s u m p t i o n b y t h e i r a l l o c a t i o n 

f o r e n z y m e s y n t h e s i s . A d m i t t e d l y t h i s i s s o m e w h a t o f a n a r r o w 

v i e w o f h o w r e s o u r c e s may b e u s e d i n m e t a b o l i c p r o c e s s e s b u t t h i s 

s i m p l i f i c a t i o n i s v i r t u a l l y a t t h e same l e v e l a s t h a t i n h e r e n t i n 

t h e l u m p e d k i n e t i c m o d e l s o f t h e p a s t . T h e d i f f e r e n t i a l e q u a t i o n 

f o r r may b e w r i t t e n a s 
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UNDISTURBED BATCH EXPERIMENT 

0 .000 1.000 2 .000 3 .000 4 .000 

TIME 

Figure 3. The diauxic growth curve predicted by Kompala's short term model. 
AG (glucose) = 90.0; AX (xylose) = 60.0. 
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PERTURBED BATCH EXPERIMENT 

0 .000 1.000 2 .000 3 .000 4 .000 

TIME 

Figure 4. Growth on xylose interrupted by glucose addition as predicted by 
Kompala. AG = 90.0; AX = 60.0. 
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where ^Λβ^9 u i r ) i s the rate of consumption of resources for 
the synthesis of i t n enzyme E^; i t i s related to the rate of 
synthesis of E-̂  to within a stoichiometric multiple. In Eq.(8) 
γ i s a stoichiometric constant. In particular i t i s of interest 
to note that 

Σ u. < 1 (9) 
i 1 -

where the inequality sign i s to account for the p o s s i b i l i t y that 
not a l l of the available resources need necessarily be invested 
at any instant. A model based on a long term perspective could 
i n fact c a l l for a policy of underutilization of resources at a 
given instant i f a subsequent stage c a l l s for increased re
sources. Propose, fo

f i ( s i ' U i r ) = 6ί(Κ| + S i ) (κ. + u.r) ( 1 0 ) 

with Eq.(5) modified by 
de. a . S i u ± r 

- 6!e. (11) dt (iq + S i ) (κ± + u.r) M i c i 
where the δ.̂  i n Eq.(lO) represents a readily interpreted s t o i 
chiometric constant. In E q . ( l l ) i s a Michaelis constant. 
The nonlinearity with respect to u^ i n E q . ( l l ) i s to be noted 
p a r t i c u l a r l y , which may eliminate the exclusive bang-bang optim-
a l i t y result. Thus simultaneous u t i l i z a t i o n of substrates could 
also be predicted by such models. If ample resources are pre
sent, then the above Michaelis-Menten kinetic expression i n Eq. 
(11) prevents over-allocation for any particular enzyme. 

Whether the modelling be done based on a short or long term 
perspective, the issue raised e a r l i e r i n regard to provoking 
non-optimal responses by suitable environmental variations i s an 
important one. The short term models would not necessarily pre
d i c t , for example, the maximum average productivity of biomass 
over the entire period of growth. Similarly the long term 
models would not predict the maximum average productivity i f 
changes occurring in the environment are other than those which 
were accounted for i n the optimization. Thus an interesting 
method of evaluating the responses predicted by the models i s to 
compare them with those i n which "perfect optimal behavior" i s 
considered. Obviously perfect optimal behavior may be predicted 
by using the Pontryagin p r i n c i p l e on the state equations i n 
which the imposed environmental variations are b u i l t i n . One 
need hardly point out that the superposition of the actual 
microbial response r e l a t i v e to that of the model and that based 
on perfect optimality would then be of the most v i t a l interest. 
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Concluding Remarks 

Our attempt here has been to find a mathematical framework 
for certain well-expressed ideas concerning microbial behavior 
in regard to the role of internal regulatory processes. This 
framework essentially draws on the formulation of kinetic models 
in that biomass i s lumped into a small number of component 
masses, and growth being regarded as increase i n their quantities 
by interaction with nutrients. The component masses include key 
enzymes whose synthesis i s controlled by optimal allocation of 
certain c r i t i c a l resources. Various important issues have been 
raised connected with this cybernetic perspective. The main 
motivation i s to evaluate the consequences of hypotheses concern
ing internal regulatory processes, and to find experimental 
situations i n which they manifest in the most unambiguous ways
It i s not essential tha
cise quantitative f i t s
data. Rather the function of such model building i s simply to 
develop better understanding of real systems. Unfortunately, i t 
i s not often that this aspect of modelling i s perceived as such. 
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Nomenclature 

Β Biomass 
b Concentration of biomass 
Ε Key enzyme 
e Concentration of key enzyme 
f Rate of comsumption of resources 

for synthesis of key enzyme. 
Κ Michaelis constant for growth 
Κ» Michaelis constant of enzyme syn

thesis 
R Total resource a b a i l a b i l i t y rate 
r Concentration of l i m i t i n g resource 
S Substrate 
s Concentration of substrate 
t Time 
u Fractional allocation 
V Rate constant i n growth 
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Yield c o e f f i c i e n t 

Greek symbols 
α,a 1 

β 
Ύ 

Subscripts 

Rate constants i n enzyme synthesis 
Rate constant for enzyme breakdown 
Stoichiometric constant for re
plenishment of resources by growth 
Stoichiometric constant for con
sumption of resources for enzyme 
synthesis 
Kroenecker delta equals unity when 
i=j and vanishes otherwise 
Michaelis constant for consumption 
of resources for enzyme synthesis 

Refers to i substrate 
Refers to f i n a l state of growth 
when substrates drop to preassign-
ed levels 
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S t r a t e g i e s for Optimizing Microbial G r o w t h 

a n d P r o d u c t Formation 

CHARLES L. COONEY 
Massachusetts Institute of Technology, Department of Nutrition and Food Science, 
Biochemical Engineering Laboratory, Cambridge, MA 02139 

An essential element for fermentation processes, wheth
er for cell mass o
the organism. Optimizin
requires balancing the economic feasibility of maintain
ing a suitable chemical and physical environment, while 
meeting the physiological needs of the organism. Using 
several examples of bacteria, yeast and mold fermenta
tions, strategies for optimizing growth are examined 
and compared. In the first case, the objective of the 
fermentation is cell mass production; two examples are 
Baker's yeast (Saccharomyces cerevisiae) and single
-cell protein (Hansenula polymorpha) production. In 
seeking to optimize productivity and conversion yields, 
carbon source and oxygen become key operating vari
ables. The second case focuses on production of en
zymes; in particular, the production of heparinase by 
Flavobacterium heparinum and α-glucosidase (maltase) 
by Saccharomyces italicus. The objective functions are 
maximum total activity and maximum productivity. Im
portant variables are growth rate and composition and 
concentration of nutrients in the environment. The 
level of these enzymes is subject to metabolic regulation 
in response to the environment and the productivity de
pends also on microbial growth. Lastly, the third case 
to be examined is metabolite production; the production 
of penicillin by Penicillium chrysogenum is discussed. 
Optimization of growth must consider not only rapid 
accumulation of cell mass, but also conditioning of the 
cell to maximize the rate and extent of product forma
tion. Maintenance of adequate nutrients in the environ
ment, with high levels of some and low levels of others, 
is essential. An analysis of strategies to meet the meta
bolic demands provides insight into ways to improve the 
organism through genetic engineering, as well as the 
process through bioreactor design. 

0097-6156/83/0207-0179$06.00/0 
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In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



180 BIOCHEMICAL ENGINEERING 

The common theme in the development of optimum fermenta
tion strategies is "environmental management". The examples de
scribed here cover a spectrum of fermentations including cell 
mass, enzyme and secondary metabolite production, yet it will be
come apparent that there is a common need for careful environ
mental management with particular emphasis on carbon source 
management throughout the fermentation. 

The objective functions important to fermentation process 
optimization are: volumetric productivity, product concentration, 
conversion yield and process reproducibility. Maintaining a high 
productivity will allow one to maximize return on capital invest
ment. This is particularly important for the development of new 
processes, as a consequence of the capital intensivity of fermen
tation processes. The need to achieve and maintain high prod
uct concentrations reflect  th  importanc f  i  th
of production. Achievemen
sary to minimize raw material ,  hig
version yield from the carbon source will minimize the demand for 
oxygen and the need for heat removal, thus minimizing these op
erating costs (1). Lastly, reproducibility is essential to minimize 
both capital and operating costs, as well as meet production goals. 
These objective functions are not equally important, however, in 
all fermentations as illustrated in the following brief case studies 
which are compiled here to illustrate the importance of environ
mental management in developing strategies for optimizing micro
bial growth and product formation. 

Production of Cell Mass 

The manufacturing costs for the production of microbial cell 
mass are dominated by: (i) the raw materials cost, especially the 
carbon source; (ii) capital investment, in the case of a new manu
facturing facility; and, (iii) energy costs, with most of the ener
gy being used for oxygen transfer and heat removal (1, 2). As 
a consequence, it is essential to achieve high conversion yields 
while maintaining high productivities from the bioreactor. Two 
approaches to these goals are illustrated by the following: 

Baker's Yeast Production. One of the oldest fermentation 
processes for the production of cell mass is Baker's yeast produc
tion. The actual product of the fermentation is cell mass and its 
"baking power", or ability to generate carbon dioxide under bak
ing conditions. This industry, which was modernized by Pasteur 
in the 1800's, is characterized by its high sensitivity to raw ma
terial costs variables or seasonal demand and need to maintain a 
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product acceptable to the baker. The objective in process devel
opment is to achieve high conversion yields of yeast from the 
carbon source at a high productivity while maintaining the best 
baking power. The solution to meet these objectives has been 
the evolution of the fed-batch fermentation process. 

It has often been suggested that Baker's yeast could be most 
economically produced by a continuous process, however, there 
is little incentive to convert existing (and fully depreciated capi
tal investment) from fed-batch to continuous operation. The fed-
batch fermentation allows a plant containing many fermentors to 
operate with a variable product demand. Furthermore, the food 
industry producing Baker's yeast is not interested in a process 
change which may alter their product identity and hence desir
ability by the baker. For these reasons, fed-batch operation 
offers maximum plant operatio  flexibility  It i  interestin  t
note, however, in considerin
be more incentive to g  proces
reducing the entry costs associated with this capital intensive i n 
dustry. 

The strategy underlying the operation of the fed-batch ferm
entation is based on matching the supply of carbon source with 
the demand by the microorganism. The rationale for this is illus
trated in Figure 1 (3). In order to maximize the conversion 
yield, there is a narrow range of growth rates between 0.075 and 
0.25 h " 1 that can be used. It is important to stay above 0.075 
h"* to prevent excessive maintenance metabolism (4). In addi
tion, the growth rate must be below 0.25 h " 1 to prevent ethanol 
production which occurs in response to the Crab tree effect. In 
addition, it is imperative that sufficient oxygen be available to 
prevent anaerobic production of ethanol. 

Several investigators (3, 5) have proposed the application of 
computer process control to this process. Using on-line measure
ments of air flow rate, oxygen consumption and carbon dioxide 
production in combination with a set of material balance equations 
described by Cooney et al. (6), it is possible to calculate on-line 
the cell concentration ancT growth rate and apply a modified feed
forward control strategy to increase (or decrease) the sugar ad
dition rate so that the specific growth rate does not exceed a 
critical value while at the same time maximizing the volumetric 
productivity (3. 7). Results of a typical fermentation are shown 
in Figure 2 and a summary of results from a variety of fermenta
tions under various operating conditions are shown in Table I. 

From an analysis of these fermentations, it is clear that the 
key to a successful fermentation is careful management of the 
carbon source; this is achieved by continuous assessment of the 
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Figure 2. Kinetics of baker's yeast fermentation under feedback-modified feed
forward computer control. Reproduced, with permission, from Ref. 3. Copyright 

1979, John Wiley & Sons, Inc. 
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demand for the carbon source and a feedback modified feedfor
ward control strategy to match supply and demand. 

Single-Cell Protein. The concept of single-cell protein, 
while not new in that it was utilized by both the Aztecs and var
ious cultures in central Africa, has only recently (since 1960) 
been proposed as a means for producing large-scale, high quality 
protein to supplement traditional protein resources (8). The man
ufacturing cost for SCP is dominated by the raw material cost, as 
well as capital investment (1). As a consequence, the objective 
in process development is to maximize the conversion yield and 
the volumetric productivity. In this way, the operating and cap
ital investment cost can be minimized. Continuous culture offers 
a useful approach in which cells can be grown under carbon 
source to protein unde
it y . 

Two strategies fo  optimizatio  o  productio  are sugges
ted in Figure 3. Figure 3A shows a traditional continuous culture 
isotherm. The maximum productivity occurs at a value D m a x (9). 
However, this analysis does not lead to an economic optimum op
erating condition. It assumes that the inlet feed concentration, 
S 0, is a constant under all operating conditions, and furthermore 
does not take into account the need to operate the fermentor at 
its maximum productivity, the value of which is determined by the 
oxygen transfer rate (or in the case of very large reactors, the 
heat transfer rate). This is illustrated in Equation 1: 

W m = D X m = Y n R m a x (1) m m 0 2 0 2 

where W m is the maximum productivity 
D is the dilution rate 

max 
X_ is the maximum cell concentration allowed by 
m C>2 

R j ? a x is the maximum oxygen transfer rate 
u 2 

Plotting the maximum cell density permitted at a given oxygen 
transfer rate (and hence constant volumetric productivity), gives 
the results shown in Figure 3B. In this analysis, S Q, the feed 
concentration of carbon source, is not constant. Considering the 
strategy for operation, one will choose a dilution rate that: (1) 
will minimize the residual limited nutrient concentration and thus 
achieve highest substrate utilization and minimum waste treatment 
load, (2) will maximize the conversion yield of the limiting nutri
ent, the carbon source, and (3) will maximize the cell concentra
tion to minimize recovery costs. The desired dilution rate is i n 
dicated by the arrow on Figure 3B. Again, the strategy relates 
to effective management of the carbon source. In this regard, 
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A 

X 

Dilution Rate 

Figure 3. Strategies for optimization of continuous culture for production of 
single-cell protein. Top, under continuous culture isotherm with a fixed value for 
carbon source feed concentration. D m is the dilution rate of maximum productivity. 
Bottom, comparison of isotherm for fixed substrate feed concentration, S0, with 
that for fixed oxygen transfer rate, OTR (curves show the maximum cell concen

tration for a given OTR and cell yield). 
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the use of continuous culture is an important tool for SCP produc
tion. 

It is important, however, to go one step further is this anal
ysis. One of the major carbon sources of interest for single cell 
protein production is methanol. The reasons for this relate prim
arily to its low cost and availability. It has been shown that high 
methanol concentrations are toxic to cell growth and more import
antly lead to decreased cell yield (10). Therefore, a further ob
jective is to maintain the residual methanol concentration low at all 
times. The importance of this is illustrated in Figure 4 (11), 
which shows the response of Hansenula polymorpha to a perturba
tion in methanol concentration. The perturbation was initiated by 
a period of oxygen starvation (achieved by reducing the agitation 
rate). Because methanol metabolism is obligately aerobic, under 
oxygen limiting conditions methanol rapidly accumulates  When 
the oxygen limitation i
methanol is rapidly catabolize
acid accumulates. Both these compounds are extremely toxic and 
lead to instability in culture operation. To overcome this problem, 
an on-line computer control strategy that would continuously 
assess residual methanol concentration and, should methanol ac
cumulate, take corrective action to prevent culture instability was 
developed (12). 

The strategy for optimizing single-cell protein production is 
based not only on a dilution rate that will give a low residual sub
strate concentration and high conversion yield, but also that will 
operate with the maximum cell density permitted by the oxygen 
transfer rate. Simultaneously, it is important to prevent accumu
lation of residual methanol to achieve both high yields and process 
stability. 

Enzyme Production 

The economics of enzyme production are dominated in most 
cases by recovery costs. For this reason, the objective functions 
for optimization are to maximize the specific activity (units of en
zyme activity per weight of cell mass) and volumetric productivity 
(units per lite r - h ) . Maximization of specific activity ensures both 
efficient conversion of raw materials to the desired product as 
well as facilitating enzyme recovery; maximization of total volume
tric productivity helps to minimize recovery costs and maximize 
economic return on capital investment. To achieve these objec
tives in process development, one utilizes both genetic manipula
tions and environmental management to achieve a high enzyme spe
cific activity and a high cell density. 

Two case studies are examined here to illustrate the import
ant elements in developing a strategy for optimal enzyme produc
tion. 
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Figure 4. Response of a steady state culture of H . polymorpha to an interruption 
in agitation causing oxygen limitation. Reproduced, with permission, from Ref. 11. 

Copyright 1981, American Society for Microbiology. 
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Maltase Production 

The intracellular enzyme maltase (α-glucosidase E.C. 
3.2.1.20) is an important enzyme for analysis of blood amylase. 
The enzyme is intracellular and is subject to carbon catabolite re
pression by glucose as well as induction by maltose. A study was 
initiated with the objective of developing a lower cost process for 
maltase manufacture; the goals were to minimize the fermentation 
medium cost while maximizing the total activity and productivity 
of maltase formation. The starting point was a fermentation with 
Saccharomyces italicus grown in complex medium containing maltose 
as the sole carbon source. Results from this fermentation are 
shown in Figure 5. The problems with this fermentation are high 
medium cost and the point of harvest of maximum maltase activity 
was difficult to assess  maltos  disappeared th
cific activity of the enzym

Medium optimization was achieved by developing a defined 
medium without maltose. Saccharomyces italicus does not use su
crose because it lacks invertase, however, maltase will hydrolyze 
sucrose and allow it to be used for growth. A mutation and se
lection program was initiated to select for mutants of S. italicus 
that would grow on sucrose as the sole carbon source. It was 
hypothesized that such mutants would have a high concentration 
of maltase. The results are shown in Table II, in which mutant 
1-4 is compared with the wild type (13). As expected, the mu
tant, when grown on sucrose, has high maltase activity. When 
grown in defined medium with sucrose, the volumetric and spe
cific activity of maltase are greatly enhanced. 

Table II 

MALTASE PRODUCTION ON VARIOUS CARBON SOURCES 

Carbon Source 

Sucrose 
Maltose 
Glycerol 
Acetate 
Fructose 
Glucose 

Maltase (units/g-cell) 
Wild Type Mutant 1-4 

no growth 
870 
10 
10 
10 
10 

770 
1100 
770 
380 
320 

A comparison of alternative methods for producing this en
zyme in batch and continuous culture is shown in Table III. The 
results are somewhat surprising. It was anticipated that in con
tinuous culture under carbon-limited conditions the specific activ
ity of maltase would be higher than observed in batch culture. 
However, for reasons that are not clear, the specific activity is 
substantially higher in batch culture. These results illustrate 
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TIME (HOURS) 

Figure 5. Batch fermentation for maltase production by Saccharomyces italicus. 
Reproduced, with permission, from Ref. 13. Copyright 1982, American Society 

for Microbiology. 
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again the importance of using good carbon source management and 
developing an optimal strategy for enzyme production. It is also 
interesting to note that by going from a complex to a defined 
medium one not only reduced the medium cost but also stabilized 
the enzyme to subsequent degradation. 

Table III 

MALTASE PRODUCTION BY MUTANT AND WILD TYPE 

Process 

Specific 
Activity 
(units/ 
g-cell) 

Productivity 
( unit s7 

g-cell-hr) (units/1-hr) 

Batch 
(1-4) 

Continuous 2 9 Q 3 4 0 0 

(1-4) 

Batch 
(wild type) 890 70 470 

Heparinase Production 

The enzyme heparinase is of interest as a means for degrad
ing heparin in blood and for degrading large molecular weight 
heparin into smaller fragments having potential as novel anticoag
ulants (14). The production of heparinase by Flavobacterium 
heparinum in a complex medium with heparin as an inducer is 
shown in Figure 6. The requirement for heparin makes the med
ium expensive and it is difficult to pick the best harvest time be
cause the enzyme activity rapidly decays late in the fermentation. 
The first step in process optimization was to develop a defined 
medium; results are shown in Figure 7 (JL5). Although heparin 
is still required as an inducer, this lowers medium cost and i n 
creases the stability of heparinase. It was expected that the pro
duction of this enzyme, in addition to being under induction by 
heparin, would be under control by carbon catabolite repression. 
The results showed that increasing the initial concentrations of 
glucose leads to both decreased growth and heparinase production 
(15). For this reason, we examined a fed-batch culture designed 
to keep the glucose low throughout the fermentation. The results 
showed that it is possible to achieve high enzyme activity which 
is relatively stable at the end of the fermentation. Again, the 
strategy of carbon source management has proved to be very ef
fective in optimizing this fermentation. Currently we are in the 
process of looking for mutants which no longer require heparin 
as an inducer. We are also exploring the use of continuous cul-
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CE 
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30 

Figure 6. Batch fermentation for the production of heparinase by Flavobacterium 
heparinum on complex medium. Key: heparinase specific activity; Δ , dry cell 
weight; O , heparin concentration. Reproduced, with permission, from Ref. 15. 

Copyright 1981, American Society for Microbiology. 

Figure 7. Batch fermentation for the production of heparinase by F. heparinum 
in defined medium. Key: O , dry cell weight, (D) glucose; Δ , heparin; and V , 
heparinase activity. Reproduced, with permission, from Ref. 15. Copyright 1981, 

American Society for Microbiology. 
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ture as a means for maintaining low glucose concentrations with 
the hope of maximizing the specific activity of heparinase. 

Metabolite Production 

The primary objective functions for production of metabolites 
are to maximize the concentration (to minimize recovery costs) 
while maintaining high conversion yields of costly raw materials to 
the product, under conditions of high volumetric productivity (to 
reduce capital cost). The usual approach is to rapidly produce a 
high cell concentration under conditions that maximize the conver
sion rate of raw materials to the desired product. 

The example considered here is penicillin production by Péni
cillium chrysogenum. Penicillin is under control of carbon catab-
olite repression and is typicall  formed  secondar  product 
after primary growth i
oped in industry for thi  generally
fed-batch fermentation which restricts the flow of carbon to the 
culture to slow down growth, thus preventing carbon catabolite 
repression. Mou and Cooney (16) initiated a program to examine 
the application of on-line computer control as a means for achiev
ing improved carbon source management for penicillin production. 
The rationale was to utilize on-line monitoring of growth to assess 
the demand of the culture for the carbon source and in this way 
develop a means to control the specific growth rate in the fermen
tation. It was reasoned that on-line computer control would prove 
to be more flexible in allowing one to balance supply and demand 
of the carbon source during this fermentation. 

A series of studies were conducted in which a computer con
trol system was utilized to control both growth phase and produc
tion phase growth rates and to ask the question, "what is the ef
fect of changes in these growth rates on the specific productivity 
of penicillin?". In Figure 8 are shown results in which the pro
duction phase growth rate was manipulated from 0 to 0.015 h " 1 

while the initial growth rate was manipulated constant at its maxi
mum value of 0.107. The specific rates of penicillin production 
are shown in Figure 9. It is clear that control of the production 
phase growth rate is important to maintaining the ability of the 
cells to make penicillin. While it is not clear from these results 
what the optimum value i s , this approach does allow one to begin 
to design a set of experiments to answer that question. In a 
second set of experiments, two growth phase growth rates were 
compared. In the first case, the growth was controlled at 0.11 
h " 1 and in the second case at 40% of this value. The results, 
shown in Figure 10, indicate that cells grown more slowly during 
the initial growth phase have a higher specific rate of penicillin 
production. Again, it is not clear what the optimum values for 
growth phase growth rate are; it is clear, however, that carbon 
source management during both the growth and production phase 
is important to maximize the specific rate of penicillin production. 
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Figure 8. Growth kinetics of P. chrysogenum grown in computer controlled fed-
batch culture fsee text for details). 
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6Γ 

HOURS 

Figure 9. Specific penicillin production rate for the fermentation shown in 
Figure 8. 
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HOURS 

Figure 10. Growth and penicillin production by P. chrysogenum grown at two 
different growth phase growth rates. 
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These results suggest that further refinement of this important 
fermentation can be achieved through the use of on-line monitor
ing and control. 

Conclusions 

For the production of cell mass, enzymes and metabolites, it 
is clear from the above examples that careful carbon source man
agement is important to achieve high cell concentrations with high 
yield, maximum specific enzyme activities and the efficient conver
sion of raw materials to products. One approach to achieve good 
environmental management is through the use of on-line process 
control. In this way, it is possible to match the supply with the 
demand for carbon source in a wide variety of fermentations. 
Another approach is to use both traditional genetics as well as 
genetic engineering to
source utilization to achiev
Genetics can be used to eliminate carbon catabolite repression, 
side reactions to undesired products and the need for inducers 
of desired enzymes. In addition, the use of recombinant DNA to 
increase gene dosage can be important to increasing the specific 
activity of desired enzymes; these may be enzymes that are de
sired as products or that are rate limiting enzymes in metabolic 
pathways. Simultaneously with optimizing the genetic constitution 
and the application of process control strategies, it is essential in 
bioreactor design and scale-up to take into account the organism's 
sensitivity to carbon source concentrations. In situations such as 
methanol fermentations where the organism may be very sensitive 
to small variations in carbon source concentrations, mixing time is 
a key parameter and novel engineering designs must often be con
sidered to avoid this problem. Despite what appears superficially 
to be diversity among fermentation processes, there are several 
common factors important in the design of optimum process strate
gies. Carbon source management is key among these. 
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I n t e r a c t i o n s of Microbial P o p u l a t i o n s in Mixed 

Culture S i t u a t i o n s 

A. G. FREDRICKSON 
University of Minnesota, Department of Chemical Engineering and 
Materials Science, Minneapolis, MN 55455 

This paper reviews the classification and dynam
ics of interactio
lations inhabitin
of interaction between three or more populations are 
considered, also. The nature of the scheme of 
classification of interaction is described and its 
utility as well as its weaknesses are mentioned. 
Several interactions, competition for resources and 
feeding of one population upon another in particular, 
have been studied in some detail and reasonably 
reliable mathematical models of some simple types of 
these interactions are available. Other interactions 
have not received so much attention, however, and in 
some cases nothing but qualitative statements about 
an interaction can be made. The review is concluded 
with a listing of areas where research is needed to 
provide and improve knowledge of interspecific micro
bial interactions. 

Probably the main reason for the predominance of pure 
culture techniques i n the fermentation industry i s that i n most 
cases the product i s a complicated, valuable organic molecule 
which can be made by a single microbial population, and when we 
have isolated and improved such a population we do not want to 
undo the labors of the microbiologists and geneticists by l e t t i n g 
into our propagation apparatus other microorganisms which might 
compete with or be antagonistic to our producer population, or 
which might make substances which would have to be separated from 
the desired product, and so on. The reasons why most fermentation 
technology i s pure culture technology are therefore similar to the 
reasons why our agriculture tends to be monoculture of plants. 

Nevertheless, there are reasons for studying mixed cultures, 
and I w i l l l i s t four. F i r s t , certain i n d u s t r i a l operations, 
notably waste disposals, do u t i l i z e mixed cultures. Second, 
invasion by contaminants or formation of mutants turn pure 
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cultures into mixed cultures. Third, mixed cultures offer some 
potential advantages, such as (i) a b i l i t y to perform sequences of 
chemical transformations which no pure culture can do, ( i i ) 
a b i l i t y to grow on simpler and so cheaper media, ( i i i ) a b i l i t y to 
continue functioning over wider ranges of environmental conditions, 
and (iv) a b i l i t y to r e s i s t invasion by contaminants. F i n a l l y , a 
fourth reason for studying mixed cultures i s that natural systems 
always involve the a c t i v i t i e s of mixed cultures. 

C l a s s i f i c a t i o n of population interactions 

When several populations of microorganisms inhabit a common 
abiotic environment they w i l l almost invariably interact with one 
another. Attempts to construct theories of the dynamics of such 
systems—that i s , to construc  theorie  which w i l l predic  ho  th
systems evolve i n time—mus
what interactions occur
Hence, the rest of what I have to say w i l l focus on what i s known 
about interactions in simple mixed culture systems. 

Economy of discussion makes i t necessary to devise some scheme 
for naming microbial interactions. In addition, development and 
use of such a scheme w i l l help organize our thinking on the subject 
and w i l l even suggest research that should be done. 

A l l schemes of naming interactions that I have seen are based 
on naming interactions between pairs of populations. This i s 
perfectly understandable, since a pair of populations i s the sim
plest unit of b i o l o g i c a l organization that can exhibit interactions 
other then i n t r a s p e c i f i c ones. However, the use of the basis named 
leads to some d i f f i c u l t i e s when we consider systems with three or 
more populations, as w i l l be explained shortly. 

The scheme of naming interactions between a pair of popula
tions, say A and B, usually adopted by ecologists i s based on the 
qualitative effects that the presence of A has on Β as well as on 
the effects that Β has on A. If the presence of A stimulates the 
growth of Β somehow, then A i s said to have a positive effect on 
Β whereas A i s said to have a negative effect on Β i f the presence 
of A represses or slows the growth of B. Nothing i s said about the 
precise means by which one population affects the other, and thus, 
by this scheme, quite d i f f e r e n t mechanisms of interaction w i l l be 
c l a s s i f i e d i n the same way; this i s not altogether undesirable, of 
course. A t y p i c a l scheme of such c l a s s i f i c a t i o n i s given by 
Odum (1). 
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I am going to retain the foregoing scheme, but i n addition, 
as I have suggested elsewhere (2), the scheme w i l l be combined 
with another that names interactions as direct or i n d i r e c t . 
Direct interactions are those for which physical contact of 
individual organisms from the two different populations i s a 
necessary part of the interaction. Indirect interactions require 
no such contact, but rather are those interactions which occur 
when changes i n the abiotic environment produced by the a c t i v i t i e s 
of one population affect the growth rate of the other, and vice 
versa. Direct interactions are thus physical i n nature, whereas 
indirect interactions are chemical i n nature. 

The scheme of naming binary interactions based on these two 
sets of c r i t e r i a i s shown in Figure 1. This figure i s largely 
s e l f explanatory and most of the names used are f a m i l i a r , although 
not every ecologist woul
of them that the figure
antagonism to refer to any interaction that has a negative effect 
but in the figure, antagonism means that each member of the pair 
exerts a negative effect on the other. 

In two cases, however, I have used words which are new or 
deviate from common usage. The interaction which results when 
population Β grows on products of l y s i s of c e l l s of population A, 
the l y s i s being caused by exoenzymes released by population B, i s 
called e c c r i n o l y s i s . This i s a word which I got from discussions 
with C. Takoudis, S. Pavlou, and R. A r i s . Eccrinolysis i s t y p i f i e d 
by the interaction of myxobacteria with certain other bacteria; 
see, e. g., Kaiser ejt a l . (3). The word which deviates from common 
usage i s feeding, which i s here used i n preference to prédation. 
Prédation has connotations of hunting and one-on-one action which 
do not characterize a l l of the interactions that I c a l l feeding. 
I agree that feeding i s too general a word to be used as Figure 1 
uses i t , and I hope that someone can suggest a better word to 
replace i t . 

Very often the interaction between a pair of populations 
w i l l be more complicated than any one of the interactions named 
and described i n Figure 1. When we are confronted with such 
situations, i t seems best not to try to invent new words to des
cribe them but rather to state what combination of the i n t e r 
actions of Figure 1 are involved. For example, consider a 
situation where a by-product of the metabolism of one population 
acts as a growth factor for a second population, and where the 
two populations consume a common substrate to supply their needs 
for carbon and available energy. The interaction between the 
populations i s neither commensalism nor competition, but we do not 
invent a new word to describe i t ; instead, we say that i t i s 
commensalism plus competition. When the interaction between two 
populations i s f u l l y described by just one of the items l i s t e d in 
Figure 1, i t i s convenient to emphasize that fact by saying that 
the interaction i s pure. 
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Effect 
of presence 
of Β on 
growth rate 
of A 

Effect 
of presence 
of A on 
growth rate 
of Β Qualifying remarks 

Name of 
interaction 

— — Negative effects caused by 
removal of resources COMPETITION - Ο 
Negative effects caused by 
removal of resources COMPETITION 

— — Negative effects caused by production of toxins or inhibitors 
ANTAGONISM 

— Ο 
Negative effects caused by production of toxins or inhibitors AMENSALISM 

- + 
Negative effects caused by 
production of lytic agents; 
positive effects caused by 
solubilization of biomass 

ECCRINOLYSIS 

ο a stimulus for growth of A 
(commensal) or by removal 
by Β of an inhibitor 
for growth of A 

COMMENSALISM 

+ • 
See remarks for Commensalism. 
Also presence of both 
populations not necessary 
for growth of both 

PROTO -
COOPERATION 

• + 
See remarks for Commensalism. 
Also presence of both 
populations is necessary for 
growth of either 

MUTUALISM 

- + Β feeds on A 
FEEDING -
INCLUDES PREDATION AND SUSPENSION-FEEDING 

- + 
The parasite (B) penetrates 
the body of its host (A) and 
therein converts the host's 
biomaterial or activities 
into its own 

PARASITISM 

+ • 
(or perhaps Ο ) 

A and Β are in physical contact; 
interaction highly specific SYMBIOSIS 

- - Competition for space CROWDING 

Figure 1. Scheme of classification of binary population interactions. The roles 
of A and Β may be reversed. Top, indirect interactions; bottom, direct interactions. 
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In a system inhabited by ρ different populations, there i s a 
p o s s i b i l i t y for p!/2!(p-2)! binary interactions to occur. A 
quantitative understanding of the dynamics of each of these 
interactions i s necessary but not s u f f i c i e n t for a quantitative 
understanding of the dynamics of the whole system. Insufficiency 
may be demonstrated by considering as an example the feeding of a 
single protozoan population on two b a c t e r i a l populations which 
compete for a common resource. Clearly, study of the two i n d i 
vidual food chains involved here w i l l not allow us to predict the 
behavior of the three-population system, because u n t i l the proto
zoans are actually presented with the choice of the two kinds of 
bacteria, we w i l l not know whether and to what extent the proto
zoans w i l l exercise preference in their uptake of food. 

Discussion of the interaction

I w i l l now discuss these various interactions i n turn, 
beginning with the indirect or chemical ones; the p r i n c i p a l 
objects of the discussion w i l l be to summarize the state of know
ledge about each and to point out research that needs to be done 
on each. 

Competition. Probably the majority of studies of competition 
that have been published have dealt with what has been called pure 
and simple competition ^4). In this type of competition, there i s 
only one resource whose a v a i l a b i l i t y or concentration affects the 
growth rate of a competitor population, this resource i s the same 
for both competitors i n the interaction, and the growth rates are 
not affected by changes i n the concentrations of other substances 
present in the common environment. 

Pure and simple competition has a strong tendency to result 
in the exclusion of one of the competitors, and various attempts 
to formulate a competitive exclusion p r i n c i p l e have appeared in 
the l i t e r a t u r e . One such formulation, which i s supported by many 
experiments as well as by the predictions of mathematical models, 
i s that pure and simple competitors w i l l not coexist i n d e f i n i t e l y 
in a system that i s s p a t i a l l y homogeneous and that i s subject to 
time-invariant external influences. For example, the prediction 
i s that pure and simple competitors w i l l not coexist in a well-
mixed chemostat having a vanishingly small surface-to-volume r a t i o 
(so that the s p a t i a l heterogeneity due to the presence of the 
chemostat walls i s negligible) i f the d i l u t i o n rate and temperature 
of the chemostat, the composition of feed to the chemostat, etc., 
are a l l independent of time. Moreover, the prediction i s that not 
only w i l l the competitors not coexist in a steady state in such a 
system but that they w i l l not even coexist in a perpetually tran
sient state, such as sustained o s c i l l a t i o n s of their population 
densities; see Fredrickson and Stephanopoulos (4) for a discussion 
of the l i t e r a t u r e on these points. 
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Further analysis of pure and simple competition suggests that 
populations which so compete can coexist i f two sets of conditions 
are s a t i s f i e d . F i r s t , the dependence of the growth rates of the 
populations on the concentration of the l i m i t i n g resource must be 
such that there i s a range (or set of ranges) of concentration 
which causes the f i r s t population to grow faster than the second, 
and another range (or set of ranges) of concentration which 
causes the second population to grow faster than the f i r s t . If 
one population grows faster than the other at a l l concentrations 
of the l i m i t i n g resource, coexistence seems never to be possible. 
Second, the environment must be either s p a t i a l l y or temporally 
heterogeneous, and heterogeneous i n such a way that i t favors the 
growth of one population here (now) and of the other population 
there (then). Spatial heterogeneity can be imposed on a system, 
as for example, by usin  tw  chemostat  with interstag  flow  (5) 
and temporal heterogeneit
periodic variation of d i l u t i o ,  composition, ,
studied by many workers (6-11). Analyses of the competition 
equations used by the foregoing workers shows that so long as 
s p a t i a l homogeneity i s imposed on systems, as by mixing i n a 
chemostat, temporal heterogeneity i s not generated by the a c t i v i 
t i e s of pure and simple competitors, so that temporal heterogeneity 
must be imposed from outside the system (12,13). 

Now the competition equations just referred to are based on 
the hypothesis that we are dealing with a resource that i s not 
self-renewing; that i s , which i s either a non-living substance or 
a b i o l o g i c a l resource which for some reason or other i s not grow
ing and reproducing. When this hypothesis i s changed, and one 
assumes that the resource competed for i s capable of self-renewal, 
i t appears that the competitive exclusion p r i n c i p l e stated above 
is no longer true. 

Some years ago A. L. Koch (14) published computer simulations 
of situations i n which two predator populations competed purely 
and simply for one prey population. Koch's simulations showed 
these three populations coexisting i n what appeared to be l i m i t 
cycles, a clear v i o l a t i o n of the competitive exclusion p r i n c i p l e 
stated above, but since his simulations were based on Lotka-
Volterra type equations whch I consider to be quite inappropriate 
for microbial populations, I disregarded his results and did not 
see their significance. Similar results published by Hsu et a l . 
(15,16) were disregarded for the same reason. However, P. 
Waltman of the University of Iowa recently pointed out to me i n a 
personal communication that even when Lotka-Volterra concepts are 
discarded entirely and Monod's model i s used for a l l growth rates, 
the resulting competition equations for two predators and one prey 
seem to have l i m i t cycle solutions for certain conditions of 
operation. Mr. B a s i l B a l t z i s has found that use of a so-called 
multiple saturation model for the predators, which seems to be 
more appropriate than Monod's model for protozoans at any rate 
(17), and of Monod's model for the prey, also leads to prediction 
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of coexistence of the three populstions in what appear to be l i m i t 
cycles. Hence, i t i s not the particular growth model that makes 
the difference here; rather, i t i s the presence of the additional 
trophic le v e l that allows competing predators to coexist. 

It seems i n t u i t i v e l y evident that a necessary condition for 
coexistence (in a l i m i t cycle) of two feeding populations that 
compete purely and simply for a growing and reproducing food popu
l a t i o n i s that there must be a range (or set of ranges) of food 
concentration for which the f i r s t feeder grows faster than the 
second and another range (or set of ranges) of food concentration 
for which the second feeder grows faster than the f i r s t . If this 
i s so, then what appears to be happening i n these three-population 
systems i s that the a c t i v i t i e s of the populations create temporal 
heterogeneity of the environment even when none i s imposed from 
without, and when this heterogeneit  favor  i  successio h 
of f i r s t one feeder an
population density w i l l  possible

The predictions of these recent modeling studies should be 
tested by experimental research. This could be done by observing, 
say, the competition of two protozoan populations, which do not 
feed on each other, for a single, growing ba c t e r i a l population i n 
a chemostat. In addition, modeling and mathematical analyses of 
other situations where competition ends a food chain might be 
rewarding. An example might be a system where two populations 
compete for a growth factor which i s released into the environment 
by the a c t i v i t i e s of a host population. This would not be 
expected to produce coexistence of the competitors i f the inte r 
action of each with the host was pure commensalism, but i f the 
competitors also did something that influenced the host population, 
coexistence i n l i m i t cycles might be possible. F i n a l l y , these 
recent results suggest that further examination of pure and simple 
competition for a resource that does not renew i t s e l f might be 
profitable. I t should be remembered in this connection that 
experimental devices l i k e the chemostat impose s p a t i a l homogeneity 
on competition systems. If we did not impose homogeneity by 
mixing, i s i t possible that the a c t i v i t i e s of the populations could 
create s p a t i a l heterogeneity even where none i s imposed? If this 
i s possible, could i t allow pure and simple competitors to coexist? 
I think that Prof. Lauffenberger has been working on questions l i k e 
t h i s , and I hope that he w i l l provide us with some answers today. 

There are several other points about competition that I would 
l i k e to make before going on to other kinds of interaction. Com
peti t i o n between populations i n certain environments might be 
pure—1. e., the only interaction between the populations—but i t 
might not be simple because the concentrations of two or more 
nutrients competed for may affect the growth rates of the popu
lations. "Nutrients" as used here means chemicals not produced by 
the competing populations or by others present, so there i s no 
question here of competition for self-renewing resources. In 
nutrient-poor environments, the concentrations of several 
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substances which are complementary resources ( f u l f i l l d i fferent 
needs i n the c e l l u l a r economies) may become rate-limiting whereas 
in complex, nutrient-rich environments, the concentrations of 
several substances which are substitutable resources ( f u l f i l l the 
same need i n the c e l l u l a r economies) may become rate - l i m i t i n g . 

Many mathematical models of situations l i k e the foregoing 
have been published; see (6, 18-25). Analyses of these models 
suggests that pure but not simple competition should often 
result i n coexistence of competitors, even in systems in which 
sp a t i a l homogeneity of the environment i s imposed and for which 
a l l external influences are time-invariant. Experimental data of 
Yoon e£ a l . (22) on competition of Bacillus cereus and Candida 
t r o p i c a l i s for the substitutable resources glucose and fructose 
show that coexistence i n a chemostat i s indeed possible here. 
Experimental testing of model prediction  i  situation f elemen
tary but not simple competitio
models used are necessarily  multipl
of growth, and a l l such models have low c r e d i b i l i t y , in my opinion. 

Another form of elementary but not simple competition i s what 
has been called (4) p a r t i a l competition. In t h i s , two populations 
compete for a resource whose a v a i l a b i l i t y affects both their 
growth rates, but i n addition, the growth rate of one of the popu
lations, at least, is also affected by the concentration of a 
substance which i s exempt from competition, either because i t i s a 
resource which only one of the populations can use, or because i t 
is a substance that i s not used by either population but never
theless exerts an ef f e c t , say of autoinhibition, on the growth 
rate of one of them. Gottschal ejt a l . (26) have provided an 
elegant experimental example of the former situation with their 
mixotroph-obligate heterotroph system fed on a combination of 
acetate and thiosulfate; coexistence of these populations in a 
chemostat occurred even though the populations competed for 
acetate. A similar example i s given by Laanbroek et_ a l . (27). 
De Freitas and Fredrickson (28) Tiave analyzed mathematical models 
of situations of the l a t t e r type, and these show that the pro
duction of autoinhibitors can allow competitors—partial com
p e t i t o r s — t o coexist. F i n a l l y , Miura et a l . (29) have analyzed a 
mathematical model of a situation where p a r t i a l competition for a 
resource i s coupled with commensalism; again, coexistence i s pre
dicted to be possible. Broad as well as deep knowledge of micro
b i a l n u t r i t i o n and physiology are probably necessities for 
creating successful experimental systems of p a r t i a l competition, 
and one hopes that more poeple having such knowledge w i l l attempt 
to apply i t i n the direction noted. 

The last thing that I want to say about competition i s that 
i t might be rewarding to consider models of i t that take into 
account some of the non-ideal factors that frequently complicate 
growth of microorganisms. By non-ideal factors I mean such things 
as the occurrence of maintenance, v a r i a b i l i t y of biomass y i e l d , 
time lag of metabolic process rates i n response to changes i n 
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environmental conditions, and so on. These things are usually 
ignored in mathematical models of competition, but i t seems 
possible that their occurrence could have strong effects on the 
results of competition. For example, Alexander (30) mentions that 
capacity of a population to synthesize and store reserve foods 
when external food i s abundant and then to use the stored food 
when the external supply dwindles i s l i k e l y to be an important 
aspect of a populations fs competitive a b i l i t y . The experiments of 
van Gemerden (31) on competition of purple sulfur bacteria grown 
i n a chemostat subjected to a regimen of alternating l i g h t and 
dark seem to v e r i f y Alexander's suggestion. Wilder et a l . (32) 
have considered recently a model of competition i n which time lags 
of metabolic response were accounted f o r . But aside from these 
examples, I do not know of other papers which consider the effects 
that non-ideal phenomen  might hav  competitiv  situations
Mathematical models tha
tedly would not have hig  c r e d i b i l i t y y migh
interesting predictions which could then be tested experimentally. 

Amensalism and antagonism. A computerized l i t e r a t u r e search 
on these interactions w i l l produce a large number of references, a 
fact which indicates that the importance of these interactions i s 
recognized widely. However, examination of the references pro
duced w i l l show that very l i t t l e mathematical modeling work or 
experimental work that i s helpful in constructing such models has 
been done. The most important reason for this i s probably that 
models of amensalism and antagonism have to be based on models for 
the kinetics of production and action of inhibitors and toxins, 
and current models for the kinetics of these processes are not of 
high c r e d i b i l i t y . Better models could, no doubt, be constructed 
from data from experiments on systems exhibiting amensal or 
antagonistic interactions, but the best remedy for the d i f f i c u l t y 
noted i s the performance of autecological—meaning usually pure 
culture—work on organisms that produce toxins or inhibitors and 
also on organisms that are affected by such substances. 

Use of simple models which are plausible but which have low 
c r e d i b i l i t y because they have not had extensive experimental 
testing and refinement suggests that a pair of populations which 
interact by amensalism or antagonism only, or by a combination of 
amensalism or antagonism with competition for a single resource, 
cannot coexist i n d e f i n i t e l y i n a common, homogeneous environment 
(28). An experimental system which involved competition and 
amensalism was devised by Adams et a l . (33). They found that the 
two populations, both of which were strains of Escherichia c o l i , 
did not coexist i n a chemostat and that the identity of the popu
l a t i o n which was excluded depended on the densities of the popu
lations at the beginning of the experiment. Both of these results 
are predicted by simple models (28), and thus, the notion that 
populations which interact by amensalism or antagonism cannot 
coexist gains some p l a u s i b i l i t y . 
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Amensalism i s probably a means by which some organisms or 
groups of organisms can defend their habitat against invaders who 
would compete with them for the resources of the habitat. If an 
association of organisms occurs in a habitat, then the conjectural 
pr i n c i p l e stated above requires that these organisms s h a l l not 
interact by amensalism; rather, amensalism comes into play when an 
invader appears. A r e l a t i v e l y simple example of this sort of thing 
i s shown in Figure 2. In this figure, A and Β are the organisms of 
the association. They compete for the resources, S, of their 
habitat, but Β i s commensally dependent on A through the by-product, 
P, of the growth of A; Ρ i s required by Β but cannot by synthesized 
by that organism from available precursors. This association leads 
to stable coexistence steady states, in spite of the competition; 
see the discussion of commensalism given below. In addition, the 
commensal population produce  substance  T  which i t 
inhibitory to i t s e l f or
many potential invaders o
appears, amensalism comes into play, and i f the amensalism i s 
strong enough, the invader w i l l be destroyed. It would be very 
interesting to find an experimental r e a l i z a t i o n of the scheme 
shown in Figure 2, and to see what i t s dynamics were. 

Commensalism. One of the d i f f i c u l t i e s with the scheme of 
c l a s s i f i c a t i o n used here i s that i t does not recognize differences 
in mechanisms of interactions. This may also be one of i t s 
strengths, though I am not so sure about that. The d i f f i c u l t y i s 
well i l l u s t r a t e d by the interaction of commensalism; a l l of the 
following situations are commensalism, and a l l involve quite d i f 
ferent mechanisms. (i) Population Η releases a by-product of 
growth, P, which i s required by another population, C, for i t s 
growth; ( i i ) population Η produces a set of exoenzymes, E, which 
attack insoluble materials, S 1, to produce soluble substrates, S, 
which are then used by another population, C; ( i i i ) population Η 
consumes a substance, I, which i n h i b i t s the growth of another 
population, C; and (iv) population Η produces an exoenzyme, E, 
which destroys a substance, I, that i s toxic to another population, 
H. In a l l of these situations, and i n 
others that one can imagine, the host population (H) performs a 
function which changes the chemical environment i n a way that 
favors the growth of the commensal population (C), but the a c t i v i 
t i e s of the commensal are such that the favor i s not reciprocated. 

Mechanisms ( i ) - ( i v ) above are different forms of commensalism, 
and we may think of them as elementary or simple forms of this 
interaction. Clearly, these forms may occur in combination with 
one another, and thus, even a situation of pure commensalism might 
be complex i n the sense that several different mechanisms are 
involved in i t . The same thing can be said about most of the 
other interactions named i n Figure 1. 

The nature of the commensal interactions just described i s 
such that many of those that we might find i n nature or construct 
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Figure 2. An association of two popu
lations that interact by commensalism 
and competition, and that are protected 
from invasion by the production of a 

toxin. 
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i n the laboratory would not be pure but would be complicated by 
competition of host and commensal for a substrate. Meers (34) 
pointed this out for mechanism (i) above and i t i s clear that i t 
i s l i k e l y to be true of the other mechanisms as well. The 
occurrence of commensalism of mechanism (i) can prevent competitive 
exclusion from happening, and that the association of host and 
commensal i s stable even though they compete has been demonstrated 
convincingly both by experiment and by mathematical models; see 
Megee et a l . (35), Gottschal et a l . (26), Miura et_ a l . (29,36). 
I would think that the other kinds of commensalism l i s t e d above 
would also permit competing host and commensal populations to 
coexist. 

R e i l l y (37) pointed out another set of complications that 
often affect commensal systems; this was suggested by some experi
ments performed by Chao
R e i l l y mentioned arise fro
by the commensal population that have effects, either stimulatory 
or inhibitory, on the host population. The production of such 
substances changes the interaction of pure commensalism into an 
interaction of pure mutualism or protocooperation, or into a com
bination of commensalism and amensalism. R e i l l y presented com
puter solutions of the d i f f e r e n t i a l equations for various model 
systems of this type, and more recently Sheintuch (39) made a 
detailed analysis of commensal systems complicated by the produc
tion of substances having inhibitory effects. 

In spite of the likelihood that the foregoing complications 
w i l l occur, there are probably a f a i r number of situations where 
commensalism i s pure or r e l a t i v e l y pure; that i s , not much com
plicated by competition or by the production of substances by the 
commensal which affect the host. As an example, I c i t e the 
situation studied by Lee et a l . (40). The organisms used, 
Lactobacillus plantarum and Propionibacterium shermanii, are 
associated together i n the manufacture of Swiss cheese. The 
potential for competition of these organisms i s present, for both 
can use, say, glucose as the source of carbon and available energy. 
However, P. shermanii can substitute l a c t i c acid for glucose, and 
i n fact, i t was shown (41) that this organism takes up no glucose 
when s u f f i c i e n t amounts of l a c t i c acid are present. Hence, the 
l a c t i c acid produced by L. plantarum i s used by shermanii, and 
by i t s preference for l a c t i c acid over glucose, P. shermanii 
avoids competition with L. plantarum, although i t does so at the 
expense of becoming commensally dependent on the l a t t e r organism. 
One would expect that many situations where a population having 
the capacities to use several to many substitutable resources and 
to exhibit substrate preference—a generalist population—forms an 
association with a population lacking these features but having 
the a b i l i t y to grow rather rapidly i n certain rather specialized 
environments—a s p e c i a l i s t population—occur in nature. 
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Mutualism and Protocooperation. If the a c t i v i t i e s of two 
populations are such that each produces and excretes into the 
common environment a substance or set of substances which serves 
as required substrate or growth factor for the other, and i f such 
substances are not supplied to the environment from external 
sources, then the interaction between the populations w i l l involve 
mutualism. Other mechanisms giving r i s e to mutualism might be 
imagined also, but the one described, which i s sometimes called 
syntrophism and sometimes cross-feeding, i s l i k e l y to be the form 
of mutualism most often encountered. Experimental examples of i t 
have been provided by Nurmikko (42) 9 Wolfe and Pfennig (43), 
Slater (44), and Lamb and Garver (45), as well as by others. 

Three remarks about this kind of mutualism seem pertinent. 
F i r s t , the fact that two organisms w i l l grow together i n a batch 
of medium in which they
be an indication that th
many cases where this observatio
correct. But even i f i t i s v a l i d , i t does not follow that the 
syntrophism can be put to use i n , say, a chemostat type of appara
tus. I have shown elsewhere (2) that i n order for mutualistic 
steady states to be possible in a chemostat i t i s necessary that 
the production and consumption of the substances which produce the 
interaction must be such that more of them i s produced than i s 
consumed. If that i s the case, the system i s s u p e r c r i t i c a l , and 
mutualism can produce a steady state of coexistence i n a chemostat. 
But i f the system i s only c r i t i c a l or s u b c r i t i c a l , no such steady 
state i s possible. Hence, i f we wish to exploit a situation of 
syntrophism in a chemostat, we have to be sure that the situation 
at hand i s s u p e r c r i t i c a l or the attempt at exploitation w i l l f a i l . 

The second point i s that even for syntrophic pairs of 
organisms which are s u p e r c r i t i c a l , the steady state of washout from 
a chemostat i s always stable with respect to small perturbations 
(46) . Therefore, the steady state of coexistence of the popula
tions cannot be stable with respect to a l l large perturbations, so 
coexistence of the partners i s always menaced by large perturba
tions of their system. 

The third point i s that there w i l l often (always?) be two 
coexistence steady states for a pair of syntrophic organisms i n a 
chemostat. In one of these, the only interaction between the 
populations i s mutualism but in the other, some other interaction, 
such as competition for a nutrient supplied from outside the sys
tem, occurs also. It turns out that the steady state of pure 
mutualism i s unstable always (46), so that i f we wanted to study 
i t we would have to try to s t a b i l i z e i t by adding some controls to 
the chemostat. 

Protocooperation d i f f e r s from mutualism i n that i n mutualism 
neither population can survive without the other whereas in proto
cooperation one or both populations can survive without the other. 
One could define two sub-cases of protocooperation, depending upon 
whether the presence of the second population i s necessary for 
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survival of one population or neither population. The example 
provided by Wilkinson et_ a l (47) seems to be of the former kind of 
protocooperation. Here, a Pseudomonas species produces methanol 
from methane, and i s strongly auto-inhibited by the alcohol; a 
Hyphomicrobium species consumes the alcohol and thus releases the 
Pseudomonas from auto-inhibition. The interaction may be somewhat 
more complex, for Wilkinson et a l . were unable to grow their 
Pseudomonas in pure culture, and two other populations, an 
Acinetobacter species and a Flavobacter species, were present also 
in their mixed culture system and may have played some role in i t . 

It appears that removal of inhibitory substances plays a large 
role in many protocooperative interactions that we can imagine, and 
when we attempt to construct mathematical models of these i n t e r 
actions we are faced with the d i f f i c u l t y that we do not have models 
for the kinetics of inhibitor  actio  i  which  plac  l o t 
of confidence. Advancemen
therefore would seem to depen  autecologica
knowledge of the kinetics of i n h i b i t o r action. 

Eccr i n o l y s i s . Construction of theories of this interaction i s 
faced with d i f f i c u l t i e s s imilar to those facing construction of 
theories of protocooperation, but the d i f f i c u l t i e s are even more 
severe. In order to construct such a theory, we would need know
ledge of the kinetics of formation of exoenzymes by the one popu
la t i o n and of the kinetics of action of those enzymes on the other 
population of the pair. The kinetics of both processes are complex, 
i f we may judge from some recent attempts at modeling exoenzyme 
production and action presented by Van Dedem and Moo Young (48), 
and thus, i t i s not surprising that attempts to make models of sys
tems exhibiting eccrinolysis seem not to have been made. The 
interaction i s probably of importance in some natural systems, for 
i t must be involved i n the cycling of minerals. Therefore, attempts 
to study i t quantitatively should be made. 

We turn now to direct interactions between pairs of microbial 
populations. 

Feeding. The f i r s t thing to be said about this subject at the 
present time i s that i n s u f f i c i e n t attention has been paid to the 
differences in the modes of feeding exhibited by phagotrophic 
microorganisms. Such differences may be i l l u s t r a t e d by considering 
the feeding of Didinium nasutum, Dictyostelium discoideum, and 
Tetryhymena pyriformis, a l l organisms which have been used in 
laboratory studies of what i s usually called microbial prédation. 

Didinum nasutum i s a c i l i a t e d protozoan that was used by Gause 
(49) i n his seminal studies of microbial interactions, and many 
subsequent studies using this organism have been made; for a resume 
of l i t e r a t u r e , see Berger (50). Didinium feeds by attacking and 
ingesting other protozoa, normally Paramecium, which i t encounters 
during i t s swimming a c t i v i t y . Attacks are on one Paramecium c e l l 
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at a time, and chemotaxis seems to play a role i n these (51,52) . 
Feeding i s selective both i n regard to differences in the f r e 
quency of attacks on preferred and non-preferred food as well as 
in regard to differences in the percentages of unsuccessful attacks 
on different organisms (50,52). It seems quite appropriate to 
apply the term prédation to this kind of feeding behavior. It 
should be noted that Didinium i s not what Slobodkin (53) has called 
a "prudent predator," for i t commonly makes the potentially l e t h a l 
mistake of consuming a l l of i t s prey when i t i s inoculated into a 
batch of them (49,54,55). 

Dictyostelium discoideum i s an ace l l u l a r slime mold that has 
been used much by biologi s t s studying such processes as chemotaxis, 
c e l l aggregation, and morphogenesis. Feeding forms of this 
organism are amoebae, and i  natural situations  thes  glid
s o l i d surfaces and engul
encounter them. Tsuchiy  (56) gre  organis
in l i q u i d culture in chemostats, and they observed the o s c i l l a t i o n s 
of population densities that theoreticians had been predicting for 
so long. Dr. Bazin has been working with this organism i n recent 
years, and I hope he w i l l t e l l us more about i t . 

Tetrahymena pyriformis i s a c i l i a t e d protozoan whose feeding 
has been studied by many workers; a recent l i t e r a t u r e survey i s 
given by Swift et a l . (57). A c e l l of T\ pyriformis has a buccal 
cavity which has a large undulating membrane on one side and three 
smaller, moving membranes on the other. The beating of these mem
branes directs water into the buccal cacity, and p a r t i c l e s , 
especially bacteria, suspended in this water are collected by the 
organism i f they are of appropriate size, neither too large nor too 
small. It would seem that this kind of food-collecting apparatus 
should have no a b i l i t y to select particles except on the basis of 
properties that are hydromechanically s i g n i f i c a n t , such as si z e , 
shape, and density. It i s not appropriate to apply the name 
prédation to this kind of feeding, and the term suspension-feeding 
advocated by J^rgensen (58) w i l l be used instead. 

The remainder of my remarks on feeding w i l l be about suspen
sion-feeding. This i s not because I consider this to be the most 
important kind of microbial feeding but rather because i t i s the 
kind with which I have f i r s t hand experience. 

An interesting fact which emerges from many laboratory studies 
of suspension-feeding of Tetrahymena and similar bacterivorous 
protozoans i s that these organisms have not been observed to con
sume a l l of the bacteria i n their habitat. Hence, they are examples 
of Slobodkin 1s "prudent predators," although I w i l l change his term 
to prudent feeders. 

The features of a suspension-feeder's behavior which make i t 
"prudent" are not the same for a l l such organisms. For example, 
Bader ejt a l . (59) studied feeding on the blue-green alga Anacystis 
nidulans by the c i l i a t e d protozoan Colpoda s t e i n i i . [The i d e n t i -
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f i c a t i o n of this protozoan was challenged by Frenchel (60) on the 
grounds that "the real Colpoda s t e i n i i i s about 10 times smaller 
than that recorded i n the reference (to a new handbook of suspen
sion-feeding by J ^ r g e n s e n ) I have not yet seen J^rgensen's work. 
Actually, Bader ej: a l . made no statement about the size of their 
c i l i a t e , but they used the same culture used by Drake and 
Tuschiya (61) , and the c e l l volume data reported by these workers 
i s within, comfortably so, the range of c e l l sizes commonly stated 
for Colpoda s t e i n i i , as by Kudo (62), for example]. When certain 
conditions arise in cultures of Colpoda s t e i n i i , i t s motile, feed
ing c e l l s undergo morphological change and become non-motile, non-
feeding cysts. Conditions which cause encystment are by no means 
f u l l y understood, but they seem to include a low density of food, 
a high density of feeding c e l l s , or, at intermediate densities of 
the two populations, some combination of the densities  Many sus
pension-feeders are know
a l l having this capacit

Protozoologists have not been able to confirm a few reports 
that Tetrahymena pyriformis encysts (Corliss (63)) and so this 
organism must be regarded to be non-encysting. Nevertheless, i t 
appears to be "prudent" because when i t i s inoculated into a batch 
of viable but non-growing bacteria i t does not consume a l l of them 
but instead only reduces the density of viable bacteria to the 
order of 10 5 - 10 7 mlT 1. This observation was made by Habte and 
Alexander (64) and confirmed by Watson et a l . (65). Experiments 
reported i n these papers prove that f a i l u r e to consume a l l of the 
bacteria i s not due to death of the protozoa, to autoinhibition of 
the protozoa, to exhaustion of some essential material which the 
protozoa get from the l i q u i d medium rather than from feeding on the 
bacteria, or to loss of the protozoan's a b i l i t y to feed on the bac
t e r i a . One could try to explain the results mentioned by saying 
that the bacteria present i n i t i a l l y have a d i s t r i b u t i o n of states 
and that bacteria f a l l i n g into some domain or domains of this d i s 
tribution cannot be consumed by the protozoa. For example, 
Fenchel (60,66) has shown that the a b i l i t y of a suspension-feeder 
to c o l l e c t latex beads i s confined to beads of a certain size range, 
and since the same result applies without much doubt to c o l l e c t i o n 
of bacteria, the argument may be made that the bacteria which com
prise the residuum l e f t after viable b a c t e r i a l density in a batch 
ceases to f a l l are those that are too small, or too large, or too 
small and too large, to be collected by the protozoans. One cannot 
test this hypothesis d i r e c t l y by measuring the changes produced i n 
the size d i s t r i b u t i o n of viable bacteria by the feeding because the 
density of viable bacteria present toward the middle and end of the 
experiment i s always much less than the density of d e t r i t a l par
t i c l e s having sizes comparable to the bacteria and which are always 
produced by feeding. 

The foregoing hypothesis, while plausible, i s contradicted by 
some additional experiments done by Habte and Alexander (64) . They 
found that T. pyriformis f a i l e d to start c o l l e c t i n g bacteria when 
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inoculated at high density into a culture of non-growing bacteria, 
even though inoculation of T_. pyriformis at low density into a 
culture of non-growing bacteria did result i n co l l e c t i o n (the 
i n i t i a l b a c t e r i a l densities were the same i n both experiments). I 
do not think that the observed f a i l u r e to start feeding i n the high 
density case i s an a r t i f a c t to be attributed to the procedures used 
to prepare the protozoan inoculum, although that does need to be 
checked out. 

An alternate working hypothesis which i s suggested by the 
foregoing discussion i s that T. pyriformis c e l l s possess sensing 
and control mechanisms which lead to cessation of their feeding 
a c t i v i t y under certain conditions of environmental state. A 
corollary of this hypothesis i s that T. pyriformis c e l l s which do 
not eat b a c t e r i a l c e l l s under one set of conditions can eat these 
c e l l s — t h e same ones—unde  different t f conditions  Testin
of these different hypothese
at the present time. 

Additional adaptations which make microbial feeders "prudent" 
or which allow microbial "predators" to coexist with their "prey" 
are discussed i n a recent review by Alexander (67). 

Cessation of feeding, whether i t be caused by encystment or 
by some process that i s not accompanied by a morphological trans
formation of the feeders, implies that there i s some threshold 
density of food. The threshold density i s such that feeding w i l l 
stop (or f a i l to start) i f the density f a l l s (or is) below the 
threshold density. One would expect that the threshold density of 
food would depend on the id e n t i t i e s of the feeding and fed-upon 
populations as well as on such things as the composition of the 
medium. However, there i s some evidence that i n addition to these 
factors the threshold density of food changes with the density of 
the feeders themselves. For example, i n the experiment of Habte 
and Alexander cited above (64) , Tetrahymena c e l l s inoculated at 
high density f a i l e d to start feeding whereas Tetrahymena c e l l s 
inoculated at a low density did s t a r t , and this i s evidence that 
the threshold density of bacteria i s raised by increase of the 
protozoan density. Bader £t a l . (59) reached similar conclusions 
about thresholds for encystment of Colpoda s t e i n i i , and additional 
evidence from the l i t e r a t u r e could be cited. 

Results such as these suggest that tht threshold r e l a t i o n 
between the two densities might be as shown i n Figure 3. Herein, 
feeding w i l l occur i f the combination of densities l i e s above and 
to the l e f t of the curve but feeding w i l l not occur i f the combi
nation l i e s below and to the right of the curve. 

The curve shown i s drawn with a horizontal asymptote because, 
i f the density of the feeding population i s s u f f i c i e n t l y low, there 
can be no effects of crowding in this population. Under such con
ditions, the threshold density of the fed-upon p o p u l a t i o n — i f there 
i s such a threshold density—must be independent of the density of 
the feeding population. The curve i s drawn with a v e r t i c a l 
asymptote, also. This i s because one expects that, under very 
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Figure 3. Conjectural relation between 
densities of feeding and fed-on popula
tion where cessation of feeding by a 

"prudent" feeder occurs. 
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crowded conditions, the best thing for a feeding population to do 
would be to stop eating and so prevent further increase of crowd
ing. Under such conditions, there i s no threshold density of the 
fed-upon population, of course. 

Figure 3 must be regarded almost entirely as speculation, 
since, so far as I know, a complete figure l i k e i t has never been 
established for any pair of microorganisms. Salt (68) gave data 
for the predator-prey system Woodruffia metabolica-Paramecium 
aurelia, but these are of limited extent and do not show the 
asymptotes of Figure 3. Bader ejt a l . ( 5 9 ) gave a figure for con
ditions of population densities which lead to encystment of the 
suspension-feeder Colpoda s t e i n i i when i t feeds on Anacystis 
nidulans. Their data do suggest that asymptotes exist, but the 
data are i n s u f f i c i e n t to prove that they do, and in addition, are 
badly scattered. Threshold d i n t r a s p e c i f i  crowdin  phenomen
are of fundamental b i o l o g i c a
work to c l a r i f y the pictur
pursued with vigor. 

If there i s indeed a threshold density of bacteria below which 
protozoans l i k e Tetrahymena do not feed, then i t follows that 
growth and feeding of such organisms cannot be described by Monod's 
model of growth (69). A model that suggests i t s e l f for situations 
l i k e this i s 

b < b t 

(1) 

b > b_ 

Φα) = 
φ (b - b.) 
m t L + b 

where φ ^ ) i s the feeding rate per protozoan c e l l when the bac
t e r i a l density i s b, b t i s the threshold density of bacteria, and 
φ π 1 and L are model parameters, the former being the maximum, or 
saturation value, of φ ^ ) . Models l i k e this are inconvenient from 
the mathematical and computational point of view, however. The 
multiple saturation model of Jost et a l . (17) i s 

* ( b ) " (L, Λ(L 2 + b) ( 2 ) 

and i t avoids the mathematical and computational d i f f i c u l t i e s 
inherent in use of an e x p l i c i t threshold model, l i k e Equation (1). 
Equation (2) does not have a threshold value of b, of course, but 
i t does predict that 

(3) 
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which i s characteristic of a true threshold model but not of 
Monod's model. It has been shown that the multiple saturation 
model does a much better job of correlating data for feeding of 
Tetrahymena on bacteria than does Monod's model (17 ,70 ,71 ,72) . 

As pointed out above, Tetrahymena pyriformis consistently 
f a i l s to clear batches of water of bacteria, and the explanation 
for this may be that some of the bacteria are too small or too 
large to be captured by the protozoans. If this i s the case, then 
there i s no threshold density of the bacteria, of course, so there 
would be l i t t l e j u s t i f i c a t i o n for using models l i k e Equations (1) 
or (2). In this circumstance, what one needs to do i s to divide 
the bacteria into sub-populations, one which i s eaten by the proto
zoans and one or more which i s (are) not eaten by them. Monod's 
model might be assumed for feeding of the protozoans on the sub-
population of bacteria that they can eat  and models for transfer 
of bacteria from one sub-populatio
also. 

Actually use of models l i k e those that we have been discussing 
can probably never y i e l d better than order-of-magnitude predictions 
of population densities in dynamic, transient situations. Recent 
studies of the responses of Tetrahymena pyriformis to sudden 
changes in the b a c t e r i a l density of i t s surroundings reveal phe
nomena (57 ,65) which seem to require p a r t i a l d i f f e r e n t i a l equations 
rather than ordinary d i f f e r e n t i a l equations for their accurate 
description. 

F i n a l l y , i t should be mentioned that feeding by protozoans 
would be expected to exert strong regulatory effects on the bac
t e r i a l populations on which they feed, especially i f these l a t t e r 
populations compete with one another for nutrients. Jost et a l . 
(17), for example, found that feeding of Tetrahymena pyriformis on 
Escherichia c o l i and Azotobacter v i n e l a n d i i in a chemostat seemed 
to lead to coexistence of the three populations i n a perpetually 
transient state; in the absence of the protozoans, however, Azoto
bacter was excluded by E. c o l i . 

Clearly, an important factor to be considered in situations 
l i k e the foregoing i s the p o s s i b i l i t y that the protozoans may 
exhibit preference for one b a c t e r i a l species over the other. As 
mentioned previously, i t seems l i k e l y that food preference by 
suspension-feeding microorganisms must be based entirely, or almost 
ent i r e l y , on differences i n hydromechanically s i g n i f i c a n t proper
ties l i k e s i z e , shape, and density, of the food organisms. 
Experiments in which protozoans are presented which choice of food, 
the food organisms d i f f e r i n g in the properties noted, need to be 
done. We are currently presenting Tetrahymena pyriformis with E. 
c o l i and A. v i n e l a n d i i , these being bacteria whose sizes are quite 
diffe r e n t . But experiments i n which a suspension-feeder i s pre
sented with bacteria having the same size and shape, but d i f f e r i n g 
in some properties that are not hydromechanically s i g n i f i c a n t , need 
to be done, too. One expects no preference i n such cases, and the 
one experiment of the kind that I know of showed no preference 
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(73), but more data of the same kind are needed before one can 
conclude that food preference by suspension-feeders i s based 
solely on differences of hydromechanically s i g n i f i c a n t properties 
of food organisms. 

Parasitism. In this direct interaction a parasite c e l l or 
p a r t i c l e attaches i t s e l f to a host c e l l and makes a p a r t i a l or 
t o t a l penetration into i t , where i t then uses the host's biomass 
or metabolic a c t i v i t i e s to grow and reproduce i t s e l f . Examples 
are provided by the parasitism of viruses on bacteria and other 
microorganisms, by the parasitism of the very small bacterium 
Bdellovibrio on other bacteria, and by the parasitism of bacteria 
on protozoa (30,74_,75) . Parasitism i s characterized by a variable 
but always high degree of host s p e c i f i c i t y . That i s , a given 
parasite i s able to infect onl  limited numbe f hosts d i
some cases, the number ma

A number of mathematica  host-parasit
have been published. For references to l i t e r a t u r e appearing 
before 1977, see Fredrickson (2). A more recent model has been 
given by Levin ^ t a l . (76). 

Parasitism can serve to regulate competition between different 
host populations. An example i s provided by the work of Levin 
et a l . (76). They found that parasitism by the virulent bacterio
phage T2 on two strains of Escherichia c o l i s t a b i l i z e d the compe
t i t i o n of the strains for sugar, and allowed the competitors to 
coexist i n a chemostat. One of the strains was susceptible to 
infection by T2 but the other was not. 

A most interesting aspect of the virus-bacteria host-parasite 
interaction i s the tendency for genetic changes of the populations 
to keep altering the dynamics of the interaction. This i s well 
i l l u s t r a t e d by some additional work of Chao et a l . (77). A host 
bacterium B Q (a s t r a i n of E. c o l i ) and a bacteriophage T Q were 
introduced into a chemostat; B Q was susceptible to infection by 
T 0. Mutation of B Q produced a new s t r a i n of bacteria, B^, which 
was not susceptible to infection by T Q. However, mutation of the 
phage produced a new virus, T^, which was capable of infecting 
both B Q and B^. A second mutuation of the bacteria produced a 
third s t r a i n , Β£, which was immune to infection by T q and T-̂ . In 
these experiments, the various strains of bacteria competed with 
one another for sugar, but the presence of the parasites prevented 
competitive exclusions from occurring. When a s t r a i n of bacteria 
that was not susceptible to infection by any of the parasites was 
present, sugar concentration was low and b a c t e r i a l and phage den
s i t i e s were high. However, when a l l strains of bacteria present 
were susceptible to infection by the phages, sugar concentration 
was high and ba c t e r i a l and phage densities were low. These obser
vations of Chao et a l . (77) suggest that the host-parasite 
rel a t i o n i s a kind of genetic race between the two groups of 
organisms. Undoubtedly, analagous situations occur with other 
intermicrobial interactions, and ef f o r t s to detect and analyze 
such situations would very l i k e l y prove to be most f r u i t f u l . 
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Symbiosis. This i s a direct interaction between two micro
b i a l populations which i s characterized not only by the mutual 
(even i f imperfectly understood) benefits which i t confers upon 
the partners i n the association but also, l i k e parasitism, by i t s 
high degree of s p e c i f i c i t y . That i s , the two partners are more or 
less uniquely adapted to l i v e together, and i t i s impossible or 
very d i f f i c u l t to replace one of the partners i n the association 
by another organism of similar kind. Undoubtedly, syntrophism i s 
involved i n many microbial symbioses, and perhaps models l i k e 
those for this mutualistic interaction would be applicable to 
symbiosis. Quantitative models for symbiosis seem to be non
existent at the present time, however. 

Crowding. This interaction i s important when population 
densities become so larg  that th  a v a i l a b i l i t f  become
a l i m i t i n g factor in th
s p e c i f i c interaction of g  probably  importanc
in situations where the interacting populations are suspended in 
a l i q u i d medium, because densities therein are not l i k e l y to 
become so high that a v a i l a b i l i t y of space becomes a rate-limiting 
factor for both populations. Intraspecific crowding can become 
important i n l i q u i d cultures, i t appears; the existence of the 
v e r t i c a l asymptote i n the graph of Figure 3 i s an example of an 
effect due to i n t r a s p e c i f i c crowding. 

Interspecific crowding may be of great importance when we are 
dealing with systems i n which much surface area, upon which the 
organisms attach themselves, i s present. A good deal of e f f o r t 
has been expended i n recent years to understand the mechanisms 
involved in attachment of organisms to surfaces. The mechanisms 
are complex, even when only a single population i s involved, for 
the density of attached c e l l s i s found to depend on the identity 
and physiological state of the organism, the identity of the 
material of which the surface i s made as well as the prior treat
ment of the surface, the composition of the l i q u i d medium adjacent 
to the s o l i d surface, the density of the organisms i n the l i q u i d 
medium, and the time of contact between the suspension of organisms 
and the surface (78). Familiar concepts that apply to adsorption 
of molecules on surfaces, l i k e that of the active s i t e , seem not 
to apply, and this means that the Langmuir-Hinshelwood model of 
adsorption, or one of i t s generalizations, i s not l i k e l y to apply, 
either. Instead, i t seems that we need to construct dynamic 
stochastic models which w i l l make the probability of attachment of 
one c e l l to a given area of surface i n a short in t e r v a l of time 
dependent upon the number of c e l l s already attached to that sur
face as well as to the density of c e l l s present in the bulk 
l i q u i d , etc. Since I am not aware that models l i k e this have been 
worked out even for single populations, I cannot say anything 
meaningful about models for competition of two populations for 
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space on a s o l i d substratum. We are trying to study this i n t e r 
action i n our laboratory at the present time, but i t i s not an 
easy thing to do. 

It was pointed out above that "crowding" as I have used the 
term refers to an i n t e r s p e c i f i c interaction but that bi o l o g i s t s 
often use the term for an i n t r a s p e c i f i c interaction. The context 
w i l l make i t clear in most cases which kind of interaction i s 
being referred to, so there should be no d i f f i c u l t y in using the 
same word for two different kinds of situations. 

Summary and discussion 

The foregoing discussion shows that improved understanding 
of interactions between microbial populations w i l l require 
research i n a number of related  A p a r t i a l l i s t i
follows. 

Much work remains  autecology
populations; that i s , on the responses of individual populations 
to changes in their environment and on the changes produced in the 
abiotic environment by the a c t i v i t i e s of such populations. Of 
particular importance insofar as osmotrophic microorganisms are 
concerned i s research aimed at providing good models for the 
effects of multiple nutrient l i m i t a t i o n on growth rates, for the 
kinetics of subcellular processes in general, for the kinetics of 
formation of extracellular chemicals and enzymes, for the kinetics 
of action of in h i b i t o r s , toxins, and l y t i c enzymes, etc. More 
work i s needed on the autecology of phagotrophic microorganisms, 
also. The mechanisms that make such organisms "prudent" feeders 
need to be established and compared and the question of the extent 
to which they select their food needs to be examined further. 

Almost a l l attempts to construct mathematical models of popu
la t i o n interactions assume that the populations present are 
en t i t i e s of fixed genetic constitution. If they allow for the 
occurrence of mutuation, i t i s almost always i n the sense of 
assuming that a mutant of given properties has formed, and then 
trying to see how the system of mutant, wild organism, and any 
other organisms present, w i l l evolve in time. Models which are 
b u i l t on some of the exciting new information that microbial 
geneticists have provided need to be developed and applied to 
systems of interacting populations. High p r i o r i t y should be given 
to producing models which take into account mechanisms of mutation 
and genetic recombination. 

Several binary interactions have been neglected by people who 
take a quantitative, mathematical approach to such processes. 
Amensalism, antagonism, and eccrinolysis are indirect interactions 
which f a l l into this category, and there i s room and motivation 
for much work on them. In addition, there are many elementary 
mechanisms of commensalism, mutualism, and protocooperation that 
have been neglected. Among the direct interactions, nothing 
quantitative i s known about crowding and symbiosis, and the former 
interaction, at least, should be made the object of study quite 
soon. 
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New experimental techniques and apparatus for studying popu
lat i o n interactions need to be developed. Alternate and improved 
methods of obtaining census data on systems containing two or more 
populations are c r i t i c a l needs, and improved, automated means of 
making chemical analyses of abiotic media would be most helpf u l , 
too. 

New mathematical techniques for dealing with the systems of 
nonlinear d i f f e r e n t i a l equations that result from models of popu
lati o n interactions need to be found. Discussions with mathema
ticians make i t clear that techniques which would seem to be 
useful have not been much developed, so rapid progress is not to 
be expected in this d i f f i c u l t l i n e of endeavor. However, some 
progress has been made. For example, Stephanopoulos (79,80) has 
shown how the theory of the Poincaré index can be applied to the 
equations of binary populatio  interactions  Th  proble  with 
this technique i s that i
reduced to two ordinary  equations y
of binary interaction f a l l into this category (79), but many do 
not and of course ternary, quaternary, etc. interactions do not, 
either. 

Another l i n e of research, entirely different from what has 
just been mentioned, concerns the applications of mixed cultures 
and of knowledge about interactions i n mixed cultures. It seems 
to me that i t would now be worthwhile to try to think of i n d u s t r i a l 
operations where mixed cultures could be used to advantage. 
Development of genetic engineering techniques for making micro
organisms capable of doing s p e c i f i c , assigned tasks would seem to 
have increased the likelihood that successful mixed culture pro
cesses can be developed, and work on developing them might now 
prove to be rewarding. There i s also the additional f i e l d of 
application of models and theories of population interactions to 
problems of understanding the dynamics of natural ecosystems. 
Mitigation of pollution of lakes and streams, cleanup of o i l and 
chemical s p i l l s , prevention of acid mine drainage, and so on, are 
a l l r e a l and large problems, and i t i s reasonable to expect that 
application of the models and theories noted can be of help i n 
solving such problems. 
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The Role of S p e c i a l i s t s a n d G e n e r a l i s t s 

i n Microbial Population Interactions 

J. G. KUENEN 
Delft University of Technology, Laboratory of Microbiology, 
Julianalaan 67a, 2628 BC Delft, The Netherlands 

In many environments highly specialized bacteria co
exist with generalists
bolize a large diversit
understand the mechanisms of interaction between 
these types of bacteria, model experiments in con
tinuous culture have been carried out with two 
typical specialists and one generalist. It could be 
shown that the generalist can compete successfully 
with specialists for growth limiting substrates 
when mixtures of substrates are available. Under 
these conditions the generalist can utilize these 
mixtures simultaneously. Another advantage of gene
ralists might lie in their capability to continue 
to grow when the supply of different substrates al
ternate. In that case specialists would alternati
vely grow and starve. Model-competition experiments 
indicate that, in general, the success of specia
lists was favoured by increased length of growth 
and starvation periods. 

The breakdown of organic and inorganic compounds i n nature i s 
carried out by an enormous div e r s i t y of bacteria which are adapted 
to a variety of physical and chemical environmental parameters. In 
a given environment, many microorganisms may coexist which often 
have completely different metabolic c a p a b i l i t i e s , but sometimes 
also have overlapping properties. Typically, one can find highly 
specialized organisms, able to metabolize only one or a few com
pounds, coexisting with very v e r s a t i l e organisms, termed genera
l i s t s . The la t t e r are able to metabolize a great di v e r s i t y of or
ganic compounds. 

From the ecological point of view one may ask how to explain 
this coexistence of microorganisms and how their respective phy
s i o l o g i c a l properties may give them an advantage or disadvantage 
under a given growth condition. Similarly, from the point of view 
of management of sewage treatment plants, one may ask how the 
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regime of a plant may select certain metabolic types and how this 
may have a bearing on properties of the plant such as susceptibi
l i t y to pulse charges and loading capacity. 

In order to understand the complicated reactions occuring be
tween s p e c i a l i s t s and generalists within a complex mixture of 
other organisms, a thorough insight into their basic metabolic 
properties, that i s their physiological behaviour, i s needed. Un
fortunately the physiology of most microorganisms i s impossible 
to study i n the very complicated mixtures i n which they naturally 
occur. Therefore, as a i n i t i a l approach, i t has been necessary to 
study s p e c i a l i s t s and generalists i n pure cultures, and i n a r t i f i 
c i a l composite-mixtures of organisms i n order to obtain insight 
into their ecological niches. 

When grown on their s p e c i f i c substrate i n the laboratory, the 
s p e c i a l i s t s are characterized b  high s p e c i f i  growth rate
(ymax), whereas the generalist
low maximum s p e c i f i c growt y
l i z e . Even at very low concentrations of a substrate, as they 
generally occur i n the environment, the v e r s a t i l e organisms grow 
r e l a t i v e l y slowly. 

Figure 1 shows a generalized picture of the relationship be
tween the growth limiting substrate and the s p e c i f i c growth rate 
of a s p e c i a l i s t and a generalist. 

It may be asked whether the generalists might be able to grow 
faster than s p e c i a l i s t s i n mixtures of substrates. However, under 
such conditions the generalists often show sequential substrate 
u t i l i z a t i o n , known as diauxie. A well known example i s the growth 
of the bacterium Escherichia coli on mixtures of glucose and l a c 
tose. F i r s t the glucose i s u t i l i z e d , and only when this compound 
is completely metabolized, the enzymes needed for lactose u t i l i z a 
tion w i l l be induced, allowing growth on lactose. Thus at high 
concentrations of mixtures of substrates, simultaneous u t i l i z a 
tion i n this case i s not possible. 

One should r e a l i z e that i n many natural and seminatural envi
ronments concentrations of substrates are generally low, usually 
below the mM and even often below the pM range. Under such condi
tions, the growth rate of microorganisms w i l l be limited by the 
concentration of their substrates, and mixed substrate u t i l i z a 
tion might be possible. In the laboratory, growth under dual sub
strate l i m i t a t i o n can be conveniently created i n a flow-controlled 
chemostat, or continuous culture. In the growth medium supplied 
to the culture, a l l ingredients necessary for growth are i n ex
cess except for the two substrates i n question. It has been shown 
for E. coli by Silv e r and Mateles (1) that under such conditions 
simultaneous u t i l i z a t i o n of glucose and lactose was possible. 
Analogous results have been obtained for other bacteria, such as 
Pseudomonas oxalaticus growing on mixtures of formate and acetate 
(2) and Thiobacillus s t r a i n A2 growing on thiosulfate and acetate 
(J3). Our own work on the generalist Thiobacillus A2 may serve as 
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Figure 1. The relationship between the 
concentration (s) of the growth-limiting 
substrate and the specific growth rate (μ) 
of a typical specialist and a typical gen
eralist bacterium growing on the same 

substrate. 
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an example, T. A2 i s a very v e r s a t i l e organism able to grow on at 
least 25-30 differ e n t organic substrates, and, i n addition, also 
capable of autotrophic growth on inorganic reduced sulfur com
pounds. (See Table I)· Under the l a t t e r conditions i t oxidizes, 
for example, thiosulfate or sulfide as a source of energy while 
using carbon dioxide as the only carbon source for growth. When 
grown i n batch culture in the presence of high concentrations of 
acetate and thiosulfate Τ. A2 clearly shows a biphasic u t i l i z a t i o n 
of the two compounds (Figure 2). However when grown in the chemos
tat under growth li m i t a t i o n by this mixture, simultaneous u t i l i 
zation of acetate and thiosulfate i s possible irrespective of the 
available r a t i o of thiosulfate and acetate (Figure 3). Under such 
conditions, acetate and thiosulfate concentrations i n the culture 
are below the detection l e v e l . The metabolic machinery of T. A2 
adapts to the required turnover rates of the respective sub
strates. For example, th
sent at maximum capacit
culture, whereas no thiosulfate respiration capacity i s present 
when only acetate i s available. Interestingly, the a b i l i t y of the 
c e l l s to assimilate C O 2 for c e l l carbon i s e f f i c i e n t l y adapted to 
the available organic carbon i n the culture. This implies that 
when the r a t i o of thiosulfate to acetate i s r e l a t i v e l y high, ace
tate i s used primarily as a carbon source to "save" energy for 
C O 2 f i x a t i o n . Further work i n our laboratory by others (Ji and j ) 
has shown that simultaneous u t i l i z a t i o n of mixtures of other 
substrates i s equally possible. 

The aim of our research was then focussed on the question of 
whether this generalist would be able to compete successfully for 
growth-limiting substrates with s p e c i a l i s t s during mixotrophic 
growth under nutrient lim i t a t i o n . For our purpose we used the 
three model organisms shown i n Table II. These included a typical 
generalist, namely the v e r s a t i l e Thiobacillus A2, and two specia
l i s t s . The f i r s t s p e c i a l i s t was the chemolithoautotroph, Thioba
cillus neap olitonus9 which can grow very fast i n minerals-thio
sulfate medium using C O 2 as i t s carbon source, and the second was 
a chemoorganoheterotroph Spirillum G7, which can grow very rapidly 
on minerals-acetate medium using acetate as carbon and energy 
source. (See also Table I ) . 

A series of experiments was carried out i n continuous culture 
to study the competition between sets of two and three organisms. 
In the f i r s t experiment, Thiobacillus A2 and Thiobacillus neapoli-
tanus were each grown separately in a thiosulfate-limited chemos
tat. Once steady states had been established at a fixed d i l u t i o n 
rate, the cultures were mixed one to one (v/v) and the change i n 
the percentages of the two organisms was followed u n t i l no further 
change could be observed for one or two volume changes. Figure 4 
shows that i n minerals-thiosulfate medium, Thiobacillus A2 was 
out-competed by the s p e c i a l i s t . T. A2 was not completely elimina
ted since i t has been shown that the s p e c i a l i s t excretes g l y c o l -
late (6) which can be consumed by T. A2. 
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Table I 

Types of metabolism of "model11 bacteria used for the study of 
competition between " s p e c i a l i s t s " and "generalists". 

GENERALIST: 
Facultative chemolitho(auto)troph ("mixotroph") (Thiobacillus A2) 

= °2 S 20 3 (or S ) > S0 4 

Energy source: and/or Λ 
U2 (many) organic compound(s) > CO^ 

C O 2 — * cellmaterial 
Carbon source: and/or 

(many) organic compound(s) — ^ cellmaterial 

SPECIALIST I 
Obligate chemolitho(auto)troph (Thiobacillus neapolitanus) 

0 o 

52 u3 
2 

Energy source: S ?0« (or S ) =-> SO, 
Carbon source: CO^—^ cellmaterial 

SPECIALIST II 
Chemo(organo)heterotroph (Spirillum G7) 

°2 

Energy source: (few) organic compounds > CO^ 

Carbon source: (few) organic compounds—^ cellmaterial 
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0 2 4 6 8 10 12 % 16 
time (h) 

Figure 2. Maximum substrate oxidation capacities ( Q o ^ ' j and substrate concen
tration during growth of T. A2 on a mixture of acetate and thiosulfate in batch 
culture. The inoculum consisted of cells from an acetate-grown culture. Key: · , 
q0 ™*-thiosulfate; A , Qog^'-acetate; O , thiosulfate concentration; Δ , acetate 
concentration. Reproduced, with permission, from Ref. 3. Copyright 1980, Springer-

Verlag. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



10. KUENEN Microbial Specialists and Generalists 235 

0 2 4 6 8 10 12 14 16 18 20 
acetate (mM) 

40 36 32 28 24 20 16 12 8 4 0 
thiosulfate (mM) 

Figure 3. Maximum substrate oxidation potentials and carbon dioxide fixation 
potential of whole cells of T. A2 as a function of different acetate and thiosulfate 
concentrations in the reservoir medium of the chemostat cultures. Key: · , Qo™*-
thiosulfate; A , QoJ™1*-acetate; M, C02-fixation potential. Reproduced, with per-

mission, from Ref. 3. Copyright 1980, Springer-Verlag. 

Data were obtained with cells from thiosulfate- and/or acetate-limited chemostat cultures in 
steady state at a dilution rate of 0.05 h~1. Acetate and thiosulfate concentrations in the cultures 
were below the detection level. Cellular carbon in the cultures ranged from 110 mg C/L (40 

mM thiosulfate) to 200 mg C/L (20 mM acetate). 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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When acetate was supplied to the inflowing medium, the number 
of T. A 2 c e l l s increased since T. neapolitanus cannot u t i l i z e 
acetate. Figure 5 shows that with increasing acetate concentration 
the percentage of T. A 2 gradually increased and coexistence of the 
two organisms became possible. Above a concentration of about 10 
mM acetate, the s p e c i a l i s t was eliminated from the culture. The 
explanation for this l i e s i n the a b i l i t y of T. A 2 to u t i l i z e 
acetate and thiosulfate simultaneously under these growth condi
tions. With increasing acetate concentration, the absolute concen
tration of the T. A 2 c e l l s increased and allowed these organisms 
to claim an increasingly larger share of thiosulfate. Eventually, 
the r a t i o of acetate to thiosulfate became such that T. A 2 was 
able to reduce the thiosulfate concentration to below the l e v e l at 
which T. neapolitanus could maintain the required growth rate, re
sulting i n the wash out of the s p e c i a l i s t  Very similar results 
were obtained with mixture
thiosulfate and glucose

Competition experiments between the s p e c i a l i s t Spirillum G7 
and T. A 2 gave analogous results. In acetate medium Spirillum G7 
out-competed T. A 2 completely. Thiobacillus A 2 out-competed the 
s p e c i a l i s t when more than 10 mM thiosulfate was present i n the 
acetate-minerals medium. Obviously, under "natural" conditions i n 
the environment, or i n sewage treatment plants, the generalist 
would have to compete with both s p e c i a l i s t s at the same time. 
Therefore, three-membered cultures were also studied. The results, 
as summarized i n Figure 6, show that coexistence of the three 
organisms was possible over a large range of concentration ratio's 
with T. A 2 dominating the culture. The coexistence of three orga
nisms does not agree with theoretical predictions which w i l l be 
discussed below. In any case the outcome of these experiments 
cle a r l y indicated that when mixed substrates are supplied, genera
l i s t s have metabolic advantages which allow them to claim a 
"niche", that i s , a right of existence i n the natural environment. 
The v a l i d i t y of this generalisation was confirmed by the results 
of enrichment cultures carried out i n the chemostat inoculated 
with natural samples. Table III shows the outcome of such enrich
ment cultures performed with different mixtures of thiosulfate and 
acetate. In a l l cases when fresh water inocula were used, a domi
nant culture of a generalist Thiobacillus was obtained. Interes
tingly, i n 4 out of 5 cases the generalist was a facultative 
chemolithotroph able to grow autotrophically. However, in one 
case when r e l a t i v e l y high amounts of acetate were presented to the 
culture, a bacterium able to obtain energy from thiosulfate but 
not able to f i x C O 2 came to the fore. This i s not surprising, 
since at this r a t i o C O 2 f i x a t i o n i s not required (compare Figure 3 
for T. A 2 ) . 

As mentioned before, a somewhat puzzling result of the compe
t i t i o n experiments with the three-membered culture was that 
coexistence of three organisms seemed possible. In several theore-
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Table II 

Maximum s p e c i f i c growth rates ν^οχ (h ̂ ) of the specialized, 
obligately chemolitho(auto)trophic Thvobacillus neapolitanus, 
the v e r s a t i l e , f a c u l t a t i v e l y chemolithοtrophic Thiobacillus A2 (a 
generalist), and a specialized heterotrophic Spirillum G7, during 
growth i n minerals medium supplemented with thiosulfate ( t ) , 
acetate (a) or mixtures of both substrates (t + a). 
T. neapolitanus and Spirillum G7 cannot grow on acetate or thio
sulfate respectively (10). 

Maximum s p e c i f i c growth rate P m a x (h )̂ 

t a t + a 

T. neapolitanus 0.3

Thiobacillus A2 0.10 0.22 0.22 

Spirillum G7 - 0.43 0.43 

3 A 5 6 7 8 

Volume changes 

Figure 4. Competition in continuous culture between T. neapolitanus (the special
ist) and T. A2 (the generalist) for thiosulfate as the only growth-limiting substrate. 
Key: Φ, relative cell number of Τ. A2; Ο , T. neapolitanus. Reproduced, with per

mission, from Ref. 4. Copyright 1979, Springer-Verlag. 

The chemostat was run at a dilution rate of 0.05 h'1 with a 40 mM thiosulfate concentration in 
the reservoir medium. Organisms had been pregrown separately in continuous culture at 

Ό = 0.05 h'1 and at zero time mixed in a 1:1 rate. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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Figure 5 A. Effect of different concentrations of organic substrate on the outcome 
of the competition between T. A 2 and T. neapolitanus for thiosulfate. Protein 
concentration and organic content in the cultures are shown, limited by thiosulfate 
plus acetate or glycollate. Reproduced, with permission, from Ref. 4. Copyright 

1979, Springer-Verlag. 

The chemostat was run at a dilution rate of 0.07 h'1. The inflowing medium contained thiosulfate 
(40 mM) together with either acetate or glycollate at concentrations ranging from 0-7 mM. 
Relative cell numbers, protein content, and organic cell carbon in the culture were determined 

after steady states had been established. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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Oh 

(• glycollate) 

J. neapolitanus 
(•glycollate) 

-L -L JL 
3 4 5 6 7 8 9 10 
GLYCOLLATE OR ACETATE (mM) 

Figure 5B. Effect of different concentrations of organic substrate on the outcome 
of the competition between T. A2 and T. neapolitanus for thiosulfate. Conditions 
as in Figure 2A. The percentage of T. A2 cells and of T. neapolitanus cells in 
cultures are shown, with thiosulfate plus acetate or glycollate in the reservoir 
medium. Reproduced, with permission, from Ref. 4. Copyright 1979, Springer-

Verlag. 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



240 BIOCHEMICAL ENGINEERING 

mM THIOSULFATE 

Figure 6. Results of competition between the generalist T. A2, and two specialists, 
T. neapolitanus and Spirillum G7 for thiosulfate and acetate as growth-limiting 
substrates in the chemostat at a dilution rate of 0.07 h'1. Concentrations in the 
inflowing medium ranged from 0-20 mM for acetate and from 0-40 mM for thio
sulfate. After a steady state had been established relative cell numbers were 
determined. Solid line, experimental data; dashed line, outcome of the competition 

as predicted from mathematical modeling. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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t i c a l treatments of the growth of microbial populations on mix
tures of substrates i t has been predicted that the maximum number 
of organisms which can coexist can never be more than the number 
of growth-limiting substrates supplied to the culture. This holds 
i f no interaction other than mere competition takes place i n the 
culture. Based on previous publications of other workers Gottschal 
and Things tad (_7) have developed a mathematical model for growth 
of the three organisms i n the particular case. 

The model i s based on simple Monod kinetics for growth. The 
s p e c i f i c growth rate of the s p e c i a l i s t autotroph (A) on t h i o s u l 
fate (t) i s 

max 
U t A (8 ) = y t A · S t 

i n which s t is the concentration of the thiosulfate and K t^ the 
substrate saturation constant of the autotroph for thiosulfate. 

Similarly, for growth of the heterotroph (H) on acetate (a) 
one obtains 

max 
M a H <·.) - y - s » 

aH + s a 

The growth rate for the mixotrophic generalist (M) has been taken 
as the sum of the two separate growth rate: 

max max 
\L, ( s . s . ) = PaM * S a ytM ' S t 

Κ + s + Κ + s, aM a tM t 

As pointed out by Gottschal and Thingstad (J) 9 this i s an approxi
mation which can only be v a l i d at low growth rates where the re
lationship between μ and s in nearly linear. This model does not 
take into account that the generalist adapts i t s substrate o x i d i 
zing capacity to the r a t i o between the two substrates available i n 
the mixture. This would probably lead to an over-estimation of max max 
μ ~ and μ ^ . It could be shown, however, that i n a two-membered 
culture the decrease of μ ^ would have a constant value since the 
physiological state of the generalist (M) would be constant. 

Although the model allowed accurate prediction of the compe
t i t i o n between two organisms (Figure 7 a,b), i t could indeed not 
account for the anomaly observed i n the experiments using three 
organisms. The dotted lines of Figure 6 describe the predicted 
steady state values. The parameters used i n this prediction had 
been derived from the outcome of the results obtained from the 
two-membered cultures. 

Several p o s s i b i l i t i e s explaining this anomaly have been con-
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0 2 4 6 8 10 

acetate (mM) 

Figure 7A. Cell density of the generalist (mixotroph T. A2, O) and the autotroph 
(specialist T. neapolitanus, Φ) in mixed chemostat culture at steady state, growing 
at a dilution rate of 0.075 h'1. Growth was simultaneously limited by thiosulfate 
(reservoir medium concentration, S° —40 mM) and by increasing concentrations 

of acetate in the reservoir medium (Sa° = 0-10 mM). 
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2 4 6 8 
thiosulfate (mM) 

Figure 7B. Cell density of the mixotroph (O) and the heterotroph (specialist 
Spirillum G7, %) in mixed chemostat-culture at steady state, growing at a dilution 
rate of 0.075 h1. Growth was simultaneously limited by acetate (Sa° = 20 mM) 
and by increasing concentrations of thiosulfate in the inflowing medium (0-10 mM). 
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sidered. F i r s t of a l l , the assumption that no interactions other 
than competition for the substrates occur may be incorrect. A l 
though this p o s s i b i l i t y cannot be ruled out, i t i s unlikely since 
the spent medium from each of the pure cultures did not influence 
the growth of the other(s). T. neapolitanus did however excrete 
gl y c o l l a t e , which can be u t i l i z e d by T. A2 and by Spirillum G7. 
However, the effect of glyco l l a t e should be greatest when the con
centration of T. neapolitanus i s highest, and this i s apparently 
not the case. 

A more complicated explanation may l i e i n the fact, indicated 
above, that i n the theoretical treatment, i t has been assumed that 
the growth of T. A2 i s the sum of the separate s p e c i f i c growth 
rates on the individual substrates. As long as only two organisms 
are present i n the culture, T. A2 may indeed be i n a constant 
metabolic state. However  th  physiological stat f T. A2 i  th
presence of T. neapolitanus
in the presence of Spirillum y
politanus is removed from the culture the metabolic state of T. A2 
w i l l change to that found i n pure culture during mixed substrate 
consumption (Figure 3). As a result, the assumed K g and μ a x 

values for T. A2 w i l l a l t e r and in fact i t can be shown that this 
w i l l make T. A2 less competitive. As pointed out by Gottschal and 
Thingstad Ç7), i t may therefore be that the rate at which the 
s h i f t i n population occurs in the three-membered culture i s much 
smaller than that i n the two-membered cultures. Mathematical simu
l a t i o n experiments show that i f a s h i f t i n parameters happened, 
i t might very well take 100 or more volume changes before a real 
steady state would be attained. If this were the case, changes 
might have taken place so slowly that they were not noticed in 
the actual experiments, even though, i n one experiment, a measure
ment of ratios was made after 30 volume changes. 

In spite of the discrepancy between the theoretical and prac
t i c a l models, i t should be stressed that both models clearly i n d i 
cate the ecological advantages of a generalist type of physiology. 

Recent work by Laanbroek, Smit, Klein-Nulend and Veldkamp (8) 
shows that this phenomenom may also explain the coexistence of 
ve r s a t i l e and s p e c i a l i s t Clostridium species. Furthermore, results 
obtained by Harder and co-workers (W. Harder, University of 
Groningen, unpublished) indicated that the same princ i p l e may 
apply to generalists and sp e c i a l i s t s among the methanol u t i l i z i n g 
bacteria. 

Mixotrophic growth of the generalists i s apparently only one 
possible advantage of a ve r s a t i l e metabolism. Another possible 
benefit might l i e i n the capability of v e r s a t i l e organisms to grow 
continuously with alternating supplies of two substrates. This has 
also been studied i n d e t a i l for the same set of three organisms 
shown i n Table II. (9). Figure 8 gives an example of one series 
of experiments designed to show that the generalist can grow un
interruptedly during an alternating supply of 4h thiosulfate, 
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Figure 8. T. A 2 grown under alternate limitation of acetate and thiosulfate in 
continuous culture at a dilution rate of 0.05 h1. Thiosulfate (40 mM) or acetate 
(10 mM) was supplied to the culture, each for 4 h. The dashed lines indicate the 
minimum activities needed for uninterrupted growth. Reproduced, with permission, 

from Ref. 9. Copyright 1981, Society for General Microbiology. 
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4h acetate, i n a chemostat run at a d i l u t i o n rate of 0.05 h 
Under these conditions, the overcapacity of T. A2 to oxidize 
either of the substrates was marginal. During the acetate period, 
the a b i l i t y to oxidize thiosulfate was repressed more than the 
acetate oxidation potential was during the thiosulfate period. 
When the acetate period was extended r e l a t i v e to the thiosulfate 
period, T. A2 no longer maintained a s u f f i c i e n t l y high t h i o s u l 
fate oxidation potential to permit continued growth at the same 
rate. As a resul t , population densities started to fluctuate and 
thiosulfate transiently accumulated. 

Interestingly, the two s p e c i a l i s t organisms grew well i n pure 
culture on their s p e c i a l i s t substrate under a regime of 4h sub
strate (thiosulfate or acetate) and 4h starvation. Of course, 
during the starvation period a proportion of the s p e c i a l i s t s was 
washed out of the chemostat
a very high overcapacit
to grow instantaneously at a high rate after the starvation period. 

When a competition experiment was carried out between T. A2 
and T. neapolitanus under alternating substrate conditions, the 
two organisms appeared to coexist i n equal numbers. This suggested 
that T. neapolitanus would u t i l i z e p r a c t i c a l l y a l l of the thios u l 
fate, whereas T. A2 was growing on acetate only. 

The explanation of this result l i e s i n the v e r s a t i l i t y of 
T. A2. During the acetate period T. A2 reduced i t s thiosulfate 
oxidizing capacity whilst T. neapolitanus was washed out but re
tained i t s high thiosulfate oxidation potential. As a resul t , at 
the beginning of the thiosulfate period, the T. neapolitanus popu
l a t i o n could oxidize the thiosulfate at a much higher rate than 
T. A2. Direct measurement of the substrate levels i n the chemostat 
showed that under these conditions T. neapolitanus could maintain 
the concentration of the substrate 10 f o l d lower than T. A2 was 
able to (Figure 9). Thus, during the thiosulfate period i n the 
mixed culture T. neapolitanus could grow much faster than T. A2. 
Furthermore, the very low concentration of thiosulfate imposed by 
T. neapolitanus obviously led to a further reduction of the thio
sulfate oxidizing potential of T. A2. In other words, the genera
l i s t was forced by the s p e c i a l i s t to grow as a heterogroph on ace
tate only. 

T. A2 i s , however, not a s p e c i a l i s t heterotroph and the addi
tion of the s p e c i a l i s t a c e t a t e - u t i l i z i n g Spirillum G7 to the two-
membered culture led to wash out of T. A2, resulting i n a coexis
ting population of the two s p e c i a l i s t s (Figure 10a). 

Further experiments showed that an alternating supply of two 
dif f e r e n t mixtures of thiosulfate and acetate led to coexsistence 
of a l l three organisms (Figure 10 b,c). Obviously, under an a l t e r 
nating supply of s p e c i a l i s t substrates, generalists similar to 
T. A2 clearly are at a disadvantage. However, i t could be shown 
that nature habours organisms akin to T. A2 which are better 
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60, 

Figure 9. The accumulation of sulfide under alternate supply of 4 h acetate, 4 h 
sulfide to a continuous culture of T. A2. O, sulfide concentration in the culture at 
pH 8.0; and · , at pH 7.5. Competition experiments all had been carried out at pH 
7.5. Sulfide is a substrate which, in these experiments, is entirely equivalent to thio
sulfate, but has the advantage of being detectable down to a concentration of less 
than 1 μΜ. In cultures of T. neapolitanus grown at pH 7.5 the sulfide concen
tration never increased to above 4 μΜ. Reproduced, with permission, from Ref. 12. 
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Figure 10. Competition in continuous culture between T. A2, T. neapolitanus and 
Spirillum G7 for thiosulfate and acetate as growth-limiting substrates. The dilution 
rate was 0.05 h'1 with intermittent feeding of two media containing thiosulfate, or 
acetate, or both. These media were supplied alternately to the culture, each during 
4 h. Key: • , T. A2; Spirillum G7; and Ο , T. neapolitanus as percentage of the 
total cell number present in the culture. A: One medium contained 10 mM acetate, 
the other 40 mM thiosulfate. B : One medium contained 2.2 mM acetate plus 34.4 
mM thiosulfate, the other 10 mM thiosulfate plus 6.4 mM acetate. C: One medium 
contained 5.7 mM acetate plus 31.0 mM thiosulfate, the other 6 mM thiosulfate plus 
11.7 mM acetate. Reproduced, with permission, from Ref. 9. Copyright 1981, 

Society for General Microbiology. 
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adapted to the regime described i n Figure 10a. When a continuous 
cu l ture under t h i s regime was inoculated w i t h f resh water mud, a 
dominant populat ion of a sp i r i l lum-shaped f a c u l t a t i v e chemolitho-
troph developed (9). The success of t h i s organism was probably due 
to i t s a b i l i t y to " s t o r e " acetate as a polymer (poly-f$-hydroxy-
butyrate) i n the c e l l s . This polymer was used during the t h i o s u l -
fate period as a source of carbon (J.-G. Kuenen and A. Spijkerman, 
unpublished r e s u l t s ) . In t h i s way, the t h i o s u l f a t e u t i l i z i n g s p i 
r i l l u m could save energy for CO2 f i x a t i o n during the t h i o s u l f a t e 
per i od . 

The experiments described i n t h i s paper c l e a r l y show the pos
s i b l e advantages and disadvantages of the s p e c i a l i s t versus géné
ra l e s t s t ra teg ies for s u r v i v a l . Our present hypothesis i s that 
s p e c i a l i s t organisms w i l l be success ful under condit ions where 
the turnover rate of t h e i r s p e c i a l i s t substrate i s high r e l a t i v e 
to that of other substrates
ganisms might have an advantage when the r e l a t i v e turnover rates 
of severa l of t h e i r growth substrates are i n the same order of 
magnitude. Obviously when the supplies of d i f f e r e n t substrates 
s trongly f luc tuate or even a l t e r n a t e , the outcome of competition 
between s p e c i a l i s t s and genera l i s t s f o r g r o w t h - l i m i t i n g substrates 
w i l l be determined by the length of the supply per iods . As yet i t 
has not been poss ib le to confirm these pred i c t i ons w i th d i r e c t 
measurements of genera l i s t s and s p e c i a l i s t s i n n a t u r a l mixed c u l 
tures . At present we are developing methods for the measurement 
of the contr ibut ions of the d i f f e r e n t populat ion i n s u i t a b l e 
systems, namely sewage treatment p l a n t s , which receive supplies 
of , f or example, s u l f i d e and organic substrates . 

A bet ter understanding of the s e l e c t i o n of d i f f e r e n t popula
t ions i n the mixed cul tures of sewage treatment plants may f a c i 
l i t a t e c ont ro l and management of these p l a n t s . An example may 
help to ads t r u c t t h i s p o i n t . The presence of s p e c i a l i s t popula
t ions w i l l improve the " r e s i l i e n c e " of the p lant to strong f l u c 
t u a t i o n s , s ince the organisms u s u a l l y possesss a h igh overcapa
c i t y . In contrast i f , during supply of s u l f i d e and organic com
pounds, chemolithotrophic heterotrophs are se l e c ted , the popula
t i o n w i l l become extremely s e n s i t i v e to strong f l u c t u a t i o n s of 
s u l f i d e , not only because t h e i r maximum r e s p i r a t o r y capacity i s 
low, but a lso because such organisms tend to produce tox i c p r o 
ducts i n h i b i t o r y for t h e i r own metabolism of s u l f i d e . In such a 
case, a sudden pulse of s u l f i d e would lead to accumulation of 
s u l f i d e , subsequent formation of t o x i c products , and fur ther i n 
h i b i t i o n of the s u l f i d e o x i d a t i o n , leading to even fur ther accumu
l a t i o n of t h i s compound. With p r i o r knowledge of t h i s s e l e c t i o n , 
one might be able to absorb t h i s peak l oad ing , thus avoiding u n 
s a t i s f a c t o r y performance of the sewage treatment p l a n t . 
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Microbial Predation Dynamics 

M. J. BAZIN, C. CURDS1, A. DAUPPE1, Β. Α. OWEN, and 
P. T. SAUNDERS 
Queen Elizabeth College, Department of Microbiology, London, England W87AH 

The specific growth rate of a microbial predator 
(λ) was found t
the prey (H) to
rather than the prey density alone. Predatory 
amoebae of the cellular slime mould Dictyostelium 
discoideum were grown in single-stage and two
-stage chemostat cultures with the gut bacterium, 
Escherichia coli as their source of food. Predator 
growth in the cultures was compared to each of 
three functions which have been proposed for λ . 
In addition to showing that λ changed with respect 
to H/P, the results indicated also that it depended 
explictly on time, so that the differential 
equations describing the predator-prey system are 
probably non-autonomous. 

Quite cle a r l y , the growth of a predator population i s in 
some way dependent upon the abundance of i t s prey. The most 
frequently cited model of predator-prey dynamics i s the set of 
linked, non-linear d i f f e r e n t i a l equations known as the Lotka-
Volterra equations (1). This model assumes that i n the absence 
of predator, the prey grows exponentially, while i n the absence 
of prey the predator dies exponentially, and that the predator 
growth rate i s d i r e c t l y proportional to the product of the prey 
(H) and predator (P) population densities. The equations are: 

H = k x Η - k 2PH (1) 

Ρ = -k 3 Ρ + k 4PH (2) 

where k^ s are constants. The spe c i f i c growth rate of the 
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predator population (λ) according to the model i s therefore 
d i r e c t l y proportional to the prey density: 

λ - k 4 Η (3) 

In microbiology the relationship between the spe c i f i c growth 
rate of a microbial predator and i t s prey i s often expressed i n 
terms of the hyperbolic function suggested by Monod (2) for the 
growth of bacteria on a l i m i t i n g dissolved nutrient. Applied to 
prédation the function i s : 

λ = λ H/(L + Η) (4) m 
where λ i s the maximum speci f i c growth rate and L i s the 
concentration of prey s u f f i c i e n t fo  growth t sp e c i f i  rat
V 2 · 

Both the Lotka-Volterra and the Monod functions for predator 
spec i f i c growth rate are dependent upon a single variable, the 
concentration of prey organisms. A third function, proposed by 
Contois (3) for bacterial growth as an alternative to that of 
Monod, when applied to predator growth takes the form: 

λ = λ Η/(LP + Η) (5) m 
In this case the spec i f i c growth rate i s a function of both prey 
and predator density. 

Using the c i l i a t e protozoan Tetrahymena pyriformis as a 
predator and Kl e b s i e l l a aerogenes as prey, Curds and Cockburn 
(4) found that of the three functional forms suggested for 
predator s p e c i f i c growth rate represented by equations (3) - (5), 
the Contois equation gave the best f i t to their data. Dividing 
the numerator and denomenator of equation (5) by Ρ gives 

λ = λ ((H/P) / (L + H/P)) (5a) m 
showing that predator spe c i f i c growth rate according to the 
Contois equation can be considered to be a function of the ra t i o 
of prey to predator population densities. Using, catastrophe 
theory, analysis of results from experiments in which slime 
mould amoebae fed on E. c o l i indicated that i t was this r a t i o 
that was the c r i t i c a l variable i n the system 05). 

The goal of the research we report here was to determine 
whether the speci f i c growth rate of predatory amoebae of the 
c e l l u l a r slime mould Dictyostelium discoideum feeding on the gut 
bacteria, Escherichia c o l i was dependent upon prey density alone 
or upon the ra t i o of prey to predator. Two experimental systems 
were employed, both based on the chemostat type of continuous 
culture. A chemostat i s a continuously s t i r r e d tank reactor i n 
which microorganisms grow i n a homogeneous environment and are 
supplied with nutrient solution at the same volumetric rate at 
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which the culture i s harvested. The advantages of such a system 
for studying microbial predator-prey dynamics have been described 
previously (6), but essentially, chemostat culture extends the 
period of time over which an experiment can be performed, 
reduces the effect of s t a t i s t i c a l fluctuations and sampling 
errors and has well-defined parameters which can be controlled 
by the experimenter while other aspects of the external environ
ment can be kept constant. 

Our f i r s t experimental system consisted of a single-stage 
chemostat to which nutrient solution for the bacterial prey was 
fed at a constant rate and i n which the interaction between the 
prey and the predator took place. The equation of balance for 
the two populations can be written as: 

Ρ - ( λ - D) Ρ (6) 

Η = ( u - D ) H  (7) 
W 

where D = d i l u t i o n rate (the rate of flow through the culture 
vessel divided by i t s volume), u i s the s p e c i f i c growth rate of 
the prey and W i s the y i e l d of predator per unit of prey consumed, 
assumed to be constant. 

When slime mould amoebae and bacterial prey are grown 
together i n a chemostat, the population densities of both 
organisms fluctuate sinusoidally for several days (7, 8). 
We estimated the s p e c i f i c growth rate of the predator population 
in such cultures from the slope of the curve generated by 
plotting the logarithm of the predator density against time. 
This slope i s 

Ρ/Ρ = λ - D (8) 

from which relationship λ could be simply calculated. Prey 
density was also measured so that the change i n λ as a function 
of Η and H/P could be determined. 

Our second experimental system consisted of two chemostats 
linked i n series. In the f i r s t vessel the bacterial prey was 
allowed to come to steady state and then fed into the second 
stage vessel which contained the amoebae. As the l i m i t i n g 
nutrient source for the bacteria i s v i r t u a l l y exhausted under 
steady state conditions, i t was assumed that no further growth 
of prey occurred i n the second vessel. In the second vessel 
the equation of balance for the predator i s : 

Ρ = (λ - D ) Ρ (9) 

so that at steady state 

λ = D (10) 
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By feeding bacteria to the predator population at different 
d i l u t i o n rates and measuring the steady state prey density i n the 
second vessel i t i s therefore possible to relate λ and Η to each 
other. 

Methods 
Escherichia c o l i B/r and Dictyostelium discoideum NC4 were 

maintained routinely and grown i n single-state chemostat culture 
as described previously (8). The outflow of chemostat cultures 
was passed along the same li n e as expelled a i r and by this means 
was forced into tubes resting i n a refrigerated fraction 
c o l l e c t o r . Fractions were collected at hourly intervals. 

For two-stage continuous culture, the f i r s t stage vessel had 
a maximum capacity of 1 L while the vessel used for the second 
stage had a maximum capacit  1  500
upon the volume appropriat
vessels were f i t t e d wit , flange g
access ports. Both vessels were mixed by means of magnetic 
s t i r r e r s and immersed i n water maintained at 25°. F i l t e r -
s t e r i l i s e d a i r was supplied to both stages and the flow of nutrient 
to the f i r s t vessel and the flow from the f i r s t to the second 
vessel was regulated by p e r i s t a l t i c pumps. Two-stage chemostat 
experiments were performed by inoculating the f i r s t vessel with 
I>» c o l i and incubating with the flow on u n t i l the system came to 
steady state. This was considered to have occurred when no 
significant change in the turbidity of the effluent c e l l suspension 
could be detected. At this time the second vessel was f i l l e d with 
culture from the f i r s t and inoculated with a suspension of 
D. discoideum spores. The culture i n the second vessel was 
incubated under batch conditions for about 48 h during which time 
the spores germinated to form amoebae. Flow from the f i r s t 
vessel to the second was then i n i t i a t e d and the amoebae cultured 
on a continuous basis. Samples were taken d i r e c t l y from the 
culture vessels for analysis. 

The c e l l number densities of the bacteria and the amoebae i n 
both systems was measured on a Coulter Counter (Coulter 
Electronics Ltd., Harpenden, England). Mean c e l l volumes were 
estimated using a Coulter C1000 Channelyzer. A 30 um diameter 
aperture was used for the bacteria and a 50 um aperture for the 
amoebae. Samples were suspended either in culture medium or 
"Isoton" (Coulter Electronics Ltd) immediately prio r to counting. 
Biomass was estimated either i n terms of biovolume, the product of 
the mean c e l l volume and the number of c e l l s present, or, for 
bacterial biomass where appropriate, as turbidity at 560 nm. 
Within the range of readings made there i s a linear relationship 
between c e l l volume density and turbidity at 560 nm for E. c o l i . 
Sing-estage continuous culture data was smoothed by the method of 
cubic splines using Nottingham Algorithms Routine E02AAF. A l l 
computations were performed on a CDC 6600 d i g i t a l computer. 
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Results 

Single-stage chemostat culture. The single stage chemostat 
system represents a food chain i n which glucose i s converted to 
bacterial biomass which, i n turn, i s converted to amoebal biomass. 
As glucose i s measured on a weight per unit volume basis i t i s 
appropriate that the other dependent variables of the system, H and 
P, be measured i n the same terms, i . e . biomass per unit volume. 
The number densities of the prey and predator populations would be 
appropriate units provided that the average mass per bacterial or 
amoebal c e l l remained constant. Results of a typical single-
stage experiment are shown i n Figure 1. The change i n the mean 
c e l l volume (MCV) of each species indicates quite c l e a r l y that 
c e l l mass does not remain constant. Therefore, we have used the 
biovolume density, the product f th  numbe  densit d MCV
estimates of H and Ρ i
considerable difference  syste
numbers and biovolumes i s shown by inspecting phase plant plots 
of our results. There were constfucted using smoothed data to 
plot predator density against prey density. Figure 2 shows the 
results obtained when number densities were used. An i n t e r 
dependence between the two variables i s not readily apparent. On 
the otherhand, as shown in Figure 3, when biovolume densities were 
used a more readily interprétable relationship emerges. It i s 
clear from the trajectory in phase space that the system damps 
slowly at f i r s t and then moves rapidly towards an equilibrium 
value. Figure 4 shows the change in P/P as a function of βtime, 
calculated from smoothed data, and Figure 5 i s a plot of P/P 
against Η constructed from the data i n Figure 4. 

Two-stage chemostat culture. In the two-stage continuous 
culture system, steady state i n the second vessel which contained 
the amoebal population took more than two weeks to achieve. 
Steady state was accompanied by considerable clumping of the c e l l s 
indicating, possibly, that the slime mould amoebae were 
aggregating. This condition was relieved only s l i g h t l y by 
increasing the concentration of EDTA in the medium from 0.65 mM 
to 0.8 mM. Both the amount of time required to reach steady state 
and the tendency of the amoebae to form clumps of c e l l s once 
steady state has been reached made col l e c t i n g s u f f i c i e n t data to 
characterise the system with respect to the amoebal s p e c i f i c 
growth rate d i f f i c u l t . Therefore, steady-state data was augmented 
with estimates made near to steady state and results recorded i n 
terms of the spe c i f i c rate or prédation, Φ = -fi/P + D ^ - I ^ ) /Ρ, 
which i s d i r e c t l y proportional to predator s p e c i f i c growth rate 
i f the y i e l d , W, i s constant. The s p e c i f i c rate of prédation was 
estimated by applying the following calculation: 

Φ = D (Η χ - H 2)/P (11) 
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Figure L Change in mean cell volume and number density of D . discoideum 
amoebae and Ε. coli grown together in single-stage chemostat culture. 
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Smoothed prey number density ml"1 

Figure 2. Phase plane plot of predator and prey number densities. Data from a 
single stage chemostat culture of D . discoideum and E . coli were smoothed by the 
method of cubic splines, and the smoothed data were used to construct this figure. 

The arrows indicate the direction of increasing time. 
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Smoothed prey biovolume density (μηι ml'1) 
Figure 3. Phase plane plot of predator and prey densities constructed as for Figure 
2, using biovolume density as the coordinates. The arrows indicate the direction 

of increasing time. 
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Figure 4. Change in the specific rate of change of D. discoideum in a single-stage 
chemostat as a function of time. Values were obtained from smoothed data. The 
specific growth rate of the amoebae is obtained by adding the dilution rate of the 

culture (0.065 h'1) to the values on the ordinate. 
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Figure 5. Specific rate of change of predator in a single-stage chemostat culture 
as a function of prey density. The specific growth rate of the predator is the sum 

of the specific rate of change and the dilution rate (0.065 h'1). 
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where H and H^ are the population densities of the bac t e r i a l 
prey i n the f i r s t and second stages of the continuous culture 
system respectively and D i s the d i l u t i o n rate of the second 
stage vessel. For the purposes of this calculation, b a c t e r i a l 
density was estimated i n terms of turbidity at 560 nm and i t was 
assumed that the contribution by the amoebal population i n the 
second vessel at this wavelength was negligible. The change in 
Φ as a function of steady state prey density i s shown i n 

Figure 6. 

Discussion 

The three models we tested our experimental results against 
are given i n equations (3), (4) and (5). The LotkalVolterra 
equations predict a linea  relationshi  betwee  predato  s p e c i f i
growth rate (or the spe c i f i
when λ i s plotted agains g ,
familiar rectangular hyperbola i s generated. A hyperbolic 
relationship between λ and H/P i s predicted by the Contois 
expression. Figures 5 and 6 show the way in which λ changes as 
a function of prey density taken from single- and double-stage 
chemostat cultures respectively. In neither case do the 
relationships indicated i n equations (3) and (4), a straight line 
and a rectangular hyperbola, become apparent! Figure 7 shows 
λ plotted against the r a t i o of prey to predator, H/P, calculated 
from data from the two-stage experiment. Quite c l e a r l y , this 
relationship can be interpreted in terms of equation (5). 
Figure 8 shows a similar plot using data from single-stage 
experiments. Here i t seems that a family of rectangular 
hyperbola are represented with H/P as the independent variable 
and with λ and L of equation (5) decreasing with time. It 
appears, therefore, that the spe c i f i c growth rate of the amoebal 
predator i s dependent not just on H, but upon the ra t i o of prey to 
predator present. The mechanism with which the amoebae are able 
to control their growth rate i n this way i s , of course, not known. 
We have suggested (5) that f o l i c acid, which i s secreted by the 
bacteria and i s , therefore, a function of the prey population 
density, might be inactivated by the amoebae so that i t s 
concentration depends also on the density of predator present. 
This indeed appears to be the case as reported by Pan and 
Wurster (9). It is conceivable, therefore, that the concentration 
of f o l i c acid i n the media might serve to regulate the rate of 
growth of the predator population. Furthermore, the results 
indicate that the specific growth rate might depend e x p l i c i t l y on 
time. If such i s the case then the d i f f e r e n t i a l equations 
describing the dynamics of the system are non-autonomous with 
time appearing on the right hand side of the equals sign and not 
autonomous as are the Lotka-Volterra equations and the vast 
majority of equations that have been suggested for describing 
microbial predator-prey interactions. 
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2 

0.1 
Prey density 

0.2 0.3 

Figure 6. Data from a two-stage chemostat system showing the change in the 
specific feeding rate of D. discoideum in the second stage as a function of E . coli 
density. The specific feeding rate is directly proportional to specific growth rate 
providing that the yield of predator produced per unit of prey consumed is constant. 

Prey density is measured in terms of absorbance at 560 nm in the second-stage vessel. Specific 
feeding rate was calculated as the product of the difference in turbidity between the cultures in 
the two vessels and the dilution rate, divided by the prey biovolume density. The units on the 

ordinate are therefore absorbance at 560 nm/mL culture h'1 μm~3. 

6 h 

-6 4 

Q. 

10 20 
Prey/predator ra t io 

30 

Figure 7. Specific feeding rate plotted against the ratio of prey to predator in the 
second vessel, estimated in terms of absorbance at 560 nm divided by the predator 

biovolume density (μ/ηζ mL1). Other conditions as in Figure 6. 
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Figure 8. Specific rate of change of the predator population in a single-stage 
chemostat culture, plotted as a fraction of the ratio of prey to predator biovolume 

densities. The dilution rate of the culture was 0.065 h'1. 
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Effects of Cell Motility Properties on Cell 

P o p u l a t i o n s in E c o s y s t e m s 
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Because most natural ecosystems 
cannot real l
conclusions regardin
population growth and interactions drawn 
from well-mixed, chemostat studies may 
not necessarily be va l id . Many microbial 
species, in fact , possess sophisticated 
movement behavioral properties by which 
dis tr ibut ion of a population in space is 
influenced by concentrations and 
gradients of chemicals commonly present 
in their environment. These chemotactic 
and chemokinetic properties can require 
s ignif icant devotion of genetic information 
and sometimes s ignif icant energy expenditure, 
yet are of little apparent use in artificial 
well-mixed systems. However, in non
-mixed environments, the effects of chemosensory 
movement properties may be extremely 
important in determining the a b i l i t y of 
a species to grow, or in deciding the 
outcome of competitive interactions. 
This paper summarizes the available 
experimental evidence that this is indeed 
the case, that movement properties can 
have crucia l effects in microbial ecosystems. 
We then present some mathematical models 
that help explain and predict these 
effects. 
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S t u d i e s o f m i c r o b i a l p o p u l a t i o n dynamics have 
f o c u s e d p r i m a r i l y on w e l l - m i x e d , m a c r o s c o p i c a l l y 
homogeneous systems. T h i s emphasis i s e a s i l y 
d i s c e r n i b l e from the c o n t e n t s o f t h i s symposium 
volume. However, the s i t u a t i o n i n most n a t u r a l l y 
o c c u r i n g m i c r o b i a l systems i s f a r from i d e a l 
l a b o r a t o r y c o n d i t i o n s , so t h a t u n d e r s t a n d i n g g a i n e d 
about w e l l - m i x e d systems may not p r o v i d e the 
a p p r o p r i a t e i n s i g h t i n t o e c o l o g i c a l s i t u a t i o n s . 

E n v i r o n m e n t s which a r e not w e l l - m i x e d can a l l o w 
f o r m a t i o n o f s p a t i a l g r a d i e n t s o f c h e m i c a l c o n c e n t r a 
t i o n s and c e l l d e n s i t i e s . A l s o , c h e m i c a l d i f f u s i o n 
and c e l l m o t i l i t y ( i . e . , s e l f - p r o p e l l e d movement 
r e q u i r i n g e nergy e x p e n d i t u r e ) can r e p l a c e c o n v e c t i o n 
as the dominant mod
common c a t e g o r i z a t i o n
c o n t a i n a t l e a s t one m o t i l e s p e c i e s (1), i n c l u d i n g 
many o f the commonly o c c u r i n g s p e c i e s . F u r t h e r , most 
m o t i l e b a c t e r i a e x h i b i t c h e m o t a x i s , which i s most 
s i m p l y d e f i n e d as c e l l movement toward or away from 
c h e m i c a l s ( 2 ) , o r as p r e f e r e n t i a l c e l l movement toward 
h i g h e r o r lower c o n c e n t r a t i o n s o f a c h e m i c a l s t i m u l u s 
{3). A c t u a l l y , t h e r e a r e a number o f d i f f e r e n t t y p e s 
o f movement r e s p o n s e s which l e a d t o b e h a v i o r o f t h i s 
g e n e r a l d e s c r i p t i o n ( 4 ) . For peritrichously f l a g e l l a t e d bacteria, 
which appear t o be the most commonly e n c o u n t e r e d group 
(and on which t h i s paper w i l l a c c o r d i n g l y f o c u s ) , 
k l i n o k i n e s i s ( i n which the t u r n i n g f r e q u e n c y o f 
swimming b a c t e r i a i s modulated by s t i m u l u s c o n c e n t r a 
t i o n ) a p p e a r s t o be c l o s e s t t o o b s e r v e d b e h a v i o r ( 5 ) . 
T h i s i s i l l u s t r a t e d i n F i g u r e 1. In the absence o f a 
c h e m i c a l s t i m u l u s g r a d i e n t , t h e s e b a c t e r i a swim i n 
r o u g h l y s t r a i g h t l i n e s t e p s c a l l e d " r u n s " f o r a s h o r t 
time (about 1 second) and th e n s t o p and change 
d i r e c t i o n , o r "tumble", f o r about 1/10 second ( 6 ) . 
The d i r e c t i o n change i s p u r e l y random, but the 
p r o b a b i l i t y o f t u m b l i n g i s c o n s t a n t d u r i n g a r u n , so 
t h a t t he run time d i s t r i b u t i o n i s P o i s s o n i a n ( 6 ) . 
T h i s movement b e h a v i o r i s termed random m o t i l i t y . In 
the p r e s e n c e o f a g r a d i e n t , the d i r e c t i o n change 
remains random but the t u m b l i n g p r o b a b i l i t y d e c r e a s e s 
f o r a c e l l swimming toward h i g h e r a t t r a c t a n t c o n c e n t r a 
t i o n s o r lower r e p e l l e n t c o n c e n t r a t i o n s ( 6 ) , l e a d i n g 
t o n e t m i g r a t i o n i n the d i r e c t i o n o f the g r a d i e n t . 
T h i s mechanism p r o v i d e s v e r y e f f i c i e n t r e s p o n s e (]_) ; 
i n an o p t i m a l g r a d i e n t the net m i g r a t i o n v e l o c i t y i s 
r o u g h l y h a l f the l i n e a r c e l l swimming speed ( 8 , 9 ) . 
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RANDOM MOTILITY CHEMOTAXIS 

Figure 1. Illustration of typical movement of peritrichously flagellated bacteria. 
The left-hand figure shows movement of a cell in the absence of a chemical stimulus 
concentration gradient. The right-hand figure shows that the run length is increased 
when the cell moves in the direction of increasing attractant concentration, toward 
the top of the figure. The angles between respective runs in the two figures are 
identical. The increase in run length results in a greater drift in the direction of 
increasing attractant concentration for chemotactic movement than for random 

movement. 
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S t i m u l u s c o n c e n t r a t i o n s a r e measured by occupancy 
o f c e l l membrane r e c e p t o r s which can r e v e r s i b l y b i n d 
s t i m u l u s m o l e c u l e s a c c o r d i n g t o M i c h a e l i s - M e n t e n 
enzyme k i n e t i c s w i t h d i s s o c i a t i o n c o n s t a n t . 
G r a d i e n t s a r e d e t e c t e d by a temporal s e n s i n g mechanism 
by which r e c e p t o r o c c u p a n c y o v e r the e n t i r e c e l l i s 
m o n i t o r e d d u r i n g a run (1Λ) . A s p a t i a l s e n s i n g 
mechanism by which d i f f e r e n c e s i n r e c e p t o r occupancy 
a c r o s s the c e l l l e n g t h i s measured i s i m p r a c t i c a l f o r 
such r a p i d l y swimming c e l l s , because o f f a l s e 
a p p a r e n t g r a d i e n t s due t o c e l l m o t ion i t s e l f ( 12). 

A l a r g e v a r i e t y o f c h e m i c a l s can s e r v e as 
c h e m o t a c t i c s t i m u l i
r e c e p t o r s and 10 r e p e l l e n
i d e n t i f i e d f o r E s c h e r i c h i a c o l i and S a l m o n e l l a 
typhimurium, the two most w i d e l y - s t u d i e d s p e c i e s (Γ3). 
These r e c e p t o r s a r e s p e c i f i c f o r one or two c h e m i c a l s 
at h i g h a f f i n i t i e s (low K ^ ) , but w i l l a l s o b i n d a 
range o f r e l a t e d m o l e c u l e s w i t h lower a f f i n i t y ( 2 ) . 
Table 1 l i s t s a number o f the well-known s t i m u l i f o r 
a v a r i e t y o f s p e c i e s , a l t h o u g h t h i s i s c e r t a i n l y 
i n c o m p l e t e as new r e s p o n s e s a r e b e i n g d i s c o v e r e d 
a l m o s t d a i l y . In g e n e r a l , s u b s t a n c e s b e n e f i c i a l t o an 
o r g a n i s m such as n u t r i e n t s and oxygen ( i f a e r o b i c ) 
s e r v e as a t t r a c t a n t s w h i l e t o x i c compounds or compounds 
c a u s i n g pH extremes a c t as r e p e l l e n t s ( 2 ) . Some amino 
a c i d s a r e a t t r a c t a n t s and o t h e r s r e p e l l e n t s , depending 
upon the s p e c i e s . A l t h o u g h t h e r e i s not an e x a c t 
c o r r e s p o n d e n c e between m e t a b o l i z a b l e compounds and 
a t t r a c t a n t s nor between u n f a v o r a b l e compounds and 
r e p e l l e n t s ( L 4 ) , the o b s e r v e d r e s p o n s e s can g e n e r a l l y 
be r a t i o n a l i z e d i n terms o f p a r t i c u l a r s p e c i e s 
b i o c h e m i c a l pathways and by r e c o g n i t i o n o f some 
p u z z l i n g s t i m u l i as a n a l o g u e s o f o t h e r s t i m u l i (2). 

S p e c u l a t i o n r e g a r d i n g a p o s s i b l e s u r v i v a l 
advantage o f c h e m o t a x i s i s thus not s u r p r i s i n g . 
A p p r o x i m a t e l y 40 genes are d e v o t e d s p e c i f i c a l l y t o the 
c h e m o t a c t i c r e s p o n s e i n E ^ c o l i and S^ typhimurium (15) y 

and a s i m i l a r number o f genes may be d e v o t e d t o the 
m o t i l i t y a p p a r a t u s . Such an i n v e s t m e n t must p r o v i d e 
some b e n e f i t i n the c o m p e t i t i v e w o r l d o f m i c r o b i a l 
e c o l o g y . However, fundamental u n d e r s t a n d i n g o f the 
c i r c u m s t a n c e s i n which a s i g n i f i c a n t advantage due t o 
m o t i l i t y and c h e m o t a x i s w i l l a c t u a l l y be p r e s e n t i s 
l a c k i n g , as a r e e s t i m a t e s o f the magnitude o f such an 
advantage. T h i s u n d e r s t a n d i n g i s l a c k i n g even f o r a 
s i n g l e s t i m u l u s , and the problem becomes even more 
complex i n any n a t u r a l environment i n which m u l t i p l e 
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Table 1. Classification of Weil-Known Bacterial 
Chemotactic Responses 

Genus 

Escherichia 

Classes of 
Attractants 

sugars 
amino acids 
C> 

Classes of 
Repellents 

pH extremes 
aliphatic alcohols 

Pseudomonas 

Bacillus 

Salmonella 

sugars 
amino acids 
nucleotides 

sugars 
amino acids 
° 2 
sugars 
amino acids 
0„ 

inorganic ions 
pH extremes 
amino acids 

inorganic ions 
pH extremes 
metabolic poisons 
aliphatic alcohols 

Vibrio amino acids 

Spirillum sugars 
amino acids 

inorganic ions 
pH extremes 

Rhodospirilium 

Clostridium 
Bdellovibrio 
Proteus 

Erwinia 

Sarcina 

Serratia 

Bordetella 
Pasteurella 
Marine bacteria 

nucleotides 
sulfhydryl compounds 

amino acids 
sugars 
amino acids 
° 2 
sugars 

sugars 
amino acids 
0„ 

algal culture f i l t r a t e s 

pH extremes 
poisons 

inorganic acids 
pH extremes 

inorganic ions 
pH extremes 
inorganic ions 
pH extremes 
inorganic ions 
pH extremes 

heavy metals 
toxic hydrocarbons 

Source: Refs. 36-38. 
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s t i m u l i , p r o b a b l y b o t h a t t r a c t a n t s and r e p e l l e n t s , a r e 
p r e s e n t . M u l t i p l e s i g n a l s a r e a d d i t i v e i n some sense 
(16), and presumably the b a c t e r i a attempt t o o p t i m i z e 
t h e i r growth t h r o u g h p r e f e r e n t i a l m i g r a t i o n . From an 
e n g i n e e r i n g p e r s p e c t i v e , t h e r e i s no q u a n t i t a t i v e 
b a s i s f o r p r e d i c t i o n o f the e f f e c t s o f c e l l m o t i l i t y 
and c h e m o t a x i s on m i c r o b i a l p o p u l a t i o n dynamics i n any 
g i v e n s i t u a t i o n a t p r e s e n t . T h i s paper i s d e v o t e d t o 
r e v i e w o f the s m a l l body o f i n f o r m a t i o n a v a i l a b l e i n 
t h i s a r e a a t t h i s t i m e . 

E x p e r i m e n t a l O b s e r v a t i o n s 

T here e x i s t s o n l y a s m a l l number o f p u b l i s h e d 
e x p e r i m e n t s p e r t a i n i n  t  th  e f f e c t f c e l l m o t i l i t
on p o p u l a t i o n growth
g i v e s one example w i t h o u
c o m p e t i t i o n between an a e r o t a c t i c ( i . e . , chemotac-
t i c a l l y a t t r a c t e d by oxygen) Pseudomonas s p e c i e s and 
an i m m o t i l e A c i n e t o b a c t e r s p e c i e s , f o r oxygen (17). 
When the growth medium i s w e l l - a e r a t e d the 
A c i n e t o b a c t e r p r e d o m i n a t e , thus showing s u p e r i o r 
growth k i n e t i c s on the r a t e - l i m i t i n g s u b s t r a t e 
(presumably oxygen) s i n c e c e l l m o t i l i t y i s a p p a r e n t l y 
i r r e l e v a n t . But i n a non-mixed c u l t u r e the 
Pseudomonas p r e d o m i n a t e . The c h e m o t a c t i c a b i l i t y o f 
the Pseudomonas s p e c i e s p r o v i d e s , i n t h i s s i t u a t i o n , 
enough o f a b e n e f i t t o overcome i t s growth k i n e t i c 
i n f e r i o r i t y . 

The f i r s t l i t e r a t u r e r e p o r t i n t h i s a r e a was by 
Smith and D o e t s c h (]J*) , who s t u d i e d c o m p e t i t i o n 
between a e r o t a c t i c Pseudomonas f l u o r e s c e n s and an 
i m m o t i l e mutant s t r a i n o f the same s p e c i e s , f o r oxygen 
(see Figure 2 ). In a e r a t e d mixed c u l t u r e both s t r a i n s 
grew t o a r o u g h l y 1:1 r a t i o over a 24-hour p e r i o d 
i n d i c a t i n g t h a t t h e i r growth k i n e t i c p r o p e r t i e s were 
i d e n t i c a l as e x p e c t e d . In n o n - a e r a t e d media, the 
a e r o t a c t i c s t r a i n outgrew the mutant t o a f i n a l r a t i o 
o f o v e r 10:1 a f t e r 24 h o u r s . U n f o r t u n a t e l y , the 
a u t h o r s c r e d i t e d m o t i l i t y per se f o r t h i s advantage, 
even though i t i s not c l e a r whether random m o t i l i t y 
w i t h o u t c h e m o t a x i s i s n e c e s s a r i l y always b e n e f i c i a l . 

In the c o u r s e o f s t u d y i n g the r o l e o f f i m b r i a e i n 
b a c t e r i a l growth, O l d and Duguid l o o k e d a t c o m p e t i t i o n 
f o r oxygen between two n o n f i m b r i a t e s t r a i n s o f 
S a l m o n e l l a typhimurium: one a e r o t a c t i c and one 
i m m o t i l e (_19) (see Table 2 ). In a e r o b i c shaken b r o t h , 
the a e r o t a c t i c s t r a i n m u l t i p l i e d by a f a c t o r o f 46 
w i t h i n 48 h o u r s , w h i l e the i m m o t i l e s t r a i n m u l t i p l i e d 
by a f a c t o r o f 52. A g a i n the growth k i n e t i c 
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Time (hr) Time (hr) 

Figure 2. Multiplication of aerotactic (O) and immotile (Φ) strains of Pseudo
monas fluorescens in two different experiments, each in aerated mixed culture 
(left) and nonaerated mixed culture (right). Reproduced, with permission, from 

Ref. 18. Copyright 1969, Society for General Microbiology. 
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p r o p e r t i e s appeared near ly the same. In aerobic 
s t a t i c b r o t h , however, the a e r o t a c t i c s t r a i n 
m u l t i p l i e d by a factor of 18,000 i n 48 hours while the 
immotile s t r a i n m u l t i p l i e d by a factor of 6. I n t e r 
p r e t a t i o n of t h i s case i s not s t r a i g h t f o r w a r d , though, 
because p e l l i c l e formation was noted a f ter 24 hours, 
compl ica t ing the s i t u a t i o n . 

More r e c e n t l y , P i lgram and Wi l l iams s tudied a 
s l i g h t l y d i f f e r e n t case — compet i t ion between 
chemotactic Proteus m i r a b i l i s and a nonchemotactic but 
randomly mot i l e mutant o f the species (20) (see 
F igures 3 and 4 ) . In both pure and mixed c u l t u r e s of 
p e r i o d i c a l l y ag i ta ted amino a c i d b r o t h , the two 
s t r a i n s grew to a 1:1 r a t i o a f ter 14 hours. On the 
other hand, i n both
s o l i d agar the r a t i
s t r a i n s was greater than 5:1 a f ter 14 hours. 

The f i n a l experimental reports were by F r é t e r et_ 
a l . (21, 22, 23), who s tudied growth of V i b r i o 
cholerae in mouse and rabb i t large i n t e s t i n e (see 
Figure 5 and Table 3. Here three s t r a i n s were compared: 
the chemotactic wi ld type , an immotile mutant s t r a i n , 
and a nonchemotactic but randomly mot i le mutant 
s t r a i n . In w e l l - s t i r r e d continuous flow c u l t u r e , a l l 
three s t r a i n s grew i n p r o p o r t i o n . In the i n t e s t i n a l 
l oops , the nonchemotactic s t r a i n was r a p i d l y d i s p l a c e d 
by the chemotactic w i ld type. Most i n t e r e s t i n g l y , i n 
another experiment the randomly mot i l e s t r a i n was a l so 
r a p i d l y d i s p l a c e d by the immotile s t r a i n . Apparent ly , 
i n t h i s s i t u a t i o n at l e a s t , m o t i l i t y without chemo
t a x i s was a l i a b i l i t y for the c e l l s . 

It i s evident that t h e o r e t i c a l a n a l y s i s of 
m o t i l i t y and chemotaxis i s necessary i n order to 
provide q u a n t i t a t i v e i n t e r p r e t a t i o n of these r e s u l t s , 
and even q u a l i t a t i v e explanat ion of the l a s t , perhaps 
c o u n t e r - i n t u i t i v e , observat ion by F r é t e r et al_. Th i s 
w i l l be the concern of the next s ec t i on of t h i s paper. 
But i s important to emphasize at t h i s po int that the 
experimental r e s u l t s c i t e d here demonstrate that the 
e f f e c t s of c e l l movement p r o p e r t i e s can c l e a r l y be 
s i g n i f i c a n t , and even dominant, in determining the 
compet i t ive a b i l i t i e s of b a c t e r i a l populat ions i n non-
mixed environments. 

T h e o r e t i c a l Analyses 

E a r l y attempts at t h e o r e t i c a l a n a l y s i s of the 
e f f e c t s of c e l l m o t i l i t y on popula t ion growth centered 
on uptake of n u t r i e n t by a s i n g l e c e l l i n a medium of 
i n f i n i t e extent (12, 24, 25, 26). These analyses have 
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Figure 3. Growth of pure cultures of chemotactic (O) and nonchemotactic ( O 
strains of Proteus mirabilis in periodically shaken amino acid broth (top) and 
soft-agar amino acid medium (bottom). Reproduced, with permission, from Ref. 20. 

Copyright 1976, National Research Council of Canada. 
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Figure 4. Growth of mixed cultures of chemotactic (O) and nonchemotactic (Q) 
strains of Proteus mirabilis in periodically shaken amino acid broth (top) and 
soft-agar amino acid medium (bottom). Reproduced, with permission, from Ref. 20. 

Copyright 1976, National Research Council of Canada. 
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Figure 5. Time course of growth of chemotactic parent and randomly motile 
mutant strains of Vibrio cholerae in mouse large intestine. Reproduced, with per
mission, from Ref. 21. Copyright 1979, American Society for Clinical Nutrition. 
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Table 3. Displacement of Randoml  M o t i l  Mutant S t r a i f 
V i b r i o c h o l e r a e by Immotil

Day a f t e r Percentage o f non-motile No. o f 
monoassociation v i b r i o s i n cecum (+ S.D.) mice c u l t u r e d 

0 (inoculum) 0.0 -
1 44 (+ 27) 6 

2 50 (+ 35) 11 

3 39 <+ 36) 3 

5 96 1 

10 o r more 93 (+ 7.9) 11 

Reproduced w i t h p e r m i s s i o n from Reference 21. Copyright 1979, 
American S o c i e t y f o r C l i n i c a l N u t r i t i o n . 
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i n v a r i a b l y found t h a t s u b s t r a t e uptake i s o s t e n s i b l y 
i n c r e a s e d by movement, a l t h o u g h the i n c r e a s e w i l l be 
n e g l i g i b l e f o r t y p i c a l c e l l s i z e s , swimming 
spee d s , and n u t r i e n t d i f f u s i v i t i e s . However, the 
r e s u l t f o r a p o p u l a t i o n may be q u i t e d i f f e r e n t because 
the n u t r i e n t i s s u b j e c t t o d e p l e t i o n by a l l the c e l l s , 
and i f the environment i s not w e l l - m i x e d the e f f e c t o f 
movement w i l l v a r y depending on the d i r e c t i o n o f 
movement. S i n c e n u t r i e n t uptake r e l i e s e s s e n t i a l l y on 
d i f f u s i o n t o the c e l l s u r f a c e (22), c e l l growth 
depends on the l o c a l n u t r i e n t c o n c e n t r a t i o n i n which 
the c e l l i s s i t u a t e d . Thus the c h i e f e f f e c t o f 
m o t i l i t y comes not from the a c t o f movement i t s e l f , 
but from the f a c t t h a t a c e l l can e x p e r i e n c e a new 
l o c a l n u t r i e n t c o n c e n t r a t i o n when i t changes p o s i t i o n

We have a c c o r d i n g l
f o r the e f f e c t s o f c e l
l e v e l (3, 28, 29, 30). F i g u r e 6 i l l u s t r a t e s the 
p h y s i c a l s i t u a t i o n c o n s i d e r e d : " c o n f i n e d growth" o f 
b a c t e r i a l p o p u l a t i o n s i n a o n e - d i m e n s i o n a l s p a t i a l l y 
f i n i t e non-mixed r e g i o n , w i t h the d i f f u s i b l e r a t e -
l i m i t i n g n u t r i e n t e n t e r i n g the r e g i o n from a boundary. 
The e q u a t i o n s g o v e r n i n g a s i n g l e b a c t e r i a l p o p u l a t i o n 
growing on a s i n g l e n u t r i e n t a r e 

3b _ 3 J b + G L 3t 3x "b 

3s ! ^ s 
at ax s 

over 0<x<L, where the n o t a t i o n i s as f o l l o w s : 
b (x,t) = v i a b l e c e l l d e n s i t y 
s (x,t) = n u t r i e n t c o n c e n t r a t i o n 
Jfc = v i a b l e c e l l f l u x 
J s = n u t r i e n t f l u x 
Gfc = net c e l l growth r a t e 
G s = n u t r i e n t consumption r a t e 

The boundary c o n d i t i o n s a r e 
J b = 0 s = s 0 a t χ = L 
Jfc = 0 J s = 0 a t χ = 0 
i f the n u t r i e n t c o n c e n t r a t i o n a t the s o u r c e boundary 
remains c o n s t a n t . 

For the net c e l l growth r a t e , we use Monod's 
model f o r growth and a f i r s t o r d e r r a t e o f l o s s o f 
v i a b i l i t y : 

ks . 
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where k i s the growth r a t e c o n s t a n t , Κ i s the Monod 
c o n s t a n t , and k e i s the n o n - v i a b i l i t y r a t e c o n s t a n t . 
The n u t r i e n t consumption r a t e i s 

r _ 1 ks t_ 
vas - 77 * S ~ Ϋ K+S 

where Y i s the y i e l d c o e f f i c i e n t . 
I n o r d e r t o p e r m i t a n a l y t i c a l s o l u t i o n o f the 

model e q u a t i o n s , we r e p l a c e t h e s e e x p r e s s i o n s by s t e p -
f u n c t i o n a p p r o x i m a t i o n s : 

i(k - k e ) b 
G b = - k P b s < 

γ kb s > s c 

where s c i s a t h r e s h o l d n u t r i e n t c o n c e n t r a t i o n 
r e q u i r e d t o s u p p o r t net growth: 

k e 

S c = ( k H ^ ) Κ 

T h i s a p p r o x i m a t i o n a l l o w s d i r e c t a n a l y s i s o f the model 
p r e d i c t i o n s , and n u m e r i c a l c o m p u t a t i o n s show good 
q u a n t i t a t i v e agreement w i t h the o r i g i n a l e x p r e s s i o n s 
(31) . 

For the n u t r i e n t f l u x we can use F i c k ' s law: 

s 3x 
where D i s the d i f f u s i v i t y . For the c e l l f l u x we use 
an e x p r e s s i o n o r i g i n a l l y f o r m u l a t e d by K e l l e r and 
S e g e l (32): 

b y "3x X âx 
where μ i s the random m o t i l i t y c o e f f i c i e n t and χ 
i s the c h e m o t a x i s c o e f f i c i e n t . There are some 
e s t i m a t e s o f μ and χ a v a i l a b l e (33, 3±, 35) t a l t h o u g h 
a s a t i s f a c t o r y a n a l y s i s o f a c o n v e n i e n t a s s a y f o r 
t h e s e p a r a m e t e r s needs t o be d e v e l o p e d . 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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D e f i n i n g d i m e n s i o n l e s s v a r i a b l e s and p a r a m e t e r s 

. Ys D 
u = s_ v = b_ ξ = χ τ . Dt b = - ^ 

s 0
 b o L L kL 

λ = = ML. 
D K D 

k L* 
θ = - 4 -

X S 0 
β = -^p F(u) = 

1 u>u 

0 u<u c 

we o b t a i n d i m e n s i o n l e s s model e q u a t i o n s 

I f • λ w ~ δ λ i l (

3u _ 3 2 u 
3T " ~ F ( U ) V 

o v e r 0 < ξ < 1, w i t h boundary c o n d i t i o n s 

f f - 6 v f ! = 0 u « 1 a t ζ - 1 

| f - 0 - 0 a t ς - 0 
U s i n g t h e s e e q u a t i o n s , the s t e a d y - s t a t e 

p o p u l a t i o n 

Β = Ifo£ ν 

k L 2 

V = 0 / vdÇ 

w i t h 

has been a n a l y z e d f o r t h r e e c a s e s so f a r : a) a s i n g l e 
randomly m o t i l e p o p u l a t i o n {3, 28), b) a s i n g l e 
c h e m o t a c t i c p o p u l a t i o n (3, 2j)) , and c) two randomly 
m o t i l e p o p u l a t i o n s growing i n c o m p e t i t i o n {30, 31). A 
s t e a d y s t a t e i s s e t up by the b a l a n c e between c e l l 
growth i n a n u t r i e n t - r i c h zone and l o s s o f v i a b i l i t y 
i n a n u t r i e n t - p o o r zone, medi a t e d by c e l l f l u x from 
the n u t r i e n t - r i c h zone t o the n u t r i e n t - p o o r zone (see 
F i g u r e 7 ) . The d i m e n s i o n l e s s p o s i t i o n , ω, o f the 
d i v i s i o n between t h e s e two zones i s t h e p o i n t a t which 
u = u c = s c / s 0 . ω i s g i v e n by the l a r g e s t r o o t , l e s s 
t han u n i t y , o f the e q u a t i o n 

α tanh αω = β t a n β(1-ω) 
where α = ( θ / λ ) 1 / 2 and β = ([κ - θ ] ) / λ ) 1 / 2 . 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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-Bacteria Density b (x) 

Substrate Concentration s(x) 

x = 0 

Ambient 
Substrate 
Concentration 

So 

Substrate 
dif fusion 

Figure 6. Illustration of confined-growth model system. 

Figure 7. Typical steady state profiles of dimensionless bacterial density, v, and 
dimensionless substrate concentration, u. In the growth zone, ω < ξ < 1, u > uc, 
and bacterial growth can be supported. In the depleted zone, 0 < £ < ω, u = uc, 

and bacterial growth cannot be supported. 
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Thus, ω i n c r e a s e s as κ i n c r e a s e s and λ d e c r e a s e s . 
A l t h o u g h i n n a t u r a l systems such a s t e a d y s t a t e may 
not u s u a l l y be a t t a i n e d , i t i s a good i n d i c a t i o n o f 
the s i t u a t i o n which w i l l be approached i f e n v i r o n 
mental c o n d i t i o n s a r e not changed. 

In the f i r s t c a s e , s i n g l e p o p u l a t i o n growth o f a 
n o n c h e m o t a c t i c s p e c i e s (6 = 0 ) , the s t e a d y s t a t e 
p o p u l a t i o n s i z e Β depends upon two q u a n t i t i e s : λ/κ 
and κ/θ (see Figure 8 ). The l a t t e r q u a n t i t y i s the 
r a t i o o f growth t o n o n v i a b i l i t y r a t e c o n s t a n t s , 
r e p r e s e n t i n g the growth p o t e n t i a l a t any g i v e n n u t r i e n t 
c o n c e n t r a t i o n . F i g u r e 11 shows t h a t f o r any v a l u e o f 

λ/κ Β i n c r e a s e s as κ/θ i n c r e a s e s . The former q u a n t i t y 
i s e q u a l t o μ / k L 2 , and t h u s i s the r a t i o o f the r a t e 
o f c e l l movement a c r o s  th  r e g i o  t  th  growth r a t
c o n s t a n t . F i g u r e 1

κ/θ, Β i r c r e a s e s as λ/κ d e c r e a s e s . T h i s i s because 
random m o t i l i t y l e a d s t o d i s p e r s a l o f c e l l s away from 
the n u t r i e n t - r i c h zone. From t h i s r e s u l t we e x p e c t 
t h a t an i m m o t i l e s t r a i n can outgrow a randomly m o t i l e 
s t r a i n , a l l o t h e r f a c t o r s b e i n g e q u a l , as was o b s e r v e d 
by Fréter e t a l . (ZI) . One can a l s o see from F i g u r e 
11 t h a t a s p e c i e s w i t h s m a l l e r growth r a t e c o n s t a n t 
can outgrow a s p e c i e s w i t h l a r g e r growth r a t e 
c o n s t a n t , i f the random m o t i l i t y c o e f f i c i e n t o f the 
former s p e c i e s i s s m a l l enough r e l a t i v e t o t h a t o f the 
l a t t e r s p e c i e s . F i g u r e 11 a l s o shows t h a t f o r λ/κ 
much g r e a t e r than 1, Β i s i n dependent o f the random 
m o t i l i t y c o e f f i c i e n t , because the system behaves 
e s s e n t i a l l y l i k e a w e l l - m i x e d system. 

In the second c a s e , s i n g l e p o p u l a t i o n growth o f a 
c h e m o t a c t i c s p e c i e s , Β a d d i t i o n a l l y depends upon 6, 
the r a t i o o f the c h e m o t a x i s c o e f f i c i e n t t o the random 
m o t i l i t y c o e f f i c i e n t (see Figure 9 ) . Β i n c r e a s e s as 6 
i n c r e a s e s , because c h e m o t a x i s c o u n t e r a c t s the random 
d i s p e r s a l o f c e l l s away from the n u t r i e n t - r i c h zone 
(see Figure 10 )· The e f f e c t o f c h e m o t a x i s becomes 
s i g n i f i c a n t o n l y when δ becomes g r e a t e r than about 
1 0 " 1 . These c o m p u t a t i o n s were done u s i n g a p e r t u r b a 
t i o n method, so t h a t r e s u l t s f o r 6> 1 a r e m e r e l y 
e x t r a p o l a t i o n s . N u m e r i c a l c o m p u t a t i o n s have shown the 
p e r t u r b a t i o n r e s u l t s t o be a c c u r a t e up t o a t l e a s t 6 = 
1.1, however (31). 

An i n t e r e s t i n g i n f e r e n c e which can be drawn from 
F i g u r e 12 i s t h a t t h e r e i s a minimum v a l u e o f 6 t h a t 
must be exceeded i n o r d e r f o r m o t i l i t y t o c o n f e r an 
advantage i n t h i s c o n f i n e d growth s i t u a t i o n . I f λ χ 

r e p r e s e n t s the Brownian motion c o e f f i c i e n t f o r an 
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Figure 9. Plot of dimensionless total steady state bacterial density vs. 8 for single 
chemotactic populations. Extrapolations of perturbation computations beyond 8 

= 1 shown ( ). Asymptotic values for δ = 0 shown (- · - · -). 
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Figure 10. Typical steady state profiles of dimensionless bacterial density, v. 
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i m m o t i l e s p e c i e s (_33) , t h e n a c h e m o t a c t i c s p e c i e s must 
have a l a r g e r v a l u e , say λ 2 > λ ι . By i t s e l f t h i s 
would y i e l d a s m a l l e r v a l u e o f B. I n c r e a s i n g 6 from 
0 i n c r e a s e s B, and t h e r e w i l l be a c r i t i c a l v a l u e , 6*, 
at which Β f o r λ2 and 6 becomes e q u a l t o Β f o r λ 1 # 

O n l y f o r 6>6* w i l l the c h e m o t a c t i c s t r a i n outgrow the 
i m m o t i l e s t r a i n . Thus, s p e c u l a t i o n t h a t a m o t i l e 
c h e m o t a c t i c s t r a i n s h o u l d always be s u p e r i o r t o an 
i m m o t i l e s t r a i n i s not n e c e s s a r i l y t r u e . 

These s i n g l e p o p u l a t i o n r e s u l t s s u g g e s t some 
im p o r t a n t i m p l i c a t i o n s f o r c o m p e t i t i o n between two or 
more p o p u l a t i o n s growing t o g e t h e r on a s i n g l e r a t e -
l i m i t i n g n u t r i e n t . I f one s p e c i e s has s u p e r i o r growth 
k i n e t i c p r o p e r t i e s but the o t h e r has s u p e r i o r m o t i l i t y 
p r o p e r t i e s , we migh
A n a l y s i s o f the t h i r
randomly m o t i l e p o p u l a t i o n s , shows t h a t t h i s i s i n d e e d 
p o s s i b l e . There a r e now a c t u a l l y t h r e e p e r m i s s i b l e 
s t e a d y s t a t e s : 1) c o e x i s t e n c e , 2) s p e c i e s 1 o n l y , and 
3) s p e c i e s 2 o n l y . For sake o f c l a r i t y , l e t the two 
s p e c i e s have i d e n t i c a l p r o p e r t i e s e x c e p t t h a t 
ki > k2« Then s p e c i e s 1 w i l l have a g r e a t e r growth 
r a t e a t a l l n u t r i e n t c o n c e n t r a t i o n s . In a d d i t i o n , the 
t h r e s h o l d c o n c e n t r a t i o n f o r net growth o f s p e c i e s 2 
must be g r e a t e r than t h a t o f s p e c i e s 1; i . e . , u

c 2
> u c i * 

We can i m m e d i a t e l y see t h a t a n e c e s s a r y c o n d i t i o n f o r 
c o e x i s t e n c e i s t h a t ω 2

 > ω * · The v a l u e s o f ω f o r 
each s p e c i e s a r e d e t e r m i n e d by the same e q u a t i o n as i n 
the s i n g l e p o p u l a t i o n c a s e , u n a f f e c t e d by the p r e s e n c e 
o f the o t h e r s p e c i e s . We c a n , t h e r e f o r e , move 
d i r e c t l y t o a g r a p h i c a l d e s c r i p t i o n o f the s t e a d y -
s t a t e b e h a v i o r f o r our c o m p e t i t i o n model. Figure 11 
shows i s o c l i n e s o f ω i n the p l a n e o f (κ,λ) v a l u e s . I f 
we s p e c i f y v a l u e s λ χ and κι f o r p o p u l a t i o n 1, t h i s 
y i e l d s a v a l u e f o r ω ι . We can t h e n i m m e d i a t e l y 
d i s c o v e r the p e r m i s s i b l e s t e a d y - s t a t e s f o r any s p e c i e s 
2 w i t h parameter v a l u e s λ 2 and κ 2 (see Figure 1 2 ) . I f 
κ 2 < K l r o n l y s p e c i e s 1 can s u r v i v e , u n l e s s λ 2 i s such 
t h a t o)2 > ωχ — which would a l l o w c o e x i s t e n c e . I f 
κ 2 > Κ χ , o n l y s p e c i e s 2 can s u r v i v e , u n l e s s λ 2 i s 
such t h a t α)2 < ω ι , which a g a i n a l l o w s c o e x i s t e n c e . 

So, the c o m p e t i t i o n outcome can be p r e d i c t e d from 
the s i n g l e p o p u l a t i o n r e s u l t s , w i t h one minor 
m o d i f i c a t i o n . Remember t h a t the ω c r i t e r i o n i s o n l y a 
n e c e s s a r y c o n d i t i o n f o r c o e x i s t e n c e . I t t u r n s o u t 
t h a t a s e c o n d , s l i g h t l y more r e s t r i c t i v e c o n d i t i o n i s 
a l s o r e q u i r e d , t o e n s u r e t h a t the c e l l d e n s i t i e s and 
n u t r i e n t c o n c e n t r a t i o n remain p o s i t i v e everywhere (3JL) . 
The d i f f e r e n c e between the two c o n d i t i o n s i s s m a l l 
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Figure 11. Sample plot of curves of constant ω in plane of (Χ, λ). 
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Figure 12. Illustration of predicted results for competition between two randomly 
motile populations with identical properties except for Κ and λ. 
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f o r t y p i c a l parameter v a l u e s , however, so t h a t g i v e n 
the a p p r o x i m a t i o n i n v o l v e d i n the model i t s e l f , we 
need not be t o o c o n c e r n e d w i t h i t . 

When the c e l l d e n s i t i e s a r e computed f o r a 
c o e x i s t e n c e s t a t e , the s p e c i e s w i t h s m a l l e r k can grow 
t o a g r e a t e r p o p u l a t i o n s i z e t h a n the s p e c i e s w i t h 
l a r g e r k, i f i t s m o t i l i t y p r o p e r t i e s a r e s u f f i c i e n t l y 
s u p e r i o r . T h i s g i v e s an e x p l a n a t i o n t o the r e s u l t 
c i t e d by S t a n i e r e t a l (1_7) . 

S i m i l a r r e s u l t s a r e e x p e c t e d when ch e m o t a x i s i s 
p r e s e n t i n competing p o p u l a t i o n s , a l t h o u g h the 
a n a l y s i s has not y e t been c a r r i e d o u t . Chapman (5) 
f o r m u l a t e d a model f o r c o m p e t i t i o n o f two c h e m o t a c t i c 
s p e c i e s i n a t r a v e l i n g band  which p r e d i c t e d t h a t 
s u p e r i o r c h e m o t a x i
i n f e r i o r growth r a t
s p e c i e s . T h i s r e s u l t i s c o n s i s t e n t w i t h our 
e x p e c t a t i o n s ; the model, however, i s r a t h e r e m p i r i c a l . 

C o n c l u s i o n s 

Review o f the l i t e r a t u r e r e v e a l s a s m a l l number 
o f e x p e r i m e n t s t h a t show t h a t c e l l m o t i l i t y p r o p e r t i e s 
can have d r a m a t i c e f f e c t s on p o p u l a t i o n growth and 
c o m p e t i t i o n i n non-mixed systems. Simple m a t h e m a t i c a l 
models have been d e v e l o p e d which p r o v i d e q u a l i t a t i v e 
e x p l a n a t i o n f o r a l l the o b s e r v e d phenomena, and y i e l d 
q u a n t i t a t i v e p r e d i c t i o n o f t h e magnitude o f e f f e c t s 
which might be e x p e c t e d i n a v a r i e t y o f s i t u a t i o n s . 
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13 
Macroscopic Thermodynamics and the 
Description of Growth and Product Formation 
in Microorganisms 

J. A. ROELS 

Delft University of Technology, Netherlands Central Organization for Applied 
Scientific Research, T.N.O., P.O. Box 108, 3700 AC ZEIST, The Netherlands 

From the point o
living organisms are energy transducers converting a 
source of energy,e.g. chemical substances or 
photons, into other forms of energy. As such they 
are subject to the constraints posed by the first 
and second laws of thermodynamics. As micro
organisms are open systems and as such exist in 
a state outside equilibrium,non-equilibrium thermo
dynamics provide the perfect vehicle for a first 
approach to the description of their behaviour. 

The concept of the thermodynamic effi c i e n c y 
of growth is developed and it is shown that, 
as a rule of thumb, the maximum observed e f f i c i e n c i e s 
are about 0.65 irrespective the nature of the 
energy supplying process. A number of notable 
exceptions are shown to be most probably caused 
by limitations other than available energy. 

The nature of growth and product formation 
is discussed in terms of the coupling of the 
transformation of a given amount of substrate 
energy into biomass energy to the energy obtained 
from a flow of electrons to a level of high 
to a level of low energy. The treatment i s shown 
to result i n a r e l i a b l e rule of thumb for a 
first estimate of the order of magnitude of 
the growth y i e l d of an organism feeding on a 
given energy supplying transformation process. 

The b i o s p h e r e on e a r t h i s , thermodynamically s p e a k i n g , i n a 
c e r t a i n sense an open system. I t r e c e i v e s energy from the sun 
i n the form o f r a d i a t i o n . The energy o f the photons r e a c h i n g e a r t h 
i s , i n p a r t , c o n v e r t e d to che m i c a l energy i n a process c a l l e d 
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p h o t o s y n t h e s i s . For the l a r g e r p a r t t h i s energy takes the form 
o f c a r b o h y d r a t e s , e.g. s u g a r s , s t a r c h e s and c e l l u l o s i c s . The 
components of the biomass o f the prim a r y producers are the 
s t a r t i n g p o i n t o f a wide v a r i e t y o f t r a n s f o r m a t i o n s , which takes 
p l a c e under c a t a l y t i c a c t i o n o f l i v i n g organisms. 

As a f i n a l r e s u l t the s o l a r energy i s c o n v e r t e d to l e s s 
energy r i c h forms o f r a d i a t i o n which t r a n s p o r t energy to o u t e r 
space o r i s used t o decrease the entropy o f the b i o s p h e r e . 

The r e a s o n i n g developed above shows t h a t the b i o s p h e r e i s 
a system, which i s s u b j e c t t o a f l o w o f energy. The energy e n t e r s 
the system at a low ent r o p y l e v e l and l e a v e s i t a t a 
s u b s t a n t i a l l y h i g h e r entropy l e v e l . As such the b i o s p h e r e can 
m a i n t a i n a s t a t e w i t h an ent r o p y lower than the maximum c o r r e s 
ponding t o thermodynamic e q u i l i b r i u m and p r o c e s s e s known as 
" l i f e " r e s u l t (J_). 

A s i n g l e organism o
s u p p l y i n g process e x i s t  p o s i t i o
b i o s p h e r e as a whole. I t i s an open system through which energy 
f l o w s from a low ent r o p y s t a t e , e.g. c h e m i c a l energy s t o r e d i n 
compounds more reduced than C 0 2 , t o a h i g h entropy s t a t e , e.g. 
heat at a low temperature l e v e l . As a r e s u l t the organisms can 
m a i n t a i n a s t a t e o u t s i d e thermodynamic e q u i l i b r i u m and can 
c o n t i n u e p e r f o r m i n g the pro c e s s e s c h a r a c t e r i s t i c f o r t h e i r " l i f e " . 

As organisms a r e systems which e x i s t o u t s i d e thermodynamic 
e q u i l i b r i u m and i r r e v e r s i b l e p r o c e s s e s are t a k i n g p l a c e , t h e 
f o r m a l i s m o f thermodynamics of i r r e v e r s i b l e p r o c e s s e s c o n s t i t u t e s 
the l o g i c a l v e h i c l e to t r e a t t h e i r b e h a v i o u r . In the pre s e n t 
a r t i c l e the f o r m a l i s m w i l l be b r i e f l y summarized f o r the purpose 
of i t s a p p l i c a t i o n t o microorganisms engaged i n growth and 
product f o r m a t i o n . For a more thorough treatment o f the b a s i c 
f o r m a l i s m the reader i s r e f e r r e d to the s t a n d a r d t e x t s (2-4) and 
e a r l i e r work o f the p r e s e n t author ( 5 , 6^). 

Macro s c o p i c thermodynamics and processes i n open systems. 05, 6) 

For the purpose o f the p r e s e n t a n a l y s i s of m i c r o b i a l metabolism, 
a g i v e n amount o f microorganisms i s c o n s i d e r e d to be an energy 
t r a n s d u c e r . I t i s s c h e m a t i c a l l y r e p r e s e n t e d i n f i g . 1. The system 
exchanges ch e m i c a l energy and heat w i t h the environment. F o r 
s i m p l i c i t y ' s sake the case o f processes i n v o l v i n g radiâtional 
energy i s exclud e d . The b a s i c f o r m a l i s m , however, can be e a s i l y 
extended t o i n c l u d e these s i t u a t i o n s . 

The s t a t e of the system can be c h a r a c t e r i z e d by a number 
of e x t e n s i v e q u a n t i t i e s ; these s p e c i f y the amount of the v a r i o u s 
c h e m i c a l substances and the amount of energy p r e s e n t i n the 
system. For each e x t e n s i v e q u a n t i t y , which can be a t t r i b u t e d 
t o the system, a b a l a n c e e q u a t i o n can be f o r m u l a t e d ; i t e x p r e s s e s 
the a c c u m u l a t i o n of the q u a n t i t y i n s i d e the system as the sum 
of the changes of i t s amount due t o t r a n s f o r m a t i o n and t r a n s p o r t 
p r o c e s s e s r e s p e c t i v e l y . M a t h e m a t i c a l l y t h i s can be expressed as: 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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\ 
H E A T 

Figure 1. An open system for macroscopic analysis. It exchanges chemical sub
stances and heat with the environment. The flow of chemical substances, Φι, is 
characterized by the elemental composition and the partial enthalpy of the chemical 

substances. 
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(1) 
V V s 

I n the f o r m u l a t i o n o f eqn. (1) i t i s assumed t h a t the volume and 
the s u r f a c e area o f the system do not change. I n the p r e s e n t 
a r t i c l e the d i s c u s s i o n w i l l be r e s t r i c t e d t o systems i n a 
s t a t i o n a r y s t a t e , i . e . systems f o r which the time d e r i v a t i v e 
a p p e a r i n g at the l e f t hand s i d e of eqn. (1) has become z e r o . I n 
such a case eqn. (1) can be s i m p l i f i e d t o : 

W i t h r e s p e c t t o th
n o n - e q u i l i b r i u m system the e x t e n s i v e q u a n t i t i e s c h a r a c t e r i z i n g 
the system can be d i s t i n g u i s h e d i n t o two groups: conserved and 
non-conserved q u a n t i t i e s . S o - c a l l e d conserved q u a n t i t i e s cannot 
be produced o r consumed i n the t r a n s f o r m a t i o n processes open to 
a g i v e n system. T h e r e f o r e , the f i r s t term at the r i g h t hand s i d e 
o f eqn. (1) i s n e c e s s a r i l y z e r o and eqn. (2) can be s i m p l y 
w r i t t e n as : 

E q u a t i o n (2) expresses the f a c t t h a t f o r each conserved 
q u a n t i t y the t r a n s p o r t t o a system i n s t a t i o n a r y s t a t e must 
e x a c t l y match t r a n s p o r t from t h a t system. For a non-conserved 
q u a n t i t y such s i m p l i f i c a t i o n i s not p o s s i b l e . 

The a p p l i c a t i o n o f the f o r m a l macroscopic t h e o r y to t r a n s 
f o r m a t i o n p r o c e s s e s i n open systems i s based on the f o r m u l a t i o n 
of b a l a n c e e q u a t i o n s f o r a number of conserved q u a n t i t i e s and 
an a d d i t i o n a l thermodynamic c o n s t r a i n t a l l o w i n g the f o r m u l a t i o n 
of a u s e f u l e f f i c i e n c y measure. 

The e l e m e n t a l b a l a n c e e q u a t i o n s . I n m i c r o b i a l c o n v e r s i o n 
p r o c e s s e s the amounts o f the v a r i o u s atomic s p e c i e s are conserved. 
T h i s o b s e r v a t i o n r e s u l t s i n the f o r m u l a t i o n of e l e m e n t a l b a l a n c e 
e q u a t i o n s . U s i n g eqn. (3) the e l e m e n t a l b a l a n c e e q u a t i o n f o r 
atomic s p e c i e s j can, a g a i n assuming a s t a t i o n a r y s t a t e , be 
expressed as (5, 6 ) : 

V 
(2) 

(3) 

η 

i - i 1 1 J 

Σ Φ.«*. .= 0 (4) 
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I n eqn. (4) Φ. stands f o r the net molar f l o w of compound 
i t o the system, e. . stands f o r the number of moles of atomic 
s p e c i e s j i n one mJle o f compound i . E q u a t i o n s of the type of 
eqn. (4) p r o v i d e one c o n s t r a i n t to the net exchange f l o w s f o r each 
atomic s p e c i e s c o n s i d e r e d . 

The thermodynamic c o n s t r a i n t s . The a p p l i c a t i o n o f non-equi
l i b r i u m thermodynamics t o t r a n s f o r m a t i o n p r o c e s s e s i s based on 
the f o r m u l a t i o n of two b a s i c b a l a n c e e q u a t i o n s . The f i r s t one, 
a balance e q u a t i o n f o r energy, can, by v i r t u e o f the f a c t t h a t 
the f i r s t law of thermodynamics a s s u r e s energy t o be a conserved 
q u a n t i t y i n any system, f o r a system i n s t a t i o n a r y s t a t e be 
expressed as: 

Φ Ε = 0 (5

i n which Φ^ i s the net f l o w o f energy towards the system. 
Thermodynamics show t h a t , f o r an open system on which no work 
i s performed by e x t e r n a l f o r c e f i e l d s , the energy f l o w towards 
t h a t system can be expressed as f o l l o w s : 

Φ Ε - Φ Η +
 Σ Φ Α ( 6 ) 

1 

I n t h i s e q u a t i o n Φ^ i s the s o - c a l l e d heat f l o w of P r i g o g i n e (2) 
and the h. are the p a r t i a l molar e n t h a l p i e s o f the compounds 
exchanged w i t h the environment. 

I f eqns. (5) and (6) are combined the f a m i l i a r balance 
e q u a t i o n f o r e n t h a l p y i s o b t a i n e d . I t a l l o w s the c a l c u l a t i o n o f 
the heat exchanged w i t h the environment from the f o l l o w i n g 
e q u a t i o n : 

Φ Η = - Σ Φ h . (7) 
1 

E q u a t i o n (7) i n t r o d u c e s one new unknown f l o w , the heat f l o w Φ^, 
and one a d d i t i o n a l c o n s t r a i n t , hence the t o t a l number o f unknown 
f l o w s does not change by the a p p l i c a t i o n o f the f i r s t law of 
thermodynamics. 

A second r e s t r i c t i v e e q u a t i o n r e s u l t s from the bal a n c e 
e q u a t i o n f o r entropy. For a system i n s t a t i o n a r y s t a t e the balance 
e q u a t i o n f o r entropy r e s u l t s i n the f o l l o w i n g e x p r e s s i o n : 

i n which Tig i s the t o t a l entropy p r o d u c t i o n i n the system, Φ<, 
i s the f l o w o f entropy t o the system. 

The second law o f thermodynamics poses an important 
r e s t r i c t i o n t o Tig » which must n e c e s s a r i l y exceed zero f o r any 
p o s s i b l e p r o c e s s : 
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Π δ > 0 (9) 

Furthermore, thermodynamics show t h a t the entropy f l o w can 
be w r i t t e n as : 

<&Q = Φ„/Τ + Σ Φ.s. (10) 
1 

Combining eqns. (8) - (10) the f o l l o w i n g c o n s t r a i n t i s seen 
to d e r i v e from the second law o f thermodynamics : 

Φ υ/Τ + ΣΦ.β. < 0 (11) η . 1 1 1 

E q u a t i o n (11) shows t h a t the entropy f l o w towards a system 
i n a s t a t i o n a r y s t a t e o u t s i d
two c o n t r i b u t i o n s : on
environment, the o t h e r g  exchang
substances. As can be seen eqn. (11) does not imply t h a t heat 
s h o u l d n e c e s s a r i l y be produced ( i . e . Φ < 0) i n any process 
a l l o w e d by the second law, a statement, which can be shown (6) 
to be the r a t i o n a l e behind the M i n k e v i c h and E r o s h i n (7) 
e f f i c i e n c y , η. 

Thermodynamics do not exclude processes i n which heat i s 
taken up ( i n f a c t endothermic processes are w e l l known i n ch e m i c a l 
e n g i n e e r i n g ) as l o n g as i t i s compensated by a s u f f i c i e n t l y l a r g e 
entropy f l o w a s s o c i a t e d w i t h the exchange of c h e m i c a l substances. 

The combination o f eqns. (11) and (7) a l l o w s the f o r m u l a t i o n 
of an a l t e r n a t i v e e x p r e s s i o n of the second law, i t i n t r o d u c e s 
the p a r t i a l molar f r e e e n t h a l p y , g., ( a l s o termed Gibbs f r e e 
e n e r g y ) : 

Σ Φ ί8· > 0 (12) 
i 

The p a r t i a l molar f r e e e n t h a l p y i s d e f i n e d by: 

g i = h i " T s i ( 1 3 ) 

E q u a t i o n (12) w i l l be shown t o a l l o w the f o r m u l a t i o n of an 
e f f i c i e n c y measure, which can be used to a n a l y s e growth and 
product f o r m a t i o n i n microorganisms, i t s development w i l l be 
undertaken i n the next s e c t i o n . 
The thermodynamic e f f i c i e n c y . 

The energy and entropy content o f c h e m i c a l substances. 
The thermodynamic t h e o r y o u t l i n e d above can, i n p r i n c i p l e , be 
s t r a i g h t f o r w a r d l y a p p l i e d t o the d e s c r i p t i o n of m i c r o b i a l growth 
and product f o r m a t i o n . I n o r d e r to perform such an a n a l y s i s , 
thermodynamic d a t a are needed r e g a r d i n g the compounds which are 
exchanged w i t h the environment, i . e . the p a r t i a l molar e n t h a l p i e s 
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and e n t r o p i e s o f the compounds i n v o l v e d i n the processes i n the 
system need t o be known. I n p r i n c i p l e the p a r t i a l molar 
q u a n t i t i e s , e n t h a l p y as w e l l as e n t r o p y , are f u n c t i o n s of the 
c o n c e n t r a t i o n s o f each and every c h e m i c a l compound p r e s e n t , i . e . 
d e f i n i t e v a l u e s cannot be a t t r i b u t e d t o a s i n g l e compound. I n 
the a p p r o x i m a t i o n t o the e n e r g e t i c s o f m i c r o b i a l growth p r e s e n t e d 
h e r e , i d e a l i t y o f the m i x t u r e o f compounds i n v o l v e d w i l l be 
assumed. T h i s i m p l i e s the p a r t i a l molar thermodynamic q u a n t i t i e s 
to be e q u a l t o the s p e c i f i c molar q u a n t i t i e s , these l a t t e r 
q u a n t i t i e s depend on i n t e n s i v e v a r i a b l e s l i k e temperature and 
p r e s s u r e and the c o n c e n t r a t i o n o f the compound c o n s i d e r e d o n l y . 

To a good degree o f approximation, e n t h a l p y can, at a g i v e n 
temperature and p r e s s u r e , be assumed independent o f the c o n c e n t r a 
t i o n of the compound under c o n s i d e r a t i o n . The f r e e e n t h a l p y i s , 
however, by v i r t u e o f th  entrop  c o n t r i b u t i o  t  t h a t q u a n t i t
(eqn. 13), d e f i n i t e l y c o n c e n t r a t i o
r e l a t i o n s h i p h o l d s : 

gL = g? + R T l n C i (14) 

i n which g? i s the f r e e e n t h a l p y at a g i v e n temperature and 
p r e s s u r e and u n i t c o n c e n t r a t i o n of the compound, which i s c a l l e d 
s t a n d a r d f r e e e n t h a l p y . C. i s the c o n c e n t r a t i o n of compound i . 

As a f i r s t a p p r o a c h 9 s t a n d a r d q u a n t i t i e s , i . e . assuming u n i t 
c o n c e n t r a t i o n s , w i l l be used i n the pr e s e n t e v a l u a t i o n of growth 
and product f o r m a t i o n . 

One f u r t h e r convenient c o n v e n t i o n needs t o be d i s c u s s e d . 
Energy, and hence a l s o d e r i v e d q u a n t i t i e s l i k e e n t h a l p y and f r e e 
e n t h a l p y , cannot be a t t r i b u t e d a d e f i n i t e v a l u e ; i t s magnitude 
can o n l y be d e f i n e d w i t h r e s p e c t t o a g i v e n r e f e r e n c e s t a t e which 
i s a t t r i b u t e d a zero energy l e v e l . A convenient r e f e r e n c e s t a t e 
f o r the e v a l u a t i o n o f growth and product f o r m a t i o n i n m i c r o 
organisms i s o b t a i n e d i f C 0 2 , H 20, 0 2 and N 2 are a s s i g n e d a zero 
energy l e v e l . The energy of a compound thus becomes equal to i t s 
energy of combustion t o C 0 2 , H 20 and N 2. T h i s c o n v e n t i o n can be 
m o t i v a t e d by the f a c t t h a t microorganisms can under no c i r c u m 
stances d e r i v e u s e f u l energy from processes i n which o n l y C 0 2 , 
H 20, 0 2 and N 2 are i n v o l v e d . 

The molar f r e e e n t h a l p i e s and e n t h a l p i e s _ o f combustion at 
stan d a r d c o n d i t i o n s w i l l be termed Ag°. and A h 0 , r e s p e c t i v e l y . ^ 
From eqn. (7) i t i s c l e a r t h a t the e n f n a l p y o f C 1 c o m b u s t i o n , Ah°^, 
equals the heat of combustion. 

The f r e e e n t h a l p y of combustion, A g 0 . , i s markedly dependent 
on the c o n c e n t r a t i o n s of the r e a c t a n t s i n v o l v e d (eqn. (14)) and 
most b i o l o g i c a l p r o c e s s e s take p l a c e i n aquous s o l u t i o n s at a 
hydrogen i o n c o n c e n t r a t i o n c o r r e s p o n d i n g to a pH of 7 r a t h e r than 
at u n i t c o n c e n t r a t i o n o f the H - i o n , c o r r e s p o n d i n g to a pH o f 
zero . The f r e e e n t h a l p i e s o f combustion t o l i q u i d w a ter, the HC0 3 

i o n (the predominant form i n which C0 2 e x i s t s at a pH o f 7) and 
N 2 at a pH of 7 can thus be c o n s i d e r e d more r e l e v a n t to b i o l o g i c a l 
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t r a n s f o r m a t i o n s . The f r e e e n t h a l p y o f combustion under these 
c o n d i t i o n s w i l l be i n d i c a t e d A g 0!. The e n t h a l p y o f combustion 
i s h a r d l y a f f e c t e d by the pH. T^e f r e e e n t h a l p i e s and e n t h a l p i e s 
o f combustion are known t o obey r e g u l a r i t i e s (6, 8 ) . These can 
be t r e a t e d u s i n g the concept o f the degree o f r e d u c t i o n as i n t r o 
duced by M i n k e v i c h and E r o s h i n (_7) and extended and g e n e r a l i z e d 
by the pr e s e n t author (5, 6 ) . The g e n e r a l i z e d degree of r e d u c t i o n , 
γ., o f a compound w i t h r e s p e c t t o m o l e c u l a r n i t r o g e n i s d e f i n e d 
by: 

Ύ ί = 4 + a i " 2 b i ( 1 5 ) 

I n w h i ch a. and b. are the number of moles of Η and 0 pre s e n t 
i n one C-mole ( b e i n g the amount c o n t a i n i n g 12 grams of carbon) 
of coumpound i . For a component i th  e n t h a l p i e d f r e
e n t h a l p i e s o f combustio
Ag°. r e s p e c t i v e l y , a r e  a p p r o x i m a t i o n  uniqu
f u n c t i o n o f the degree o f r e d u c t i o n , γ., as i n t r o d u c e d i n eqn. 
(15). A s t a t i s t i c a l a n a l y s i s o f d a t a f o r some 60 o r g a n i c 
compounds of b i o l o g i c a l s i g n i f i c a n c e r e v e a l e d the e x i s t e n c e of 
the f o l l o w i n g r e g u l a r i t i e s : 

A h 0 . = 115γ. (16) 
CL ' 1 

Ag°. = 94.4γ. + 86.6 (17) 

The r e s i d u a l e r r o r of the e s t i m a t e i s 18 k J f o r bo t h eqns. (16) 
and ( 1 7 ) . E q u a t i o n (16) s t a t e s t h a t the heat o f combustion per 
C-mole i s more o r l e s s d i r e c t l y p r o p o r t i o n a l t o the degree o f 
r e d u c t i o n . As i s apparent from eqn. (17) such a s i m p l e p r o p o r 
t i o n a l i t y r e l a t i o n does not a p p l y to f r e e e n t h a l p i e s o f 
combustion. 

E q u a t i o n s (16) and (17) show t h a t s y s t e m a t i c d e v i a t i o n s 
between f r e e e n t h a l p i e s and heats of combustion must e x i s t . F o r 
s u b s t r a t e s of a low degree o f r e d u c t i o n the f r e e e n t h a l p i e s o f 
combustion exceed the heats of combustion, f o r s u b s t r a t e s of a 
h i g h degree o f r e d u c t i o n the r e v e r s e a p p l i e s . T h i s phenomenon 
can be i l l u s t r a t e d i f the entropy c o n t r i b u t i o n t o the f r e e 
e n t h a l p y o f combustion, T A s 0 . , i s c a l c u l a t e d . I t i s o b t a i n e d from 
the e q u a t i o n : 

Ag°. = Ah 0. - T A s 0 . (18) 
6C1 CI CI 

I n f i g . 2 the r e l a t i o n i s shown between the s a i d entropy c o n t r i 
b u t i o n and the degree of r e d u c t i o n u s i n g d a t a f o r a v a r i e t y o f 
o r g a n i c compounds. A d e f i n i t e t r e n d can indeed be shown to e x i s t 
( a p a r t from an i n c i d e n t a l o u t l y e r ) : The ent r o p y c o n t r i b u t i o n 
i n c r e a s e s w i t h i n c r e a s i n g degree o f r e d u c t i o n . I n v i e w of the 
o b s e r v a t i o n t h a t f r e e e n t h a l p y changes at a pH o f 7 may w e l l be 
more r e l e v a n t i n m i c r o b i o l o g i c a l p r o c e s s e s , the entropy c o n t r i b u -
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Figure 2. The entropy contribution, T A s c ° (kJ/C-mole), to the free enthalpy of 
combustion at standard conditions, as a function of the degree of reduction, y, of 
the compounds considered, for acids (%), carbohydrates (A), alkanes (Ο), ethene 
and ethyne (O), alcohols (%), acetone (|Λ aldehydes (A), and amino acids (*). 
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t i o n t o the f r e e e n t h a l p y of combustion at a pH o f 7, T A s 0 f , was 
a l s o c a l c u l a t e d . These v a l u e s are p l o t t e d as a f u n c t i o n o? 
the degree of r e d u c t i o n i n f i g . 3. The f e a t u r e s o f f i g s . 2 and 
3 are seen to be v e r y much a l i k e , except f o r the a c i d s , which 
have a markedly h i g h e r T A s 0 f at a pH of 7, i . e . t h e i r f r e e 
e n t h a l p y o f combustion i s îower at t h a t pH. T h i s d i f f e r e n c e 
between s t a n d a r d c o n d i t i o n s and a s i t u a t i o n i n which the concen
t r a t i o n s d i f f e r from u n i t y , e.g. at a pH o f 7, i s c h a r a c t e r i s t i c 
f o r a l i m i t a t i o n o f the use of s t a n d a r d f r e e e n t h a l p y changes 
i n the a n a l y s i s o f p r o c e s s e s , where the c o n c e n t r a t i o n s at the 
l o c a l e o f the p r o c ess may d i f f e r from u n i t y : the Ag° v a l u e s can 
o n l y be a p p l i e d to an approximate a n a l y s i s . For d e t a i l e d 
c o n s i d e r a t i o n s the A g Q v a l u e s a t the c o n c e n t r a t i o n s at the l o c a l e 
o f energy g e n e r a t i o n are needed. S t i l l , as w i l l be shown, the 
approximate a n a l y s e s g r e a t l  c o n t r i b u t  t  th  u n d e r s t a n d i n
o f m i c r o b i a l e n e r g e t i c s

There a l s o e x i s t compounds of which the energy r e l e a s e d on 
t h e i r combustion does d e f i n i t e l y not f o l l o w the t r e n d s i n d i c a t e d 
by eqns. (16) and (17). Examples are oxygen and n i t r i c a c i d which 
have a "heat o f combustion" which i s c l o s e to zero and a degree of 
r e d u c t i o n of -4 and -5 r e s p e c t i v e l y . By v i r t u e of t h i s f e a t u r e 
these compounds can serve as v e r y e f f i c i e n t " e l e c t r o n a c c e p t o r s " . 

The thermodynamic e f f i c i e n c y . The thermodynamic t h e o r y 
developed e a r l i e r was shown t o r e s u l t i n eqn. ( 1 2 ) , a r e s t r i c t i v e 
e q u a t i o n r e g a r d i n g the f l o w s o f matter exchanged w i t h the e n v i r o n 
ment by an open system. On eqn. (12) a d e f i n i t i o n of the thermo
dynamic e f f i c i e n c y can be based i f the d i s s i p a t i o n , ΤΠ , i s 
compared t o the t o t a l o f the f l o w s o f f r e e e n t h a l p y e n t e r i n g the 
system. However, a problem which was a l r e a d y i n d i c a t e d above 
has to be t a c k l e d . The amount of energy cannot be s p e c i f i e d i n 
a unique way and i t can o n l y be d e f i n e d w i t h r e f e r e n c e to a base 
l e v e l , which i s a r b i t r a r i l y a t t r i b u t e d zero energy c o n t e n t . As 
soon as such a r e f e r e n c e s t a t e has been chosen, the thermodynamic 
e f f i c i e n c y i s e a s i l y c a l c u l a t e d . The procedure i s i l l u s t r a t e d 
i n f i g . 4. The thermodynamic e f f i c i e n c y , fL,» i s d e f i n e d equal 
t o the r a t i o of the f r e e e n t h a l p y gained i f the compounds l e a v i n g 
the system were transformed to the r e f e r e n c e s t a t e , to t h a t , 
which would be o b t a i n e d i f t h i s procedure were a p p l i e d to the 
compounds e n t e r i n g the system. I t i s e a s i l y understood t h a t 
η , i s c o n s t r a i n e d between z e r o , i f a l l the f r e e e n t h a l p y e n t e r i n g 
trie system i s d i s s i p a t e d and u n i t y i f Ag!j equals Ag^ , i . e . i f the 
d i s s i p a t i o n equals z e r o . I t i s important to r e a l i z e t h a t the 
former c o n s t r a i n t s t r o n g l y depends on the c o r r e c t c h o i c e of the 
r e f e r e n c e s t a t e . 

A p p l i c a t i o n s o f the t h e o r y 

A e r o b i c growth w i t h o u t product f o r m a t i o n . The a p p l i c a t i o n 
o f the t h e o r y to a e r o b i c growth w i t h o u t f o r m a t i o n o f products 
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Figure 3. The entropy contribution, T A S C
0 / (kJ/C-mole), to the free enthalpy of 

combustion at a pH of 7, as a function of the degree of reduction, y, of the com
pounds considered; symbols as in Figure 2. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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w i l l now be shown. F i g u r e 5 shows the system and the exchange 
f l o w s f o r t h i s case. The elementary c o m p o s i t i o n s and the heats 
o f combustion o f the compounds exchanged w i t h the environment 
are i n d i c a t e d . A e r o b i c growth i s f o r the pre s e n t a n a l y s i s assumed 
t o i n v o l v e uptake of a n i t r o g e n s o u r c e , a carbon source and oxygen 
and t r a n s p o r t t o the environment of carbon d i o x i d e , water and 
new biomass. The biomass i s assumed t o be one compound, which 
can be c h a r a c t e r i z e d f u l l y by i t s e l e m e n t a l c o m p o s i t i o n . As the 
en t h a l p y as w e l l as the f r e e e n t h a l p y o f combustion, i . e . the 
e n t h a l p y and f r e e e n t h a l p y c o n t e n t w i t h r e s p e c t to the r e f e r e n c e 
s t a t e adopted i n the pre s e n t a n a l y s i s , i s zero f o r oxygen, carbon 
d i o x i d e and wat e r , i t i s e a s i l y understood t h a t the thermodynamic 
e f f i c i e n c y can be d e f i n e d as f o l l o w s : 

Φ Ag° 
n . u - — ^ — ^ (19'th 

cN 

i n which Φ , and Φ^ are the f l o w s o f biomass (C-mole/hr), 
s u b s t r a t e ^C-mole/hr) and n i t r o g e n source (mole/hr) t o o r from 
the system (as i n d i c a t e d i n f i g u r e 5 ) . Ag° and Ag° g are the 
f r e e e n t h a l p i e s _ o f combustion o f a C-mole o i biomass and s u b s t r a t e 
r e s p e c t i v e l y . A g ^ i s the f r e e e n t h a l p y o f combustion of a mole 
of the n i t r o g e n s o u r ce. 

E q u a t i o n (19) can a l s o be w r i t t e n as: 

Ag° 
η,. — (20) 

A g o s / r - + ( C )/c 4)Ai» N 

I n the f o r m u l a t i o n o f t h i s e q u a t i o n a ba l a n c e f o r atomic n i t r o g e n 
i s used t o r e l a t e the f l o w s Φ%, and Φ . Y f f i s a y i e l d f a c t o r • Ν χ sx · f o r biomass on s u b s t r a t e on a per C-mole base; C-moles of biomass 
produced per C-mole o f s u b s t r a t e consumed, thus i t i s d e f i n e d 
by: 

γ " = φ /φ (21) 
SX X s 

Another u s e f u l e f f i c i e n c y measure i s the s o - c a l l e d e n t h a l p y 
e f f i c i e n c y o f growth, η^, i t i s by analogy o b t a i n e d i f the Ag°. 
i n eqn. (20) are r e p l a c e d by the r e s p e c t i v e Ah 0.. As was alreaày 
i n d i c a t e d the e n t h a l p y e f f i c i e n c y does not have the fundamental 
p r o p e r t i e s o f the thermodynamic e f f i c i e n c y as the r e s t r i c t i o n 
f o l l o w i n g from the a p p l i c a t i o n o f the second law o f thermodynamics 
(see eqn.(11))does not pose an upper l i m i t t o Φ^. Hence, processes 
f o r which η„ exceeds u n i t y can by no means be exc l u d e d . I t can 
e a s i l y be shown t h a t the e f f i c i e n c y measures developed above, 
i . e . η^, and η^, a l l o w the f o r m u l a t i o n o f e x p r e s s i o n s f o r the 
d i s s i p a t i o n ΤΠ and the heat p r o d u c t i o n (-Φ„). The f o l l o w i n g S n 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 4. The thermodynamic efficiency, ηα, of a process. A g / and A g / are the 
amounts of free enthalpy gained when the compounds entering and leaving the 

system, respectively, are transformed to the reference state. 

c 
_\h ° -0 

co 2 

_ H 2 0 

cs 

W W C H ai° bi N ci 

Figure 5. System and flows for thermodynamic analysis of aerobic growth without 
formation of products. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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equations h o l d : 

(22) 

(23) 

In eqn. (22) D equals the d i s s i p a t i o n ΤΠ . 
For a e r o b i c growth w i t h o u t product f o r m a t i o n the a b s o l u t e 

magnitude second term a p p e a r i n g at the l e f t hand s i d e of eqn. 
(11) can be shown to be s m a l l as compared t o Φ^/Τ, i . e . the 
exchange of heat l a r g e l y exceeds the exchange of "chemical 
e n t r o p y " (5, 6^. T h i s i m p l i e s t h a t D and a r e , to a good approx
i m a t i o n equal and t h i s , of c o u r s e , a l s o a p p l i e s to η a n a* Π^· 
In t h i s case an a n a l y s i s based on an e n t h a l p y e f f i c i e n c y of 
growth i s more or l e s s v a l i
of the second law as t

As has been shown e a r l i e r (6) the v e r y f a c t t h a t eqn. (16) 
i s more or l e s s v a l i d i m p l i e s t h a t heat p r o d u c t i o n and oxygen 
consumption, Φ , are p r o p o r t i o n a l a c c o r d i n g to the f o l l o w i n g 
e q u a t i o n : 

The approximate v a l i d i t y of t h i s e q u a t i o n i s e a s i l y understood 
as f o l l o w s . The degree of r e d u c t i o n γ. i n d i c a t e s the number of 
moles of e l e c t r o n s a v a i l a b l e f o r t r a n s f e r to oxygen on complete 
combustion of a C-mole of a compound to C0 2 , H 20 and N 2. On 
t r a n s f e r to oxygen the energy of the e l e c t r o n s i s d i s s i p a t e d , 
r e s u l t i n g i n a heat p r o d u c t i o n of 115 k J per mole of e l e c t r o n s . 
On a e r o b i c growth p a r t of the energy content of the s u b s t r a t e 
and the n i t r o g e n source i s conserved i n the form of newly 
s y n t h e s i z e d biomass, the e l e c t r o n s c o r r e s p o n d i n g to the remainder 
are t r a n s f e r r e d to oxygen and p r o v i d e d i s s i p a t i o n . As f o u r moles 
of e l e c t r o n s are accepted by one mole of oxygen eqn. (16) shows 
460 k J to be generated f o r each mole of oxygen consumed. 

The v a l i d i t y of eqn. (24) shows t h a t a treatment can a l s o 
be based on oxygen e f f i c i e n c y of growth C5"\7) · 

A s u b s t a n t i a l body of data on a e r o b i c growth w i t h o u t product 
f o r m a t i o n supported by ammonia as a n i t r o g e n source has r e c e n t l y 
been reviewed ( 9 ) . From these d a t a the v a l u e s of η (- η ) and 
the d i s s i p a t i o n per u n i t biomass produced (D/Φ , kJ/C-mole) were 
c a l c u l a t e d . The r e s u l t s were averaged f o r each of the carbon 
sources c o n s i d e r e d and are shown i n f i g s . 6 and 7. 

A l t h o u g h , not u n e x p e c t e d l y , i t i s c l e a r t h a t c o n s i d e r a b l e 
s c a t t e r i s e x i s t e n t i n both f i g s . 6 and 7,some g l o b a l r e g u l a r i t i e s 
seem to be p r e s e n t , which are i n d i c a t e d i n the f i g u r e s . For sub
s t r a t e s w i t h a degree of r e d u c t i o n lower than about 5, the thermo
dynamic e f f i c i e n c y averages 0.58 (the o n l y s i g n i f i c a n t o u t l y e r 
b e i n g the v e r y low e f f i c i e n c y observed f o r growth supported by 

Φ„ = 460 Φ ο (24) 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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0.25 

Figure 6. Thermodynamic efficiency, ηιη, of aerobic growth with NHS as the 
nitrogen source, plotted as a function of the degree of reduction, γ, of the substrate. 
Theoretical limits due to the second law and C-limitation. Shown are averages of 
experimental data for methane (%), n-alkanes (A), methanol (J^), ethanol (*ψ), 
glycerol (®), mannitol (O), acetic acid (Δλ lactic acid glucose (*), formalde
hyde (VA gluconic acid (S), succinic acid (@), citric acid (®), malic acid (®), 

formic acid (®), oxalic acid (A)-

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 7. Dissipation of aerobic growth (kJ/C-mole of biomass produced) for 
aerobic growth with ΝΗΆ as a nitrogen source as a function of the degree of 
reduction of substrate. Theoretical limits due to second law and C-limitation. 

Average of experimental data for various substrates, symbols as in Figure 6. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



13. R O E L S Macroscopic Thermodynamics and Growth 311 

o x a l i c a c i d ) , t h i s corresponds to a d i s s i p a t i o n of r o u g h l y 
400 kJ/mole of biomass produced. For s u b s t r a t e s w i t h a degree 
of r e d u c t i o n exceeding 5 the thermodynamic e f f i c i e n c y 
p r o g r e s s i v e l y decreases and the d i s s i p a t i o n i n c r e a s e s up to 1400 
kJ/C-mole f o r the case of growth supported by methane. 

In f i g s . 6 and 7 the r e s t r i c t i o n s of u n i t e f f i c i e n c y and 
zero d i s s i p a t i o n r e s p e c t i v e l y , a s imposed by the second law are 
i n d i c a t e d as w e l l as a l i m i t imposed by a l i m i t a t i o n of a 
d i f f e r e n t n a t u r e , i . e . carbon l i m i t a t i o n . The l a t t e r l i m i t m e r i t s 
a more thorough d i s c u s s i o n . The degree of r e d u c t i o n , γ , of b i o 
mass from a v a r i e t y of sources averages 4.8 (5,6,10) and hence 
by v i r t u e of eqn. (16) i t s energy content i s about 550 kJ/C-mole. 
I f growth i s supported by a s u b s t r a t e of a degree of r e d u c t i o n 
e x ceeding 4.8 i t s energy content w i l l exceed the s a i d 550 
kJ/C-mole and hence, eve  i f a l l s u b s t r a t  carbo  f i x e d 
i n biomass, a thermodynami
be o b t a i n e d . A complet  e x p l o i t a t i o  energy presen
the s u b s t r a t e would r e q u i r e f i x a t i o n of a d d i t i o n a l low energy 
carbon e.g. from C0 2 . T h i s i s , however, e x c l u d e d , as o n l y one 
carbon source i s assumed to be s u p p l i e d . 

On o b s e r v a t i o n of f i g . 6 i t becomes c l e a r t h a t the t r e n d s 
observed i n the e x p e r i m e n t a l v a l u e s of the thermodynamic 
e f f i c i e n c y mimic the shape of the t h e o r e t i c a l r e s t r i c t i o n s at 
a l e v e l of about 60%. The d e v i a t i o n between the t h e o r e t i c a l l i m i t 
and the v a l u e s a c t u a l l y observed i s q u i t e e a s i l y understood i n 
g e n e r a l terms i n the r e g i o n of low degrees of r e d u c t i o n , where 
the energy a v a i l a b l e i n the s u b s t r a t e r a t h e r than i t s carbon 
co n t e n t l i m i t s the v a l u e s of Y M . The t h e o r e t i c a l l i m i t of u n i t y s χ · can never be reached as any process needs a non-zero d i s s i p a t i o n 
t o proceed at a non-zero r a t e (2-4). In f a c t the r a t e at which 
a process proceeds, e.g. the r a t e of growth of the amount of 
biomass, i s to a c e r t a i n e x t e n t i n c r e a s i n g w i t h i n c r e a s i n g 
d i s s i p a t i o n . V a r i o u s o p t i m a l i t y p r i n c i p l e s ( 1 1 ) , may d i c t a t e 
an o p t i m a l thermodynamic e f f i c i e n c y of r o u g h l y the magnitude 
observed here (11, 12). The behaviour at h i g h degrees of r e d u c t i o n 
i s l e s s e a s i l y understood on fundamental grounds. The thermo
dynamic e f f i c i e n c y c o u l d w e l l approach the t h e o r e t i c a l l i m i t c l o s e r 
w i t h a s u f f i c i e n t l y l a r g e d i s s i p a t i o n . A p p a r e n t l y o t h e r phenomena 
to which the f o r m a l macroscopic treatment p r o v i d e s no c l u e s , 
l i m i t the maximum c o n s e r v a t i o n of s u b s t r a t e carbon i n biomass 
to about 2/3 of the maximum. O b v i o u s l y one has to r e s o r t to b i o 
c h e m i c a l t h e o r y to o b t a i n c l u e s to the n a t u r e of the mechanisms 
u n d e r l y i n g the phenomenon. 

There e x i s t s s t i l l another u s e f u l q u a n t i t y , which has been 
used to s y s t e m a t i z e the e x p e r i m e n t a l d a t a on the e f f i c i e n c y 
of growth supported by v a r i o u s carbon s o u r c e s ; i t i s Payne 1s 
y i e l d on a v a i l a b l e e l e c t r o n s , Υ , (13). I t i s d e f i n e d as the 
amount of biomass produced per mole of e l e c t r o n s a v a i l a b l e f o r 
t r a n s f e r to oxygen on complete combustion. N u m e r i c a l l y the number 
of moles of e l e c t r o n s a v a i l a b l e f o r t r a n s f e r to oxygen on 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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combustion of a C-mole of a g i v e n s u b s t r a t e i s e q u a l t o the 
degree of r e d u c t i o n , γ., as d e f i n e d by eqn. (15). As a f i r s t 
a p p r o x i m a t i o n , t a k i n g i n t o account the f a c t t h a t biomass from 
a v a r i e t y of m i c r o b i a l sources can be w e l l r e p r e s e n t e d by the 

can be c o n s i d e r e d 
«-·• VW.A.̂WŴ  ν Λ. IUX.V. LVU JLaj. I7WU1. U^t7 COU VJ t. W I— J. J-

c o m p o s i t i o n f o r m u l a C H l e 8 O 0 . 5 N 0 . 2 » Y / C 

p r o p o r t i o n a l t o X]^ (or r a t h e r n H ) (§, e 6 ) 

Υ , = 5.85 η., (25) av/e t h 

F i g u r e 8 shows the d a t a d e p i c t e d i n f i g s . 6 and 7 i n a p l o t o f 
Y . v e r s u s the degree o f r e d u c t i o n γ. The t r e n d s and t h e o r e t i c a l 
l i m i t s are a l s o shown. 

Growth w i t h e l e c t r o
p r e c e e d i n g s e c t i o n a cas
e l e c t r o n a c c e p t i n g moiety. Oxygen i s , however, by no means the 
o n l y compound, which can perform such f u n c t i o n . Other examples 
are n i t r a t e and s u l p h a t e . The c h a r a c t e r i s t i c f e a t u r e of an 
e l e c t r o n a c c e p t o r i s t h a t f r e e e n t h a l p y i s gained i n the o v e r a l l 
p r o c e s s o f t r a n s f e r o f an e l e c t r o n from a g i v e n source (a 
s u b s t r a t e ) to the a c c e p t o r . T h i s f r e e e n t h a l p y i s p a r t l y 
d i s s i p a t e d to p r o v i d e the necessary i r r e v e r s i b i l i t y and i t can 
be used t o t r a n s f e r carbon ( - d i o x i d e ) from a low energy l e v e l 
t o a h i g h energy one. I n t a b l e I a summary i s p r o v i d e d of the 
energy becoming a v a i l a b l e on t r a n s f e r o f one mole of e l e c t r o n s 
from g l u c o s e to a g i v e n e l e c t r o n a c c e p t o r engaged i n a g i v e n 
r e d u c t i o n p r o c e s s . 

Table I . Free e n t h a l p y gained at pH = 7 and s t a n d a r d 
c o n d i t i o n s on t r a n s f e r of one mole of e l e c t r o n s 
from g l u c o s e to a g i v e n e l e c t r o n a c c e p t o r (14) 

e l e c t r o n a c c e p t o r moles o f e l e c t r o n s A g 0 ^ 1 ^ ^ S a i / ^ 
+ * accepted k J k j f m o l e 

6 79.1 13.2 
2 27.7 13.9 
8 150.7 18.8 
6 171.9 28.7 
6 435.5 72.6 
8 598.4 74.8 
5 559.5 111.9 
4 473.9 118.5 

N 2 (NH 4
+) 

S (HS~) 
2-SO, 4 9 

(HS ) 
S 0 3 (HS~) 
N0 2~ (NH 4

+) 
N0 3" (NH 4

+) 
N0 3" (N 2) 

°2 (H 20) 

* I n b r a c k e t s reduced form of e l e c t r o n a c c e p t o r 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 8. Yield on electrons available for transfer to oxygen, Yav/e, (g DM/mole 
av/e) for aerobic growth with NH3 as a nitrogen source. Theoretical limits due to 
the second law and C-limitation. Average of experimental data for various sub

strates, symbols as in Figure 6. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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The v a l u e s of the f r e e e n t h a l p y gained per mole o f e l e c t r o n s 
t r a n s f e r r e d are arranged i n o r d e r of i n c r e a s i n g magnitude. The 
" e f f i c i e n c y " o f an e l e c t r o n a c c e p t o r thus i n c r e a s e s from the top 
to the bottom of the t a b l e and f a i t h i n l i f e ' s u n i v e r s a l s t r i v i n g 
f o r more o p t i m a l growth would assume p r e f e r e n c e f o r the e l e c t r o n 
a c c e p t o r s at the bottom o f the t a b l e i f two or more e l e c t r o n 
a c c e p t o r s are s i m u l t a n e o u s l y a v a i l a b l e . 

Growth w i t h o u t e x t e r n a l l y s u p p l i e d e l e c t r o n a c c e p t o r s . I n 
a number of cases growth i s observed t o take p l a c e w i t h o u t an 
i d e n t i f i a b l e s e p e r a t e e l e c t r o n a c c e p t o r b e i n g p r e s e n t . I n such 
case the s u b s t r a t e o r a s u b s t r a t e d e r i v e d moiety i s both donor 
and a c c e p t o r o f e l e c t r o n s . For s i m p l i c i t y ' s sake o n l y the case 
of a n a e r o b i c growth on a s i n g l e carbon source w i t h f o r m a t i o n of 
a s i n g l e product and NH^ as the n i t r o g e n source w i l l be t r e a t e d
I t i s e a s i l y understoo
be based on a bala n c e o
eqn. (16). Table I I shows the f l o w s o f the v a r i o u s compounds and 
t h e i r content o f e l e c t r o n s a v a i l a b l e f o r t r a n s f e r to oxygen on 
f o r m a t i o n of Φ C-moles of biomass. χ 
Tab l e I I . A degree of r e d u c t i o n balance f o r a n a e r o b i c 

growth w i t h o u t e x t e r n a l e l e c t r o n a c c e p t o r s 

m o l e c u l a r degree of f l o w c o n t r i b u t i o n 
s p e c i e s r e d u c t i o n to degree of 

r e d u c t i o n 
b a l a n c e 

s u b s t r a t e 
Y s Φ χ/Υ" 

X SX 
γ Φ /Y" 
's X SX 

N-source (NH^) 3 C φ 
1 χ 

3ο.Φ 1 χ 
Biomass (CH ,0, 4N -) a1 b1 c1 Y x Φ 

χ 
- γ Φ χ χ 

Product 
Y P 

φ 
Ρ 

- γ φ 
Ρ Ρ 

c o 2 0 Φ /Υ" -χ sx -Φ -φ 0 χ ρ 
H 20 0 Φ 

W 
0 

By v i r t u e o f the f a c t t h a t no e x t e r n a l e l e c t r o n a c c e p t o r s 
are p r e s e n t the c o n t r i b u t i o n s t o the degree o f r e d u c t i o n b a l a n c e 
as shown i n the l a s t column of t a b l e 2 must add up t o z e r o , i t 
f o l l o w s : 

Φ 
<w ( v YSX + 3 C I 

(26) 

Φ = Φ {(1 c χ γ /γ ) / Υ " - 1 
s 'ρ SX 

3c,/γ ρ • γ χ / γ ρ } (27) 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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I t becomes c l e a r t h a t on the a n a e r o b i c growth process an 
amount of product Φ , g i v e n by eqn. (26), i s formed. I t 
corresponds to the E r a n s f e r of (γ /Y" + 3c, - γ )Φ moles of s s χ . 1 χ χ e l e c t r o n s from the s u b s t r a t e to r e s u l t i n g i n the f o r m a t i o n 
of the p r o d u c t . C l e a r l y , the d r i v i n g f o r c e of the r e a c t ion,which 
must, amongst o t h e r s , p r o v i d e the necessary d i s s i p a t i o n , must 
r e s t i n the f a c t t h a t the e l e c t r o n s i n the s u b s t r a t e are at a 
h i g h e r f r e e e n t h a l p y l e v e l than those i n the product. The 
mechanism of t h i s process becomes c l e a r e r i f eqns. (16) and (17) 
are observed c l o s e r . The e n t h a l p y of combustion i s , f o r compounds 
of d i f f e r e n t degree of r e d u c t i o n ̂ apparently t o a very good degree 
of a p p r o x i m a t i o n equal per mole of e l e c t r o n s a v a i l a b l e f o r 
t r a n s f e r to oxygen. H e n c e , i f e n t h a l p y were, as i n the case of 
a e r o b i c growth, to be the source p r o v i d i n g dissipât i o n , a n a e r o b i c 
growth would to a degre  a p p r o x i m a t i o  i n v o l v  n e g l i g i b l
d i s s i p a t i o n and be i m p o s s i b l
view. E q u a t i o n ( 1 7 ) , however,  e n t h a l p y
of a s u b s t r a t e per mole of a v a i l a b l e e l e c t r o n s d e c r e a s e s , as a 
g e n e r a l tendency, w i t h i n c r e a s i n g degree of r e d u c t i o n . Hence, 
the d i s s i p a t i o n n ecessary f o r e f f i c i e n t growth can be gained i f 
a product of a h i g h e r degree of r e d u c t i o n i s , w i t h f o r m a t i o n of 
CO^, formed from a s u b s t r a t e w i t h a low degree of r e d u c t i o n 06). 
T h i s can be shown to be the g e n e r a l tendency u n d e r l y i n g a n a e r o b i c 
growth of the type t r e a t e d here. The g e n e r a l tendency u n d e r l y i n g 
a n a e r o b i c growth i s t h a t , c o n t r a r y to the s i t u a t i o n i n a e r o b i c 
growth,that i s d r i v e n by the e n t h a l p y r a t h e r than the " c h e m i c a l 
e n t r o p y " c o n t r i b u t i o n t o the d i s s i p a t i o n , i t i n v o l v e s a l a r g e 
c o n t r i b u t i o n of " c h e m i c a l e n t r o p y " d i s s i p a t i o n at a g e n e r a l l y 
minor c o n t r i b u t i o n due to heat p r o d u c t i o n . For p r a c t i c a l purposes, 
t h i s means t h a t on these anaerobic processes c l o s e to 100% of 
the energy of combustion of the s u b s t r a t e s u p p l i e d i s conserved 
i n the product and biomass formed, the i r r e v e r s i b i l i t y b e i n g 
p r o v i d e d by the c o n t r i b u t i o n , T As 0. 

The tendency sketched above o n l y accounts f o r the main 
f e a t u r e s , another important aspect b e i n g t h a t anaerobic growth 
proceeds to compounds, which have a low e n t h a l p y at a g i v e n degree 
o f r e d u c t i o n , i . e . anaerobic growth i s a l s o d r i v e n by the 
d e v i a t i o n s from eqns. (16) and (17) r a t h e r than by the g e n e r a l 
t e n d e n c i e s these equations d e s c r i b e . 

The reason t h a t the l i m i t e d accuracy of eqns. (16) and (17) 
becomes important h e r e , w h i l s t b e i n g of v i r t u a l l y no importance 
i n a e r o b i c growth, r e s t s i n the f a c t t h a t l a r g e f lows of s u b s t r a t e 
and product are i n v o l v e d i n a n a e r o b i c growth. Thus, d i s s i p a t i o n 
becomes the d i f f e r e n c e of two l a r g e numbers and minor e r r o r s i n 
these c o n t r i b u t i o n s become q u i t e s i g n i f i c a n t . 

As a t y p i c a l example of the f e a t u r e s e x h i b i t e d by a n a e r o b i c 
growth the f o l l o w i n g q u a n t i t i e s are w o r t h w h i l e . On a n a e r o b i c 
growth of a y e a s t on g l u c o s e w i t h f o r m a t i o n o f e t h a n o l t y p i c a l l y 
about 90 k J of heat are generated per C-mole of biomass produced; 
t h i s v a l u e i s s u b s t a n t i a l l y lower than the heat p r o d u c t i o n on 
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a e r o b i c growth of t h a t same y e a s t , which t y p i c a l l y amounts to 
300 - 350 kJ/C-mole. The f r e e e n t h a l p y d i s s i p a t i o n on anaerobic 
growth i s , however, c l o s e to 300 kJ/C-mole produced, i . e . s l i g h t l y 
lower than or equal to t h a t on a e r o b i c growth. 

An e a r l i e r study performed by the present author (5_, 6̂ ) 
showed t h a t , i f a r e a l i s t i c r e f e r e n c e s t a t e f o r energy content 
i s chosen, a n a e r o b i c growth proceeds as a g e n e r a l tendency w i t h 
a thermodynamic e f f i c i e n c y of the same or d e r of magnitude as t h a t 
observed on a e r o b i c growth. T h i s p r o v i d e s the nucleus to a 
p o s t u l a t e t h a t w i l l be somewhat more c l o s e l y i n v e s t i g a t e d i n the 
l a s t s e c t i o n of t h i s paper: Growth y i e l d s can as a r u l e of thumb 
be e s t i m a t e d from the assumption of a c o n s t a n t thermodynamic 
e f f i c i e n c y o r , e q u i v a l e n t l y , a c o n s t a n t d i s s i p a t i o n per u n i t 
biomass produced. 

The c o n s t a n t e f f i c i e n c

For growth supported by d i f f e r e n t sources and s i n k s of 
e l e c t r o n s , e.g. a e r o b i c growth, growth supported by e l e c t r o n 
a c c e p t o r s o t h e r than oxygen o r growth processes i n which no 
e x t e r n a l e l e c t r o n a c c e p t o r s are p r e s e n t , w i d e l y v a r y i n g s u b s t r a t e 
y i e l d s , e.g. expressed as Υ" , are observed. As was a l r e a d y 
i n d i c a t e d w i t h r e f e r e n c e to a e r o b i c growth, matters can be 
g e n e r a l i z e d to a c e r t a i n e x t e n t i f y i e l d s are expressed i n 
terms of Y a v/ e> the y i e l d expressed per mole of s u b s t r a t e 
e l e c t r o n s a v a i l a b l e f o r t r a n s f e r to oxygen. However, as was 
p o i n t e d out i n d i s c u s s i n g t a b l e I , l a r g e l y d i f f e r e n t amounts 
of energy may r e s u l t from the t r a n s f e r of one mole of e l e c t r o n s 
i n dependence on the donor/acceptor combination . Table I I I 
p r o v i d e s a summary of l i t e r a t u r e d a t a . For a number of growth 
processes the y i e l d on a v a i l a b l e e l e c t r o n s , Y , , as w e l l ο av / e as the Ag 1 , , the f r e e e n t h a l p y o b t a i n e d on t r a n s f e r of one 
mole of eîecfrons from the s u b s t r a t e to the e l e c t r o n a c c e p t o r 
(standard c o n d i t i o n s and a pH = 7 ) , are g i v e n . 

Even a s u p e r f i c i a l study of t a b l e I I I c l e a r l y shows the 
e x i s t e n c e of a r e l a t i o n s h i p between Y . and Ag° 1 ,. T h i s 
r e l a t i o n s h i p can be s y s t e m a t i z e d as f o l l o w s . I f tKe thermodynamic 
e f f i c i e n c y , η , , i s known eqn. (22) a l l o w s the c a l c u l a t i o n 
of the d i s s i p a t i o n per u n i t biomass produced. Furthermore i t 
has to be r e c o g n i z e d t h a t the d i s s i p a t i o n per mole of biomass 
produced can be c a l c u l a t e d from: 

I n which the c o n v e r s i o n f a c t o r 25.8 accounts f o r the 
c o n v e r s i o n of g.DM. to C-moles, 4.8 i s a c o r r e c t i o n a c c o u n t i n g 
f o r the number of moles of a v a i l a b l e e l e c t r o n s conserved i n 
one C-mole of biomass formed, and 65.3 accounts f o r the f r e e 
e n t h a l p y of combustion of the ammonia used i n the process of 

D/Φ = A g 0 ' , (25.8/Y χ °av/e av/e - 4.8) + 65.8 (28) 
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Table I I I . Y i e l d s on a v a i l a b l e e l e c t r o n s and energy 
a v a i l a b l e per mole of e l e c t r o n s t r a n s f e r r e d 

f o r v a r i o u s processes 

s u b s t r a t e e l e c t r o n a c c e p t o r Y . Ag° , Source 
av/e °av/e 
g.D.M./ 
mole 

G l y c e r o l °2 3. 65 1 16.4 Average from(9) 
M a n n i t o i °2 3. 26 117.5 
A c e t i c a c i d °2 2. 63 105.5 
L a c t i c a c i d °2 3. 26 110.1 
Glucose °2 
Formaldehyde °2 2. 98 124.0 
G l u c o n i c a c i d °2 3. 53 117.9 
S u c c i n i c a c i d °2 2. 90 107.1 
C i t r i c a c i d °2 3. 09 1 11 .0 
M a l i c a c i d °2 3. 18 112.1 
Formic a c i d °2 3. 17 118.0 
O x a l i c a c i d 

°2 _ 
1. 78 119.0 

S u c c i n i c a c i d N0 3 2. 28 100.6 (15) 
S u c c i n i c a c i d N0 2~ 2. 71 120.9 (15) 
S u c c i n i c a c i d °2 2. 75 107.1 (15) 
G l u c o n i c a c i d °2 3. 26 117.9 (15) 
G l u c o n i c a c i d N0 3 3. 44 111.4 (15) 
Glucose G1 uco s e->e t hano 1 0. 88 9.5 from (6) 
Glucose G l u c o s e + l a c t i c a c i d 0. 81-1 .5 8.3 
Glucose G l u c o s e + p r o p i o n i c / a c e t i c a c i d 1 . 48 12.9 
Glucose Glucose-hue t h a n e / a c e t i c a c i d 1. 63 14.4 
A c e t i c a c i d A c e t i c acid-miethane 0. 36 3.9 
Methanol Me t hano l->me t hane 0. 91 1 3.0 
Formate Formate-*me thane 0. 27 16.4 
P r o p i o n i c P r o p i o n i c acid->methane 0. 41 4.0 

a c i d 
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growth. The biomass was assumed to have the s t a n d a r d c o m p o s i t i o n 
C H 1 8°0 5 N0 2 a n c* t 0 c o n t a ^ n ^% ash. 

I r e q n s . (28) and (22) are combined the f o l l o w i n g e x p r e s s i o n 
can be d e r i v e d : 

Y 
25.8Ag 0 t , & a v / e 

a v / e 536(1 - n t h ) / n t h + 4 . 8 A g - / e - 65.8 ( 2 9 ) 

From eqn. (29) the s o l i d l i n e d e p i c t e d i n f i g . 9, which 
corresponds to an η ^ of 0.65, was c a l c u l a t e d . P a r t of the e x p e r i 
mental d a t a d e p i c t e S i n t a b l e I I I are a l s o i n d i c a t e d i n the 
f i g u r e . As can be seen the g e n e r a l f e a t u r e s of the e x p e r i m e n t a l 
m a t e r i a l f o l l o w the r e g u l a r i t y of a constant e f f i c i e n c y of 
about 0.65. Of c o u r s e , some d e v i a t i o n s and o u t l y e r s are p r e s e n t . 
T h i s may be due to l i m i t a t i o n
as w e l l as of the approximat
as the f r e e e n t h a l p y changes are based on standard c o n d i t i o n s 
f o r compounds apart from the H i o n and water. 

As a r e p r e s e n t a t i v e example the f o l l o w i n g a n a l y s i s may 
prove i l l u s t r a t i v e . A e r o b i c growth of the y e a s t S.cerevisiae 
proceeds w i t h a y i e l d , Υ , , of about 3.75 (g DM/mole av / e ) . 
E q u a t i o n (29) a l l o w s r\^a¥br t h i s case to be e s t i m a t e d at 0.63. 
( A g 0 t , equals 118.5). For a n a e r o b i c growth on g l u c o s e w i t h 
f o r m a t i o n of e t h a n o l A g 0 ' , equals 9.5 and i f η , would remain 
co n s t a n t at 0.63 a Y * of 0.83 would be e x p r e c t e d . T h i s 
corresponds w e l l to t K e e e x p e r i m e n t a 1 v a l u e of 0.88. 

The a n a l y s i s p r e s e n t e d above may i n some cases p r o v i d e a 
u s e f u l a l t e r n a t i v e to the treatment o f the e f f i c i e n c y of growth 

jnax 
i n terms of a Y «m-n or γ v a l u e (16, 17), which i n v o l v e s the 

A 1 κ A T Ρ ' _ ' 
n e c e s s i t y of knowledge of the d e t a i l e d b i o c h e m i s t r y of the 
pathways used i n the g e n e r a t i o n of m e t a b o l i c energy. The treatment 
developed above does not need such i n f o r m a t i o n as i t i s based 
on an a n a l y s i s of the energy flows to and from a system, w i t h o u t 
c o n s i d e r a t i o n of the d e t a i l e d m e t a b o l i c mechanism c a u s i n g c o u p l i n g 
of energy g e n e r a t i o n to biomass f o r m a t i o n and d i s s i p a t i o n 
p rocesses i n f u n c t i o n i n g l i v i n g organisms. 

Of course e x c e p t i o n s to the g e n e r a l r u l e s developed above 
e x i s t as i s a l r e a d y apparent from the f a c t t h a t the low 
e f f i c i e n c i e s observed on a e r o b i c growth on h i g h l y reduced 
compounds, where f a c t o r s o t h e r than a v a i l a b l e energy are 
l i m i t i n g , were, f o r obvious r e a s o n s , not i n c l u d e d i n the a n a l y s i s 
performed i n the p r e s e n t s e c t i o n . 
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Figure 9. Relationship between yield on available electrons, Yav/C (g DM/mole) 
and the energy gained per mole electrons transferred to the electron acceptor, 
A g a , / r 0 ' (kJ/mole). Expected relation if the thermodynamic efficiency were 
constant at 0.65 (—). Experimental data are shown for aerobic growth on glucose 
( ), succinate (®), and gluconate (®). Data are shown for growth with Ν Of 
as an electron acceptor on succinate ( @ ), and on gluconate ( @ ). A naerobic growth 
on glucose is shown with formation of ethanol (*), lactate (®), propionic/acetic 
acids ( Δ J, and methane/acetic acid (O). Anaerobic growth is shown with formation 
of methane from acetic acid (\7), formic acid (V), propionic acid (A), and 

methanol (•,). 
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As°. p a r t i a l entropy of combustion of a C-mole of (kJ/C-mole K) 
compound i at st a n d a r d c o n d i t i o n s 

As°. p a r t i a l entropy of combustion of a C-mole of (kJ/C-mole K) 
compound i a t a pH = 7 

Τ a b s o l u t e temperature Κ 
ι 3 

V vo 1 urne m 
Y s x yi^d f ° r biomass on s u b s t r a t e (Omole/C-mole) 
Y , y i e l d on the s u b s t r a t e s 1 a v a i l a b l e e l e c t r o n s (g.D.M./mole) av/e J & 

degree of r e d u c t i o n of compound i (-) 
η M i n k e v i c h and E r o s h i n f s e f f i c i e n c y (-) 
η e n t h a l p y e f f i c i e n cΗ 
η ^ thermodynamic e f f i c i e n c y (-) 
TTg entropy p r o d u c t i o n r a t e (kJ/Ks) 

r a t e of f l o w of compound i to the system (mole/s) 
Φ_ r a t e of f l o w of energy to the system ( k J / s ) 

heat f l o w to the system ( k J / s ) 

S u b s c r i p t s : 
c carbon d i o x i d e 
Ν n i t r o g e n source 
ο oxygen 
ρ product 
s s u b s t r a t e 
χ biomass 
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Ion Pumps as Energy Transducers 

ERICH HEINZ 

Cornell University Medical College, New York, NY 10021 

Ionmotive forces, i.e. the electrochemical potential differences 
produced by ion pump
by exergonic reaction
synthesis of energy-rich compounds or uphill transport of 
organic solutes. A typical example is the "chemiosmotic 
coupling" by a proton pump in oxidative and photosynthetic 
phosphorylation. The effectiveness of this coupling depends on 
its (energetic) efficiency as well as on its (kinetic) expeditious-
ness. The efficiency is mainly limited by inner and outer 
leakages to the transported ion species, the expeditiousness 
mainly by the delay in generating the protonmotive force. Where
as little is known about the various leakages to assess the 
efficiency, some preliminary information concerning the 
expeditiousness may be considered here. The generation of an 
ionmotive force, to the extent that it depends on ion gradients is 
a rather slow process. Electrogenic pumps, however, can more 
rapidly raise the electrical potential, pr ior to appreciable ion 
translocation by loading the static membrane capacity. Such 
rapid electric effects may significantly increase the expeditious
ness of the coupling but only under the condition that the pump 
works at constant driving force. On the other hand, if the pump 
works at constant rate the rise of the protonmotive force is 
largely determined by the formation of ion gradients which rise 
more slowly and are less sensitive towards variations in energy 
input. Using a recently developed optical method of rapidly 
monitoring the PD, it could be shown that the light-driven 
proton pump of halobacterium halobium has the high expeditious
ness predicted for an electrogenic pump working at constant 
driving force. 
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In o r d e r that energy be t r ans f e r r ed between two different p r o 
c e s s e s these have to be coupled . Homogenous coup l ing , i . e. between 
two c h e m i c a l react ions within the same c o m p a r t m e n t i s u sua l l y 
based on the p r i n c i p a l of the " c o m m o n i n t e r m e d i a t e " as i s i l l u s t r a ted 
by the " c l a s s i c a l " coup l ing between the dehydrogenation of t r i o s e -
phosphate and the fo rmat ion of adenonis ine tr iphosphate, fo r which 
d iphosphoglycerate was identi f ied as the " c o m m o n i n t e r m e d i a t e " that 
l inks these two r eac t i ons . A n analagous, though somewhat dif ferent 
p r i n c i p l e unde r l i e s the coup l ing between two o smot i c p r o c e s s e s , 
e. g. i n (secondary act ive ) i o n - l i n k e d co t ranspor t , name ly through a 
t e rna ry comp lex supposedly f o rmed by the two solutes with a c a r r i e r 
o r a mob i l e gate. M o r e comp l i ca ted and l e s s wel l understood i s 
the c o r r e s p o n d i n g p r i n c i p l e of heterogenous coupling,between a 
c h e m i c a l and an osmot i
has been d i s cus sed in m o r
m a i n l y been cons ide r ed a means of t r a n s f e r r i n g c h e m i c a l energy to 
d r i v e an endergonic osmot ic p r o c e s s , unt i l M i t c h e l l ( 2 ) postulated 
the r e v e r s e for m i tochondr i a l and bac t e r i a l "ox idat ive p h o s p h o r y 
l a t i o n " where the synthes is of ene rgy r i c h phosphate should be 
ene rg i zed by the downhi l l movement of Η - i ons . In the evo lv ing 
" c h e m i o s m o t i c hypothes i s " of oxidative phosphory lat ion two steps of 
heterogenous coup l ing o c c u r in s e r i e s : the first one l i nks an o x i 
da t ion - reduct ion r eac t i on to the act ive ex t rus ion of p rotons , thereby 
generat ing an e l e c t r o c h e m i c a l potentia l d i f ference of H - i o n s 
( "protonmotive f o r ce " ) ; the second one l inks the pas s i ve r e en t ry of 
p ro tons , d r i v e n by this f o rce , to the synthes is of e n e r g y - r i c h 
phosphate by means of the " p r o ton t rans loca t ing A T P a s e " (F ig . 1). 
T h e r e i s good evidence that the same sequence of s i m i l a r coup l ing 
steps o c c u r s i n the oxidative phosphory la t ion of a e rob i c b ac t e r i a (3 ) 
as wel l as in the l i g h t - d r i v e n phosphory la t ion of ch lo rop l a s t s ( 4 , 5 ), 
and ha loph i l i c b a c t e r i a ( 6 ) . V a r i o u s p laus ib le mode l s of such 
sy s t ems have s ince been dev i sed and c r i t i c a l l y d i s cu s s ed ( 7 , 8, 9 ). 
Though the postulated " c h e m i o s m o t i c " coup l ing has not been p roven 
yet beyond doubt, i t i s so f a r wel l enough supported by exper imenta l 
ev idence to justi fy the wide be l i e f i n i ts va l id i ty . It i s nonetheless 
s u r p r i s i n g that this coup l ing , which u l t imate l y l inks two t ru l y c h e m i 
c a l r eac t ions , does i n cont ras t to the c l a s s i c a l mode l s not involve a 
c o m m o n c h e m i c a l in te rmed ia te , but r a the r two heterogenous coup l ing 
steps i n s e r i e s . In other words , energy i s t r a n s f e r r e d f r o m one 
c h e m i c a l r eac t ion to another one i n o smot i c f o r m , with the help of 
two " c h e m i o s m o t i c energy t r ansduc t i ons " . Whether this p e c u l i a r 
k ind of coup l ing i s a m e r e vest ige o r whether it has c e r t a in 
advantages as compa red to other kinds of coup l ing , fo r instance , by 
be ing m o r e ef fective, is h a rd to t e l l . L e t us see how and under which 
condit ions a g rea te r ef fect iveness might come about. 
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Figure 1. Chemiosmotic coupling in 
oxidative phosphorylation. The model is 
drawn according to Mitchell's hypothesis 
for mitochondria, but might also apply 

to other systems of phosphorylation. 

A hydrogen ion pump transports the H-ions 
from left to right, energized by an oxidation-
reduction reaction, a light-driven photochemical 
mechanism, or any other appropriate energy 
source. This pumping is tantamount to pumping 
Ο H-ions in the opposite direction. A membrane-
bound enzyme, the proton translocating AT-
Pase catalyzes the interconversion of A DP and 
Pi and ATP by a heterophasic (or vectorial) 
reaction, i.e., a reaction in which the Ο H-ions, 
released by the synthesis or incorporated by the 
hydrolysis of ATP, can interact with the en
zyme only from the phase contralateral to that 
from which the other reactants interact. In this 
way, the direction of the chemical reaction de
pends on the spatial direction of the H- (or 

OH-) gradient. 
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T h e o v e r a l l e f fect iveness of any coup l ing m e c h a n i s m m a y be 
a s s e s s e d i n t e r m s of i t s (energetic) e f f i c iency as wel l as in t e r m s of i t s 
(kinetic) expedi t iousness . T h e energet ic e f f ic iency i s l i m i t e d by the 
extent of unavoidable leakages , which a re pa r t l y due to pas s i ve p e r m e a 
b i l i t y of the membrane b a r r i e r to the t ranspor ted solute (outer leakage) 
and pa r t l y r e s ide i n the t ranspor t m e c h a n i s m i t s e l f ( inner leakage) i n 
that " s l i p p i n g " and " b a c k c y c l i n g " m a y p e r m i t the escape of unut i l i zed 
input energy (1 ). T o o l i t t le i s known about the extent of leakages w i th 
i n the c h e m i o s m o t i c m e c h a n i s m of phosphory la t ion to c o m p a r e i ts 
energet ic e f f i c iency with that of i t s c h e m i c a l counterpar t . 

Not m u c h m o r e i s known about the expedit iousness which, i n 
this context, m a y be defined as the rate at which the protonmot ive 
force r i s e s a f ter the onset of the pump, but some genera l p r ed i c t i ons 
c an be made . T h e expedit iousnes
rate of protons i s re la t iv
tend to shunt the e l ec t rogen ic pump effect, i n other words , to ma inta in 
e l ec t roneut ra l i ty . We see that the two components of the protonmot ive 
f o rce , the e l e c t r i c a l and the c h e m i c a l P D , a r e cont ro l l ed by dif ferent 
factors and m a y there fore develop at di f ferent r a tes , as i s i l l u s t r a ted 
by the fo l lowing two ex t reme cond i t ions : 

If the pa s s i ve conductance i s e x t r eme l y low, the e l e c t r i c a l 
potentia l wi l l be generated p u r e l y e l ec t rogen ica l l y , i . e. without 
apprec iab le net movement of pa s s i ve i ons . A s the e l e c t r i c capac i ty of 
the membrane i s r a the r low, ^ F / c m 2 , e l ec t rogen ic expuls ion of 3 0 0 -
400 protons p e r c e l l , pa s s i ve shunting effect be ing neg l ig ib le at this 
stage, should suffice to r a i s e the e l e c t r i c a l P D by 1 mvo l t . 

O n the other hand, i f the pa s s i ve conductance i s v e r y high, it 
w i l l keep e l e c t r i c a l effects s m a l l but a l low instead an equivalent r i s e 
of the c h e m i c a l P D of p ro tons . T h i s r i s e w i l l depend on the buffer 
capac i ty of the m e d i u m , which i s n o r m a l l y m u c h h i ghe r than the 

e l e c t r i c a l capac i ty . F r o m i ts value in the m i tochondr i a we would e s t i 
mate that about a m i l l i o n protons have to be expe l led p e r 1 mvo l t r i s e 
of the c h e m i c a l P D , and hence of the protonmot ive f o rce . Obv ious ly , 
the r i s e i n c h e m i c a l P D i n this case i s thousand o r m o r e t imes s l ower 
than the e l ec t rogen ic one in the f o r m e r case . A t the rate a s s u m e d fo r 
the m i tochond r i a l proton pump, we would p r ed i c t that the c r i t i c a l 
p rotonmot ive f o rce , i . e . about 200 m v o l t s , cou ld be r eached within a 
few hundred m i l l i s e c o n d s in the f i r s t c a se , but would take a few 
hundred seconds i n the last case . It fol lows that the expedit iousness of 
the coup l ing , i . e. the speed at which this c r i t i c a l protonmot ive force 
i s r eached after the in i t iat ion of the pump depends on the re la t ive c o n 
t r ibut ion of the in i t i a l pumping rate re la t ive to the shunting pathways 
for pas s i ve i ons . 
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T o approach this p r o b l e m quantitat ively , we m a y fo r s i m p l i c i t y 
r e a sons fo l low the convent ional p r ocedu r e u sed by e l ec t rophys io log i s t s 
i n dea l ing with e l ec t rogen ic pumps in t h e i r b i o l og i c a l s y s t e m s , e tc . In 
the equivalent c i r c u i t s used by them to v i sua l i z e the e l e c t r i c phenomena 
of b i o l og i c a l s y s t e m s , an e l ec t rogen ic ion p u m p i s u sua l l y r ep resented 
e i the r as a constant voltage sou rce o r as a constant c u r r e n t s o u r c e , 
based on the s imp l i f y i ng a s sumpt ion that d u r i n g the expe r imenta l 
obse rva t ion e i the r the d r i v i n g f o r ce of the pump o r the pump ing rate 
r e m a i n s f a i r l y constant. T h e di f ference between these two 
a l t e rnat ives c o r r e s p o n d s with some c rude app rox imat ion to the above 
d i s c u s s e d d i f ference between two k inds of coup l ing m o d e l s ; the constant 
voltage sou rce network m o s t c l o s e l y would account f o r the exped i t i ous 
ne s s , but l e s s stable coup l ing m o d e l , whereas the constant c u r r e n t 
s ou r ce would do so f o r th
m o s t c a s e s , i t i s d i f f icul
fo r e i the r one some p laus ib l e explanation can be g iven. A s a c o n s e 
quence, the t reatment by e l ec t rophys io log i s t s i n tU s r e spec t i s not 
u n i f o r m , but as l ong as the steady state i s c once rned , e i the r one m a y 
give reasonab le answer s . T h e di f ference between the two mode l s 
b e c o m e s , however , c r u c i a l i n t rans ient states , f o r ins tance , i m m e d i 
ate ly a f te r the pump has been turned on o r off. 

M i t c h e l l (8 ) was p robab ly the f i r s t to invest igate these questions» 
and b y r i go rous ca l cu l a t i ons , based on the a s sumpt ion of constant 
pump ing ra te , he p r ed i c t ed that the e l e c t r i c a l P D r i s e s v e r y fast but 
ins i gn i f i cant ly h igh while the fu l l deve lopment of the protonmot ive fo rce 
has to await the generat ion of a suf f ic ient ly h igh concentrat ion gradient 
which would take m o r e than 30 seconds . T h e same app roach , except 
f o r the a s sumpt ion that the d r i v i n g f o rce , r a t h e r than the rate of the 
pump r e m a i n s constant, gave a g reat ly di f ferent r e su l t (10, 11 ). 
Depending on the pump ing rate r e l a t i ve to the pa s s i ve i on m o b i l i t i e s , 
the i n i t i a l surge o f the e l e c t r i c a l potent ia l m a y indeed be h igh enough 
to ant ic ipate m o s t of the final p rotonmot ive fo rce at s tat ic head 
( F i g . 2). Obv ious l y , a constant pumping rate i m p l i e s that the d r i v i n g 
f o rce i s i n i t i a l l y low but r i s e s a c co rd ing l y as the opposing protonmot ive 
fo rce g rows . B y cont ras t , at constant d r i v i n g f o rce , the pump ing rate 
should i n i t i a l l y be v e r y h igh and l a t e r dec l ine a c c o r d i n g l y a s the 
oppos ing protonmot ive fo rce r i s e s . A p r i o r i , both mode l s a r e i n s ome 
way p laus ib l e and only the exper iment c a n dec ide which one i s the va l i d 
one. 

So fa r , expe r imenta l tests a r e s c a r c e , p a r t l y due to the 
d i f f icu l t ies to m e a s u r e r a p i d l y enough changes i n e l e c t r i c a l m e m b r a n e 
potent ia l (or p rotonmot ive force ) with s m a l l compar tments such as 
m i t o c h o n d r i a and b a c t e r i a . T h e usua l l y app l ied c h e m i c a l p robes f o r 
potent ia l changes a r e e i the r too s low o r too no i sy . Recent ly , however , 
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H + M II , , 1 II , , ι ι 

-pump on Η -pump off 

Figure 2. The calculated response of the protonmotive force, and its electrical and 
chemical components, to the sudden initiation or stopping of an electrogenic proton 

pump. 

Ordinate: protonmotive force (XH) in relative units. Abscissa: time. Solid line, electric PD; 
dashed line, chemical PD of H*; dotted line, XH. Top: constant rate of pumping (constant 
current source). Bottom: constant driving force of the pump (constant voltage source). It is 
seen that only under the condition of constant driving force is the initial rise of the electrical 
PD, and hence of the total protonmotive force, high enough to make pumping power available 
almost instantaneously after the start of the pump. It also is seen that the pump is more stable 
under constant pumping rate, because after the pump is turned off, the PMF drops almost 
instantaneously in the lower curve whereas it declines gradually in the upper curve. Reproduced, 

with permission, from Ref. 11. Copyright 1982, Academic Press, Inc. 
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a method that a l lows r ap id m o n i t o r i n g of such changes based on a change 
i n l ight abso rp t ion of the na tu ra l l y p resent substance, bacte r io rhodopsm, 
has been dev i sed f o r the l i g h t - d r i v e n p roton pumps i n ha lob ium (12 ). 
B y this method , i t cou ld be shown with envelope v e s i c l e s of th is b a c 
t e r i u m , that a f ter in i t i a t ing the pump by i l l umina t i on , the e l e c t r i c a l 
potent ia l (or the protonmot ive force ) r i s e s with a ha l f t ime of about 
20 m s e c to a value c l o se to 200 m v even though the buffer capac i t i e s of 
a l l pe rmeant ions ins ide and outside was kept h igh enough to p rec lude 
apprec iab l e changes i n i on d i s t r i but ion d u r i n g that t ime (13 ). T h i s 
r e s u l t c l o s e l y a g r ee s with what has been p r ed i c t ed on the b a s i s of the 
constant d r i v i n g f o rce m o d e l , and thus c o n f i r m s the hypothesis of the 
c r u c i a l r o l e of the e l e c t r i c a l potent ia l f o r the expedit iousness of the 
coup l ing s y s t e m . 

T h i s r e s u l t a l s o c o n f i r m
ding to the fo l lowing equation de r i v ed i n t e r m s of n o n - e q u i l i b r i u m 
t h e r m o d y n a m i c s (14): 

a r e leakage coef f ic ients of H and Κ , r e spec t i v e l y . and 
a r e s t o i c h i o m e t r i c coef f ic ients of the pump fo r the ions ind icated . It i s 
seen that at constant c h e m i c a l potent ia ls of the ions conce rned the 
p a r t i a l d i f fe rent ia l i s di f ferent f r o m z e r o only i n the p r e sence of an 
e l ec t rogen ic pump , i . e. i f Φ Though buf fer capac i t i e s of 
a l l p e rmeant ions conce rned were kept h i gh enough to prevent the f o r -
m at ion of any s igni f icant i on gradient d u r i n g the t ime of observat ion 
a d i s t inct e l e c t r i c response was r e g i s t e r e d upon i l l umina t i on a f ter a 
few m i l l i s e c o n d s a s would be incons i s tent with an e l e c t r i c a l l y s i l ent 

Whether the'higfr expedit iousness r e s u l t i n g f r o m the e l ec t rogen ic 
P D r i s e would be an advantage f o r any s y s t e m i s h a r d to p r e d i c t . Owing 
to the low e l e c t r i c m e m b r a n e capac i ty the ionmot ive fo rce at this stage, 
b e ing p r edominant l y e l ec t rogen ic i s v e r y sens i t i ve towards chang ing the 
d r i v i n g f o r ce . B y cont ras t a m o r e s low ly deve lop ing ionmot ive fo rce 
generated by ion t rans locat ion i s certai n l y m o r e stable as the energy 
s t o r ed i n i t would s t i l l be a v a i l a b l e f o r s o m e t ime a f te r the pump has 
stopped. If the s y s t e m were to supply e n e r g y - r i c h compounds at a 
steady rate i n spite of h igh ly f luctuat ing energy input, obv ious ly the 
s l o w e r but m o r e stable a r r angement would be m o r e suitab le . If, on the 
other hand, the sy s t e m were to adjust i t s a c t i v i t y to a r ap id l y changing 
r equ i r ement at a r a t h e r steady input of energy , the m o r e expedit ious 
but l e s s stable a r r angement would be m o r e suitab le . 

H + / K + p u m p ( i T R = JTK). 
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O n the other hand, it i s v e r y l i ke l y that the e lect rogen ic P D of a 
h igh ly expedit ious coup l ing s y s t e m appears only as a wave of r a the r 
short durat ion , be ing r ep l aced l a t e r by the c h e m i c a l P D , which may 
predominate after the s y s t e m has reached a s tat ionary state (F ig . 2). 
Such i s to be expected i f the "buf fer c a p a c i t i e s " of the pass i ve i ons , 
chie f ly K - i ons , a r e b i g enough to prevent the fo rmat ion of a m o r e 
stable di f fusion potent ia l . Hence the protonmot ive force generated by 
such a s y s t e m m a y have a dif ferent compos i t i on in the stat ionary state 
f r o m that du r ing the in i t i a l e l e c t r i c a l potentia l r i s e . In this way, the 
advantage of a high expedit iousness at the beginning m a y be combined 
with that of a h igher s tab i l i ty obtained after some t ime of continuous 
pumping ac t iv i ty . F i g 2. a l s o shows that the degree of s tab i l i ty at any 
stage should become apparent i f the pump i s suddenly stopped. A f t e r the 
pump has reached i t s (stable
that stage would decay only s lowly and would therefore be measurab l e 
i m m e d i a t e l y after the pump has stopped. In the in i t i a l stage, however , 
when the e lect rogen ic component of the P M F dominates , the P M F 
should i m m e d i a t e l y d i sappea r a f ter stopping the pump, and thus escape 
detect ion. T h i s m a y be the r eason why the protonmot ive force has often 
been found inadequate to support the chemio smot i c hypothesis of 
oxidative phosphory la t ion , as the e l ec t rogen ic component i s too l ab i l e to 
su rv i ve the d i s turbance assoc ia ted with the usua l measu rement s of 
e l e c t r i c a l potent ia l . 
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The application of chemical eng ineer ing principles is 
useful in an analysis of the des ign and operation of bioreactors. 
However, classical approaches to the analysis are limited by the 
following spec ia l constraints: 

1. The reactant mixture is r e l a t i v e l y complex. Microbia l 
biomass increases with the biochemical transformation and 
catalyst i s synthesized as the reactions proceed. 

2. The bulk densit ies of suspended microbial c e l l s and sub
strate par t i c l e s generally approach those of the ir l i q u i d 
environment so that r e l a t i v e flow between the dispersed 
and continuous phases is normall low. This s i tuat ion may be 
conetrasted to the r e l a t i v e l y heavy meta l l i c catalyst 
par t i c l e s generally used in chemical reactors . 

3 . The sizes of s ingle microbial c e l l s are very small ( in the 
range of a few microns) compared to chemical catalyst par
ticles: coupled with the above constraints it i s 
generally difficult to promote high v e l o c i t i e s and 
turbulent-flows conditions 

4. Polymeric substrates or metabolites and mycel ia l growth 
often produce very viscous react ion mixtures which are 
generally pseudoplastic non-Newtonian; again, these 
conditions tend to l imi t desirably high flow dynamics 
in b ioreactors . 

5. Many m u l t i c e l l u l a r microbial growths, espec ia l ly fungal 
ones generally form r e l a t i v e l y large cell aggregates such 
as clumps or p e l l e t s : compared to catalyst particles, 
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i n t r a p a r t i c l e d i f f u s i o n a l r e s i s t a n c e s a r e o f t e n s e r i o u s 
i n these systems* e . g . , l e a d i n g to a n a e r o b i o e i e . 

6 . B i o r e a c t o r s f r e q u e n t l y r e q u i r e c r i t i c a l l y c l o s e c o n t r o l o f 
s o l u t e c o n c e n t r a t i o n s * pH* temperature * and l o c a l 
p r e s s u r e s i n o r d e r to a v o i d damage or d e s t r u c t i o n o f l i v e 
o r l a b i l e components wh ich a r e e s s e n t i a l t o the p r o c e s s . 

7 . Very low c o n c e n t r a t i o n s o f r e a c t a n t s and/or p r o d u c t s i n 
acqueous media a r e n o r m a l l y i n v o l v e d i n b i o r e a c t o r s so 
c o n c e n t r a t i o n d r i v i n g f o r c e s f o r mass t r a n s f e r a r e o f t e n 
s e v e r e l y l i m i t e d . 

8 . M i c r o b i a l growth r a t e s a r e s u b s t a n t i a l l y lower than 
c h e m i c a l r e a c t i o n r a t e s so t h a t r e l a t i v e l y l a r g e r e a c t o r 
volumes and r e s i d e n c

As an i l l u s t r a t i o n o f some o f the problems imposed by the 
above c o n s t r a i n t s * we no te t h a t an adequate oxygen supp ly r a t e t o 
growing c e l l s i s o f t e n c r i t i c a l i n a e r o b i c f e r m e n t a t i o n s . Because 
o f i t s low s o l u b i l i t y i n w a t e r * g a s e o u s o x y g e n * u s u a l l y i n t h e 
f o r m o f a i r * must be s u p p l i e d c o n t i n u o u s l y t o the f e r m e n t a t i o n 
medium i n s u c h a way t h a t t h e o x y g e n a b s o r p t i o n r a t e a t l e a s t 
equa l s the oxygen consumption r a t e o f the c e l l s . E v e n t e m p o r a r y 
d e p l e t i o n o f d i s s o l v e d oxygen c o u l d mean i r r e v e r s i b l e c e l l damage. 
I n t h i s r e s p e c t * i t i s w o r t h n o t i n g t h a t t h e same m i c r o b i a l 
s p e c i e s may show l a r g e v a r i a t i o n s i n i t s o x y g e n r e q u i r e m e n t s * 
depending on t h e o x y g e n c o n c e n t r a t i o n t o w h i c h t h e y have b e e n 
a d a p t e d . 

P r e v i o u s s t u d i e s i n which the oxygen supp ly to a submerged 
g r o w i n g m i c r o b i a l c u l t u r e was s t o p p e d * have shown a l i n e a r 
d e c r e a s e i n o x y g e n c o n c e n t r a t i o n w i t h t i m e o v e r a l a r g e 
c o n c e n t r a t i o n r a n g e ( F i n n * 1 9 5 4 ) . B e l o w a c e r t a i n o x y g e n 
c o n c e n t r a t i o n * c a l l e d the " c r i t i c a l oxygen t ens ion* * * the d e c r e a s e 
f o l l o w e d a h y p e r b o l i c p a t t e r n c o m p a t i b l e w i t h M i c h a e l i s - M e n t o n 
k i n e t i c s . O f t en d e v i a t i o n s f r o m t h e l i n e a r and h y p e r b o l i c oxygen 
c o n c e n t r a t i o n dec rease p a t t e r n s a r e f o u n d . The r a t e c o n t r o l l i n g 
s t e p i n a f e r m e n t a t i o n p r o c e s s may s h i f t the oxygen supp ly r a t e 
i n t o the b u l k l i q u i d t o t h e demand r a t e i n s i d e the c e l l i f c e l l 
aggregates a r e formed which a re l a r g e r t h a n a few h u n d r e d t h s o f 
m i l l i m e t e r s . U s u a l l y * t h i s i s seen as an i n c r e a s e d v a l u e o f the 
c r i t i c a l oxygen t e n s i o n o r t o t a l a b s e n c e o f a l i n e a r p a r t o f the 
oxygen c o n c e n t r a t i o n d e c r e a s e c u r v e * s h o w i n g d e p e n d e n c e on t h e 
c o n c e n t r a t i o n d r i v i n g f o r c e a t the c e l l s u r f a c e * 

R A T E - C O N T R O L L I N G S T E P S 

F i g u r e 1 g i v e s a g e n e r a l i z e d p h y s i c a l r e p r e s e n t a t i o n o f a 
b i o r e a c t o r subsystem i n v o l v i n g two o r more phases* An impor tant 
example o f t h i s r e p r e s e n t a t i o n i s an a e r o b i c f e r m e n t a t i o n i n which 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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a microbe u t i l i z e s o x y g e n ( s u p p l i e d by a i r b u b b l e s w h i c h a l s o 
d e s o r b t o x i c c a r b o n d i o x i d e ) and o t h e r d i s s o l v e d n u t r i e n t s 
( s u g a r s * e t c . ) t o g row an d p r o d u c e s o l u b l e e x t r a c e l l u l a r 
m e t a b o l i t e s . E i g h t r e s i s t a n c e s i n the mass t r a n s f e r pathways f o r 
t h e n u t r i e n t s supply and u t i l i z a t i o n and f o r m e t a b o l i t e e x c r e t i o n 
and removal* a r e p o s s i b l e as i n d i c a t e d i n the i l l u s t r a t i o n a t the 
f o l l o w i n g l o c a t i o n s : ( 1 ) i n a g a s - f i l m ( 2 ) a t t h e g a s - l i q u i d 
i n t e r f a c e (3) i n a l i q u i d - f i l m a t the g a s - l i q u i d i n t e r f a c e ( 4 ) i n 
b u l k l i q u i d (5) i n a l i q u i d - f i l m s u r r o u n d i n g the s o l i d (6) a t the 
l i q u i d - s o l i d i n t e r f a c e (7) i n the s o l i d phase c o n t a i n i n g the c e l l s 
(8) at the s i t e s of the b i o c h e m i c a l r e a c t i o n s . I t should be noted 
t h a t a l l the pathways except the l a s t one are p u r e l y p h y s i c a l . 

F i g u r e 1 can r e p r e s e n t a w ide r a n g e of o t h e r p r a c t i c a l 
s i t u a t i o n s . The continuous phase may be l i q u i d or gas* the l a t t e r 
r e p r e s e n t i n g s p e c i a l c a s e
( e . g . , c o m p o s t i n g , t r i c k l e - b e
w h i l e t h e d i s p r s e d phase may be one o r more o f t h e f o l l o w i n g 
p h a s e s : s o l i d ( e . g . , m i c r o b i a l c e l l s * i m m o b i l i z e d - e n z y m e 
p a r t i c l e s * s o l i d s u b s t r a t e s ) ; l i q u i d ( e . g . , i n s o l u b l e or s l i g h t l y 
s o l u b l e s u b s t r a t e s ) ; gas (e.g.* a i r , carbon d i o x i d e , methane). 

EFFECT OF INTERFACIAL PHENOMENA 

I f we c o n s i d e r a f l u i d p a r t i c l e (gas o r l i q u i d ) moving 
r e l a t i v e l y t o a c o n t i n u o u s l i q u i d p h a s e , t h e r e are two p o s s i b l e 
e x t r e m e s o f i n t e r f a c i a l movement as c l a s s i f i e d b e l o w . ( F o r 
convenience* we w i l l c o n s i d e r a s p h e r e ) . 

(a) There i s no i n t e r n a l c i r c u l a t i o n w i t h i n the p a r t i c l e . 
These p a r t i c l e s behave e s s e n t i a l l y as i f they are s o l i d 
w i t h r i g i d s u r f a c e s . We w i l l r e f e r to these as p a r t i c l e s 
w i t h " r i g i d " s u r f a c e s . 

(b) There i s a f u l l y developed i n t e r n a l c i r c u l a t i o n f l o w 
w i t h i n the p a r t i c l e due to an i n t e r f a c i a l v e l o c i t y . 
The p a r t i c l e behaves as a p a r t of an i n v i s c i d cont
inuous phase w i t h o n l y a d e n s i t y d i f f e r e n c e . We w i l l 
r e f e r to these as p a r t i c l e s w i t h " m o b i l e " s u r f a c e s . 

I l l u s t r a t i o n s of v e l o c i t y v e c t o r s f o r both k i n d s of these 
p a r t i c l e s a r e i l l u s t r a t e d i n F i g u r e 2. T h i s c o n c e p t has been 
u s e f u l i n e x p l a i n i n g many drop and bubble phenomena. For example, 
i t has been found t h a t t r a c e amounts of s u r f a c e - a c t i v e m a t e r i a l s 
can h i n d e r t h e development of i n t e r n a l c i r c u l a t i o n by means of a 
d i f f e r e n t i a l s u r f a c e p r e s s u r e . S m a l l b u b b l e s r i s i n g s l o w l y are 
apt to behave l i k e p a r t i c l e s w i t h r i g i d s u r f a c e s . T h i s phenomenon 
can l e a d t o a d e c r e a s e i n k as t h e age of a b u b b l e i n c r e a s e s 
( L e v i c h , 1 9 5 6 ) . L a r g e r b u f e b l e s , r i s i n g more q u i c k l y * may sweep 
t h e i r f r o n t s u r f a c e f r e e of t r a c e i m p u r i t i e s and t h e r e f o r e escape 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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the c o n t a m i n a t i o n e f f e c t of s u r f a c t a n t s as i l l u s t r a t e d i n F i g u r e 
3· T h e s e e f f e c t s l e a d t o s i g n i f i c a n t v a r i a t i o n s o f k L w i t h 
&h a n g i n g b u b b l e s i z e a n d a g i t a t i o n p o w e r ( C a l d e r b a n k and 
oo-foung. 1961) . 6 

I n f e r m e n t a t i o n p r a c t i c e , c l e a n b u b b l e s y s t e m s a r e 
p r o b a b l y r a r e l y a c h i e v e d and i t i s c o n s e r v a t i v e l y s a f e t o base a 
des i g n on contaminated r i g i d i n t e r f a c e b e h a v i o r . 

INTERPARTICLE TRANSFER RATES 

P a r t i c l e s i n stagnent Environmpnts 

For non-moving submerged p a r t i c l e s ( w i t h r i g i d or mobile 
s u r f a c e ) i n a stagnant médium» mass t r a n s f e r o c c u r s o n l y by r a d i a l 
d i f f u s i o n . Re = Gr = 0

Sh = Nu = 2 (1) 

As the lower l i m i t f o r Sh. we w i l l see t h a t t h i s v a l u e u s u a l l y 
v a n i s h e s f o r b u b b l e mass t r a n s f e r , but i t may become s i g n i f i c a n t 
when a p p l i e d t o s m a l l l i g h t p a r t i c l e s , e.g., m i c r o b i a l c e l l s . 
P s e u d o s t a g n a n t l i q u i d e n v i r o n m e n t s c a n e x i s t i n v i s c o u s 
f e r m e n t a t i o n s a n d / o r w i t h w e l l d i s p e r s e d s i n g l e c e l l s a s 
i l l u s t r a t e d i n case ( a ) o f F i g u r e 3. 

Moving P a r t i c l e s w i t h R i g i d S u r f a i s 

A r a n g e o f t h e s e c a s e s c a n o c c u r i n p a c k e d - b e d , 
t r i c k l e - b e d o r f r e e - r i s e o r f r e e - f a l l d i s p e r s e d - p h a s e r e a c t o r 
systems. For c r e e p i n g f l o w , Re < 1, ( e . g . . c e r t a i n p a c k e d - b e d 
i m m o b i l i z e d - e n z y m e r e a c t o r s ) theory developd by L e v i c h (1962) and 
ot h e r s show t h a t : 

Sh = 0 .99 R e 1 / 3 S c 1 / 3 = 0 .99 P e 1 / 3 (2) 

In the regime 10 < Re < 10^ ( e . g . . c e r t a i n t r i c k l e - b e d r e a c t o r s ) 

Sh = 0 .95 R e 1 / 2 S c 1 / 3 (3) 

At h i g h a g i t a t i o n i n t e n s i t i e s , t u r b u l e n c e i s expected to 
a f f e c t t h e mass t r a n s f e r r a t e s a t s o l i d p a r t i c l e s u r f a c e s . 
However, i n t h e s e c a s e s t h e a c t u a l p a r t i c l e v e l o c i t y i s unknown 
and c o n v e n t i o n a l Reynolds numbers cannot be deduced. 

An a p r o p r i a t e Re-number e x p r e s s i o n c h a r a c t e r i s t i c of l o c a l 
i s o t r o p i c t u r b u l e n c e can be d e r i v e d u s i n g t h e root-mean-square 
f l u c t u a t i n g v e l o c i t y p o s t u l a t e d by B a t c h e l o r ( 1951 ) . 
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α b e 

Figure 2. Surfactant effects on bubble drop surface-flows. Key: a, zero relative 
particle velocity; b, low relative particle velocity; and c, high relative particle 
velocity. Reproduced, with permission, from Ref. 38. Copyright 1981, Springer-

Verlag. 

Figure 3. Possible conditions of the momentum boundary layer around a sub
merged solid sphere with increasing relative velocity. Key: a, envelope of pseudo-
stagnant fluid; b, streamline flow; c, flow separation and vortex formation; d, vor
tex shedding; e, localized turbulent eddy formation. Reproduced, with permission, 

from Ref. 38. Copyright 1981, Springer-Verlag. 
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4/3 2/3 1/3 
R e e = d Ρ ΓΡ/Vl (4) 

C a l d e r b a n k and Moo-Young (1961) d e v e l o p e d a c o r r e l a t i o n f o r 
r i g i d - s u r f a c e p a r t i c l e mass t r a n s f e r i n b i o r e a c t o r s i n terms of 
the energy i n p u t to the system as f o l l o w s : 

Sh = 0.13 Re 3 / 4 S c 1 / 3 (5) e 
where k L i s seen to be d ependent on ( P / V ) l y ^ » a dependence which 
may be masked by t h e e f f e c t of power on i n t e r f a c i a l a r e a , as 
d i s c u s s e d l a t e r . 

Moving P a r t i c l e s with Mnhile Su r f a c e s 

M o b i l e s u r f a c e f l u i
l e s s s p h e r e - l i k e than t h a t of r i g i d - s u r f a c e p a r t i c l e s . 
By v i s c o u s i n t e r a c t i o n w i t h t h e c o n t i n u o u s phase» o s c i l l a t i n g 
shape v a r i a t i o n s of l i q u i d drops and gas bubbles occur* and f o r Re 
1» m o b i l e s u r f a c e f l u i d p a r t i c l e s i n f r e e - r i s i n g o r f a l l i n g 
c o n d i t i o n s move i n a w obbling or s p i r i a l - l i k e manner, which has a 
marked i n f l u e n c e on mass t r a n s f e r r a t e s . As b e f o r e , we can a r r i v e 
a t d i f f e r e n t c o r r e l a t i o n s f o r d i f f e r e n t b u l k f l o w r e g i o n s . These 
are summarized below: 

Sh = 0.65( £ ) 1 / 2 P e 1 / 2 (6) 
^d 

For h i g h e r Re-numbers. H i g b i e (1935) gave an e q u a t i o n w h i c h t a k e s 
the form: 

Sh = 1.13 P e 1 / 2 (7) 

Refinements between the two extremes are p o s s i b l e . 

I n t h i c k v i c o u s l i q u i d s (μ > 70 cp) l a r g e s p h e r i c a l - c a p 
bubbles a r e f r e q u e n t l y e n c o u n t e r e d and t h e r e l e v a n t c o r r e l a t i o n 
i s : 

Sh = 1.31 P e 1 / 2 (8) 

Non-Newtonian. F l o y E f f e c t s 

When the l i q u i d phase e x h i b i t s non-Newtonian b e h a v i o r , the 
mass t r a n s f e r c o e f f i c i e n t w i l l change due t o a l t e r a t i o n s i n t h e 
f l u i d v e l o c i t y p r o f i l e around the submerged p a r t i c l e s . The t r e n d s 
f o r b o t h mass t r a n s f e r and d r a g c o e f f i c i e n t are analogous. As 
b e f o r e f o r N e w t o n i a n f l u i d s , two t y p e s o f i n t e r f a c i a l b e h a v i o r 
need to be c o n s i d e r e d . 

For m o b i l e - s u r f a c e p a r t i c l e s i n power-law fluids» H i r o s e 
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and Moo-Young (1969) have o b t a i n e d a c o r r e l a t i o n f a c t o r f o r k, f o r 
s i n g l e b u b b l e s , b a s e d on s m a l l p s e u d o p l a s t i c d e v i a t i o n s rrom 
Newtonian be h a v i o r (0.7 < η < 1.0). They a l s o p r o v i d e some data 
on d r a g c o e f f i c i e n t s as f u n c t i o n s of t h e power-law and Bingham 
p l a s t i c f l u i d s , w i t h m o b i l e i n t e r f a c e s , u s i n g p e r t u r b a t i o n 
a n a l y s i s , and p r o v i d e d c o r r e l a t i o n f a c t o r s f o r the enhancement of 
mass t r a n s f e r . 

For r i g i d s u r f a c e b e h a v i o r , the mass t r a n s f e r c o e f f i c i e n t s 
can be o b t a i n e d f r o m t h e r e s u l t s o f W e l l e k and Huang ( 1 9 7 0 ) . 
Moo-Young and H i r o s e ( 1972) showed t h a t an a d d i t i o n a l e f f e c t of 
" i n t e r f a c i a l s l i p " by a d d i t i v e s can occur i n p r a c t i c e . 

E f f e c t Of Bulk M i x i n g P a t t P r n s 

In a d d i t i o n t
c o e f f i c i e n t , k L» and th
g a s a n d l i q u i d phase mass b a l a n c e e q u a t i o n s f o r t h e s p e c i e s 
t r a n s f e r r e d depends on t h e f l o w b e h a v i o r of b o t h gas and l i q u i d 
phase· 

In low v i s c o s i t y l i q u i d s i t i s r e a s o n a b l y w e l l e s t a b l i s h e d 
t h a t i n s m a l l s t i r r e d - t a n k s the l i q u i d phase can be c o n s i d e r e d t o 
be " p e r f e c t l y m i x e d " ( W e s t e r t e r p , e t a l . . 1 9 6 3 ) . Under these 
c o n d i t i o n s , the gas phase has a l s o g e n e r a l l y been assumed to be 
w e l l mixed i n tanks o p e r a t i n g above c r i t i c a l i m p e l l e r s p e e d . I n 
l a r g e t a n k s , however, the s i t u a t i o n i s l e e s c l e a r , and care must 
be taken to e s t a b l i s h the b e h a v i o r of both phases. In cases where 
the d e g r e e o f gas a b s o r p t i o n i s h i g h , t h e a s s u m p t i o n s o f w e l l 
mixed or p l u g - f l o w of t h e gas phase may p r e d i c t s i g n i f i c a n t l y 
d i f f e r e n t gas a b s o r p t i o n r a t e s . S h a f t l e i n and R u s s e l l (1968) 
p r e s e n t d e s i g n e q u a t i o n s f o r v a r i o u s models of gas and l i q u i d 
f l o w s . 

INTRAPARTICLE BIOREACTION RATES 

General Concepts 
In some b i o c h e m i c a l s y s t e m s t h e l i m i t i n g mass t r a n s f e r 

s t e p s h i f t s from a g a s - l i q u i d o r s o l i d - l i q u i d i n t e r f a c e ( a s 
d i s c u s s e d e a r l i e r ) to t h e i n t e r i o r of s o l i d p a r t i c l e s . The most 
important cases are s o l i d s u b s t r a t e s and c e l l aggregates ( s u c h as 
m i c r o b i a l f l o e s , c e l l u l a r t i s s u e s , e t c . ) and i m m o b i l i z e d enzymes 
( g e l - e n t r a p p e d or s u p p o r t e d i n s o l i d m a t r i c e s ) . In the former, 
d i f f u s i o n of o xygen ( o r o t h e r n u t r i e n t s ) t h r o u g h t h e p a r t i c l e 
l i m i t s m e t a b o l i c r a t e s , w h i l e i n the l a t t e r , s u b s t r a t e r e a c t a n t or 
p r o d u c t d i f f u s i o n i n t o or out of the enzyme c a r r i e r o f t e n l i m i t s 
the o v e r a l l g l o b a l b i o r e a c t i o n r a t e s . 

G e n e r a l i z e d mass b a l a n c e s f o r t h e above s c e n a r i o s can be 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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set up and v a r i o u s cases where mass t r a n s f e r r e s i s t a n c e w i t h i n the 
p a r t i c l e may become important can be i d e n t i f i e d . 

Oxygen Transfer in Mold f fil lets 

M a r s h a l l and A l e x a n d e r (1960) d i s c o v e r e d t h a t f o r s e v e r a l 
p e l l e t - f o r m i n g f u n g i a "cube r o o t " g r o w t h curve f i t t h e i r d a t a 
s i g n i f i c a n t l y b e t t e r t h a n t h e s t a n d a r d e x p o n e n t i a l growth model. 
I t was s u g g e s t e d t h a t t h i s was p r o b a b l y due t o t h e e f f e c t s o f 
i n t r a p a r t i c l e d i f f u s i o n ; a n u t r i e n t was not d i f f u s i n g i n t o the 
p a r t i c l e f a s t enough to m a i n t a i n u n r e s t r i c t e d growth. I t was soon 
r e a l i z e d t h a t oxygen was the l i m i t i n g n u t r i e n t . 

P h i l l i p s (1966) measured oxygen d i f f u s i o n i n p e l l e t s of 
ΡΡΠ i ci 11 i iim chrysogenum by f i r s t assuming t h a t d i f f u s i o n i s t h e 
mechanism t h a t s u p p l i e
p e l l e t and t h a t the mas
c o m p a r a t i v e l y s m a l l . Yano e t . a l . ( 1 9 6 1 ) and Koyayashi» et a l . 
(1973 b) d i d the same w i t h A s p e r g i l l u s n i g e r p e l l e t s . By t a k i n g 
i n t o a c c o u n t the e f f e c t of i n t r a p a r t i c l e diffusion» Kobayashi and 
S u z u k i (1976) were a b l e t o c h a r a c t e r i z e t h e k i n e t i c b e h a v i o r of 
t h e enzyme g a l a c t o s i d a s e w i t h i n mold p e l l e t s o f HûJLLiexfillâ. 
vinacea. 

K o b a y a s h i , e t a l . (1973 b) s t u d i e d t h r e e c a s e s : ( 1 ) 
u n i f o r m r e s p i r a t i o n a c t i v i t y t h r o u g h o u t m y c e l i a l p e l l e t s * (2) 
r e s p i r a t i o n a c t i v i t y as a f u n c t i o n of age d i s t r i b u t i o n w i t h i n t h e 
p e l l e t * ( 3 ) r e s p i r a t i v e a c t i v i t y a d a p t a t i o n t o the l o c a l oxygen 
c o n c e n t r a t i o n w i t h i n the p e l l e t . In case 1» i t was found t h a t the 
e f f e c t i v e n e s s f a c t o r ( E f ) i s e q u a l t o t h e r a t i o of the s p e c i f i c 
r e s p i r a t i o n r a t e of a p e l l e t t o t h e r e s p i r a t i o n r a t e o f w e l l 
d i s p e r s e d f i l a m e n t o u s m y c e l i a . The t h e o r e t i c a l and e x p e r i m e n t a l 
r e s u l t s f o r each case a r e g i v e n i n F i g u r e 4. I t i s seen t h a t the 
t h r e e cases c o n s i d e r e d gave s i m i l a r r e s u l t s and i t i s d i f f i c u l t to 
d i s c r i m i n a t e between them w i t h t h e l i m i t e d e x p e r i m e n t a l d a t a 
a v a i l a b l e . 

Immobilized Enzyme K i n e t i c s 

I n t r a p a r t i c l e d i f f u s i o n can have a s i g n i f i c a n t e f f e c t on 
the k i n e t i c b e h a v i o r of enzymes i m m o b i l i z e d on s o l i d c a r r i e r s o r 
e n t r a p p e d i n g e l s . I n t h e i r b a s i c a n a l y s i s o f t h i s p r o b l e m . 
Moo-Young and K o b a y a s h i ( 1 9 72) d e r i v e d a g e n e r a l modulus and 
e f f e c t i v e n e s s f a c t o r . The r e s u l t s a l s o p r e d i c t e d p o s s i b l e 
m u l t i p l e s t e a d y - s t a t e s as w e l l as u n s t a b l e s i t u a t i o n s f o r c e r t a i n 
systems. While these r e s u l t s are v e r y i n t e r e s t i n g i t s h o u l d be 
r e m e m b e r e d t h a t t h e y a r e p r i m a r i l y m a t h e m a t i c a l and a w a i t 
e x t e n s i v e e x p e r i m e n t a l support d a t a . 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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When t h e s u b s t r a t e i n a b i o r e a c t o r i s a w a t e r - s o l u b l e 
m a t e r i a l ( e . g . , c e l l u l o s e , o i l s ) , t h e e f f e c t s o f i n t r a p a r t i c l e 
mass t r a n s f e r may be i m p o r t a n t . In such systems, e x t r a c e l l u l a r 
enzymes can b r e a k down s u b s t r a t e e v e n t u a l l y i n t o w a t e r s o l u b l e 
components, as p r o d u c t s , or as i n t e r m e d i a t e s f o r c o n s u m p t i o n by 
micro-organisms (Okazaki and Moo-Young, 1978 ) . 

I f a s o l i d s u b s t r a t e i s s u f f i c i e n t l y porous, the enzyme 
can d i f f u s e i n t o i t a n d d e g r a d a t i o n c a n p r o c e e d i n s i d e t h e 
m a t e r i a l . The w a t e r - s o l u b l e s u b s t r a t e fragments must a l s o d i f f u s e 
out of the s o l i d m a t r i x t h r o u g h t h e s e same p o r e s i n t o t h e b u l k 
s o l u t i o n where t h e y may be s u b j e c t to f u r t h e r enzymatic a t t a c k . 
The r e a c t i o n may c o n c u r r e n t l y p r o c e e d a t t h e e x t e r i o r o f t h e 
m a t r i x s u r f a c e and f o r
much of the d e g r a d a t i o n
t h e e f f e c t i v e n e s s f a c t o r and g e n e r a l modulus i s c o n v e n i e n t i n 
s o l v i n g the r e l e v a n t d i f f e r e n t i a l e q u a t i o n s . 

BIOREACTOR EQUIPMENT PERFORMANCE 

Bubble -Columns 

P n e u m a t i c a l l y a g i t a t e d g a s - l i q u i d r e a c t o r s may show wide 
v a r i a t i o n s i n h e i g h t to d i a m e t e r r a t i o s . I n t h e p r o d u c t i o n o f 
baker's y e a s t , a tank-type c o n f i g u r a t i o n w i t h a r a t i o of 3 to 1 i s 
common i n d u s t r i a l l y . Tower type systems have h e i g h t t o diameter 
r a t i o s of 6 to 1 or more. As w o u l d be e x p e c t e d , the b e h a v i o r of 
both gas and l i q u i d phases may be q u i t e d i f f e r e n t i n t h e s e c a s e s . 
I n g e n e r a l t h e g a s p h a s e r i s e s t h r o u g h t h e l i q u i d phase i n 
p l u g - f l o w , under the a c t i o n of g r a v i t y , i n both types of system. 

A v a r i e t y o f c o r r e l a t i o n s f o r k.a a r e a v a i l a b l e i n the 
l i t e r a t u r e f o r bubble-columns. G e n e r a l l y ^ h e y are of the form 

k L a = c o n s t . V n (9) 

where η i s u s u a l l y i n t h e r a n g e of 0 . 9 t o u n i t y . Y o s h i d a and 
A k i t a ( 1965 ) c o r r e l a t e the o v e r a l l mass t r a n s f e r c o e f f i c i e n t s i n 
bubble columns i n the form: 

k i a ° 2 „ 1/2 rri 0.62 _3 2 0.31 

- V = o - 6 ^ Φ 1 - 1 ( 1 0 ) 

A r e c e n t r e v i e w of b u b b l e - c o l u m n s by S c h u g e r l . e t a l . 
( 1977 . 1978) examines s i n g l e and m u l t i s t a g e columns and a v a r i e t y 
o f l i q u i d p h a s e s . A c o r r e l a t i o n f o r k T a i s proposed f o r porous 
and p e r f o r a t e d p l a t e spargers (cgs u n i t s ) : 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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k.a = 0.0023 (V / d R ) 1 , 5 8 (11) 
L S D 

Many of t h e a v a i l a b l e c o r r e l a t i o n s f o r k L a have been 
o b t a i n e d on s m a l l s c a l e equipment, and have n o t t a k e n c o g n i z a n c e 
o f t h e u n d e r l y i n g l i q u i d hydrodynamics. B h a v a r a j u , et a l . (1978) 
propose a d e s i g n procedure b a s e d on t h e d i f f e r e n c e i n bubble s i z e 
c l o s e to the o r i f i c e and i n the l i q u i d b u l k . P r o v i d e d t h e l i q u i d 
i s t u r b u l e n t * t h e e q u i l i b r i u m b u b b l e s i z e i n t h e b u l k w i l l be 
independent of the s i z e a t f o r m a t i o n . The h e i g h t of the r e g i o n 
around the o r i f i c e where the bubble f o r m a t i o n p r o c e s s o c c u r s i s a 
f u n c t i o n o f s p a r g e r geometry and gas f l o w r a t e and i n l a b o r a t o r y 
s c a l e equipment t h i s h e i g h t may be s i g n i f i c a n t f r a c t i o n of the 
t o t a l l i q u i d h e i g h t (up t o 3 0 % ) . I n p l a n t s c a l e e q u i p m e n t * 
h o w e v e r , t h i s g e n e r a l l y r e p r e s e n t s l e s s t h a n 5% of t h e t o t a l 
l i q u i d h e i g h t . T h u s  c o r r e l a t i o n s d e v e l o p e d on s m a l l s c a l e 
apparatus need t o be reviewe
a r e a w i t h column h e i g h t

Systems w i t h S t a t i o n a r y I n t p m a k 

S e v e r a l l a b o r a t o r y s c a l e d e v i c e s w h i c h i n c l u d e i n t e r n a l 
e l e m e n t s t o enhance mass t r a n s f e r r a t e s have a p p e a r e d . These 
i n c l u d e d r a f t - t u b e s , m u l t i p l e s i e v e p l a t e s staged al o n g the l e n g t h 
of the column, and s t a t i c m i x i n g elements. 

A c o n s i d e r a b l e l i t e r a t u r e e x i s t s on d r a f t - t u b e columns* 
where l i q u i d i s c i r c u l a t e d due t o a b u l k d e n s i t y d i f f e r e n c e 
b etween t h e i n n e r c o r e and t h e s u r r o u n d i n g a n n u l a r space. The 
downcoming l i q u i d i n the a n n u l a r s p a c e e n t r a i n s a i r bubbles* and 
t h u s h o l d u p i n t h e c e n t r a l c o r e and a n n u l a r r e g i o n w i l l be 
d i f f e r e n t . S e v e r a l r e p o r t s on s m a l l s c a l e a i r l i f t columns as 
b i o r e a c t o r s have a p p e a r e d . C h a k r a v a r t y . e t a l . (1973) examined 
gas holdup a t v a r i o u s p o s i t i o n s i n a 10 cm d i a m e t e r c o l u m n . A 
r e c t a g u l a r a i r l i f t has been r e p o t e d (Gasner, 1974) and a i r l i f t s 
w i t h e x t e r n a l r e c i r c u l a t i o n (Kanazawa. 1975) have been proposed. 
The o v e r a l l mass t r a n s f e r c o r r e l a t i o n s f o r a i r l i f t d e v i c e s a r e 
u s u a l l y expressed a s : 

k. a = c o n s t . V (12) 
L· S 

I n d u s t r i a l l y , p l a n t s c a l e a i r l i f t d e v i c e s have been u s e d by 
J a p a n e s e , B r i t i s h , F r e n c h a nd USA c o m p a n i e s m a i n l y f o r SCP 
p r o d u c t i o n and waste treatment 

S t a t i c m i x i n g elements have been i n c o r p o r a t e d i n t o a i r l i f t 
d e v i c e s w i t h the o b j e c t i v e s o f p r o v i d i n g a d d i t i o n a l m i x i n g and 
hence g r e a t e r mass t r a n s f e r c a p a b i l i t i e s . S t a t i c m i x e r s a r e 
b e c o m i n g i n c r e a s i n g l y more common i n o x i d a t i o n ponds f o r 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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b i o l o g i c a l w a s t e w a t e r t r e a t m e n t . H e r e , f i n e b u b b l e s may be 
p r o d u c e d as t h e g a s - l i q u i d m i x t u r e p a s s e s t h r o u g h t h e m i x i n g 
element. These a r e u s u a l l y 18-24 i n c h e s i n d i a m e t e r , and a r e 
p l a c e d o v e r s p a r g e r p i p e s . A f a i r l y i n t e n s e l i q u i d c i r c u l a t i o n 
c an be d e v e l o p e d by s u c h m i x e r s due t o e n t r a i n m e n t by t h e 
g a s - l i q u i d j e t r i s i n g from the m i x i n g element. 

Mpchaniral S t i r r e d Tanks 

Non-Viscous Systems. 

The p r e v i o u s s e c t i o n s d e a l t w i t h g a s - l i q u i d c o n t a c t i n g 
w i t h o u t mechanical a g i t a t i o n i n such d e v i c e s as bubble-columns and 
a i r l i f t t o w e r s . To o b t a i n b e t t e r g a s - l i q u i d c o n t a c t i n g , 
m e c h a n i c a l a g i t a t i o n i s o f t e n r e q u i r e d . The d i s c u s s i o n i s 
c o n f i n e d t o b a f f l e d s p a r g e
A e r a t i o n by s u r f a c t i o
wastewater treatment f a c i l i t i e s ( Z l o k a r n i k , 1978). 

For p a r t i c u l a t e s , such as c e l l s , i n s o l u b l e s u b s t r a t e s , or 
immobilized-enzymes, the i n t e r f a c i a l a r ea can be d e t e r m i n e d f r o m 
d i r e c t a n a l y s e s s u c h as by m i c r o s c o p i c e x a m i n a t i o n . F o r gas 
bubbles and l i q u i d d rops, a can be e v a l u a t e d from s e m i - e m p i r i c a l 
c o r r e l a t i o n s . Two cases a r e i d e n t i f i e d : 

(a) For "c o a l e s c i n g * * a i r - w a t e r d i s p e r s i o n s , 

Ρ " ° · 4 0 5 a = 0.55 φ V s
0 - 5 

and 
-0.17 0 2 7 , 

d n = 0.27 C l ) V U , Z / + 9 χ 10 * Β γ s 

(b) For " n o n - c o a l e s c i n g " a i r - e l e c t r o l y t e s o l u t i o n dispersions» 

0.7 0.3 

and 

a = 0.15 (I) V 

Ρ " ° · 1 7 0 17 d B = °·89 Ψ V 
In the e q u a t i o n , (P/V) i s i n Watts/m 3, and V g i s i n m/s. 
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In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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I t i s s e e n t h a t t h e r e i s a s i g n i f i c a n t e f f e c t o f 
e l e c t r o l y t e s on t h e c o r r e l a t i o n s * E l e c t r o l y t e s and s u r f a c t a n t s 
i n h i b i t bubb le coa l e s ence r e s u l t i n g i n t h e f o r m a t i o n o f s m a l l e r 
b u b b l e s and i n c r e a s e d i n t e r f a c i a l a r e a than n o r m a l l y found i n the 
c l e a n water sys tem. 

A v e r y h i g h gas f low r a t e » l i q u i d b low-out from the v e s s e l 
may o c c u r * I n a d d i t i o n , t h e a b o v e e q u a t i o n s a r e a p p l i c a b l e 
p r o v i d e d t h a t the i m p e l l e r i s not f l o o d e d by t o o h i g h a gas f l o w 
r a t e and t h e r e i s no g ros s s u r f a c e - a e r a t i o n due t o gas b a c k - m i x i n g 
a t t h e s u r f a c e o f t h e l i q u i d . E q u a t i o n s a r e a v a i l a b l e t o 
c a l c u l a t e these c r i t e r i a (Ca lde rbank , 1959; Wes t e r t e rp » 1963)· 

The e f f i c i e n c y o f g a s - l i q u i d c o n t a c t i n g has a l r e a d y been 
p r e s e n t e d i n terms o f t h e f u n d a m e n t a l s o f k . and a s e p a r a t e l y : 
t h e o v e r a l l c o r r e l a t i o n
a p p l i c a b i l i t y . S e v e r a
c o r r e l a t i o n s . They u s u a l l y take the form 

ρ m 

k L a = c o n s t . (^) V g
n (17) 

and t h e i r ranges o f a p p l i c a b i l i t y a r e compared t o b u b b l e c o l u m n s 
and a i r l i f t d e v i c e s i n F i g u r e 5. 

I n r e c e n t y e a r s , e x t e n s i v e s t u d i e s have been c a r r i e d out 
u s i n g p h y s i c a l r a t h e r than c h e m i c a l r e a c t i o n measurements f o r the 
e v a l u a t i o n o f k a . On t h i s b a s i s . Smith V a n f t R i e t and M i d d l e t o n 
(197 7) f ound t n a t i n g e n e r a l , the f o l l o w i n g c o r r e l a t i o n s a p p l y t o 
a wide v a r i e t y o f a g i t a t o r t y p e s , s i z e s and D/T r a t i o s : 

(a) Fo r " c o a l e s c i n g " a i r - w a t e r d i s p e r s i o n 

k L a = 0.01 ^) ν β
0 · 4 (18) 

(b) Fo r " n o n - c o a l e s c i n g " * a i r - e l e c t r o l y t e s o l u t i o n d i s p e r s i o n s 

Ρ ° · 4 7 5 0 4 l ^ a = 0 .02 (|) ν β
ϋ · * (19) 

- 1 3 
Both equa t i ons a r e i n S I u n i t s k . a i n s » (P/V) i n W/m · V g i n 
m . The a ccu r acy o f the c o r r e l a t i o n s i s ± 20% and ± 35% w i t h 95% 
c o n f i d e n c e f o r the above two e q u a t i o n s , r e s p e c t i v e l y . 

F r o m F i g u r e 5» i t i s s e e n t h a t f o r c o m p a r a b l e power 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 5. Aeration efficiencies of various gas-liquid contacting devices (air-
electrolyte systems). Reproduced, with permission, from Ref. 38. Copyright 1981, 

Springer-V erlag. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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i n p u t s * the magn i tude o f k ^ a o b t a i n e d i s a b o u t the same whether 
m i x i n g i s done m e c h a n i c a l l y i n s t i r r e d - t a n k s o r p n e u m a t i c a l l y i n 
b u b b l e - c o l u m n s o r a i r l i f t d e v i c e s . However , o n l y m e c h a n i c a l l y 
a g i t a t e d s y s t e m s a r e c a p a b l e o f a t t a i n i n g h i g h v a l u e s o f k L a 
r q u i r e d ( e . g . * i n some a n t i b i o t i c f e r m e n t a t i o n s and the a c t i v a t e d 
s ludge method o f t r e a t i n g was tewate r ) . N o n - m e c h a n i c a l l y a g i t a t e d 
s y s t e m s wou ld r e s u l t i n l i q u i d blowout be f o r e r e a c h i n g these h i g h 
a e r a t i o n r a t e s . 

I t s h o u l d be s t r e s s e d t h a t n o n e o f t h e o v e r a l l 
c o r r e l a t i o n s f o r k L a had u n i v e r s a l a p p l i c a b i l i t y . The p r o b l e m i s 
t h a t any s c a l e - u p p rocedure based on e q u a l i z i n g k^a o f bo th s c a l e s 
a c c o r d i n g to a g i v e n c o r r e l a t i o n may cause o t h e r p h y s i c a l c r i t e r i a 
t o be v i o l a t e d . A l s o * d e p e n d i n g on b i o l o g i c a l demands and 
t o l e r a n c e s * o t h e r c r i t e r i a may be more i m p o r t a n t . For example* 
i n c r e a s i n g the k L a can sometime
i n h i g h l y t u r b u l e n t f e r m e n t a t i o

Viscous Systems 

Two types o f v i s c o u s f e rmenta t i on s need to be d i s t i n g u i s h e d : 

(a) m y c e l i a l f e rmenta t i ons ( e . g . * molds* a c t i nomyce t e s ) where the 
v i s c o s i t y i s due to the m i c r o b i a l network s t r u c t u r e d i s p e r s e d i n 
con t inuous aqueous phase . 

( b ) p o l y s a c c h a r i d e f e r m e n t a t i o n s where the v i s c o s i t y i s due to 
p o l y m e r s i n t h e c o n t i n u o u s a q u e o u s p h a s e r e s u l t i n g i n an 
e s s e n t i a l l y homogeneous* v i s c o u s l i q u i d . 

The f i r s t type o f f e r m e n t a t i o n b r o t h c a n be s i m u l a t e d by 
m a t e r i a l s u c h as p a p e r p u l p * w h i c h has a mac roscop i c s t r u c t u r e 
ana logous to f u n g a l h y p h a e * s u s p e n d e d i n w a t e r . The second type 
may be s i m u l a t e d by aqueous polymer s o l u t i o n s o f known p r o p e r t i e s . 

Sideman* et a l . (1966) have proposed the f o l l o w i n g form o f 
a g e n e r a l c o r r e l a t i o n f o r t h e l i q u i d p h a s e m a s s t r a n s f e r 
c o e f f i c i e n t . 

D L
 A<pD L> ( σ > ( M a > V 

A d d i t i o n a l d i m i n s i o n l e s s g r o u p s be i n c o r p o r a t e d to account f o r 
geometr i c v a r i a b l e s * e . g . H L / T » D / T . The above e q u a t i o n can be 
a l t e r e d to r e l a t e k L a to the s p e c i f i c power i n p u t . 

Louca i de s and McManamey ( 1973 ) e x a m i n e d r a t e s i n p a p e r 
p u l p s u p e n s i o n e s i m u l a t i n g f i l a m e n t o u s f e r m e n t a t i o n m e d i a . Tank 
g e o m e t r i e s and i m p e l l e r g e o m e t r i e s were b o t h v a r i e d ; v e s s e l 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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volumes ranging from 5 to 72 l i t e r s * Analogous to the r e s u l t s f o r 
non-viscous solutions» k L a as found t o c o r r e l a t e v e i l w i t h 
v a r i a t i o n s i n tank diameter* 

By v a r y i n g the impeller blade dimensions» v a r i a t i o n s i n power per 
unit volume were made at a constant impeller speed* At low power 
per u n i t volumes there was a l i n e a r i n c r e a s e i n k^a » whi c h 
c o r r e l a t e d w i t h P/V w i t h an exponent of 0.9 to 1.2* Hteyond the 
breakpoint* the exponent r e l a t i n g the P/V dependence was 0*53* In 
both regions, the k a dependen
the 0*3 power. Tfies
e a r l i e r by Blakebrough and Sambamurthy (1966)· and Hamer and 
Blakebrough (1963)* obtained i n smaller scale vessels* a l s o u s i n g 
paper pulp suspensions. Other r e f e r e n c e s on the a e r a t i o n of 
v i s c o u s non-Newtonian f e r m e n t a t i o n b r o t h are Banks (1977)· and 
Blanch and Bhavaraju (1976). 

k La = Cj (T/H L) Ν D Τ ζ- .5 (21) 

NOMENCLATURE 

a s p e c i f i c i n t e r f a c i a l area (based on dispersion 
volume) 

C Concentration of solute i n bulk l i q u i d (generally) 

C Concentration of solute i n bulk media (for 
i n t r a p a r t i c l e d i f f u s i o n case) 

D D i l u t i o n r a t e ; impeller diameter 

Liquid phase d i f f u s i v i t y 

d Diameter of p a r t i c l e as an equi-volume sphere 

Liquid height i n reactor 

Effectiveness factor 

Bubble diameter 

Liquid phase mass transfer c o e f f i c i e n t 

Continued on next page 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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V o l u m e t r i c l i q u i d phase mass t r a n s f e r c o e f f i c i e n t 

m An exponent 

Ν Speed of a g i t a t o r 

Ρ A g i t a t o r power requirements f o r ungassed systems 

Ρ 
g 

A g i t a t o r requirements f o r g a s - l i q u i d d i s p e r s i o n s 

Τ Temperature; tank diameter 

V Volume of r e a c t o r c o n t e n t s 

V 
6 

S u p e r f i c i a l gas v e l o c i t y 

VVM Volume

&£££k Letters 

Ρ V i s c o s i t y (dynamic) of contin u o u s phase 

P a Apparent v i s c o s i t y (dynamic) 

V i s c o s i t y (dynamic) of d i s p e r s e d phase 

ν K i n e m a t i c v i s c o s i t y of contin u o u s phase 

Ρ D e n s i t y of continuous phase 

Φ Holdup of d i s p e r s e d phase. 

A b b r e v i a t i o n s f o r D i m e n s i o n l e s s Groups 

Gr Grashof number f o r mass t r a n s f e r (based on 
p a r t i c l e environment d e n s i t y d i f f e r e n c e ) 

Nu N u s s e l t number 

Pe P e c l e t number ( s i n g l e p a r t i c l e s ) 

Pr P r a n d t l number 

Re Reynolds number f o r p a r t i c l e s 

Re 
e 

Reynolds numbers f o r i s o t r o p i c t u r b u l e n c e 

Sh Sherwood number 

Se Schmidt number 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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16 
Reactor Design Fundamentals 
Hydrodynamics, Mass Transfer, Heat Exchange, Control, and Scale-up 

ALES PROKOP 
Kuwait Institute for Scientific Research, Biotechnology Department, 
P.O. Box 24885, Kuwait 

For the convenience of discussing the above subject 
it i s helpful t
and synthesis), i . e .
into several orders of structural and functional 
hierarchy, including b i o l o g i c a l and physical levels 
(such as molecular, cellular, population, reactor 
and technological l i n e ) , and to select from a number 
of elementary events systemic phenomena playing a 
decisive role at each level of hierarchy. This 
approach allows an integral description during pro
cess synthesis while maintaining the s p e c i f i c pro
perties of each l e v e l . The bioreactor level is dis
tinguished by the following fundamental events and 
functions: bioreactor hydrodynamics, mass transfer, 
heat exchange, bioreactor control and its scale-up. 
This review will emphasize reactors employed i n 
microbial protein production and the systems appro
ach i s intended as a methodological aid in process 
research and development. 

R e c e n t l y , the author advocated the a p p l i c a t i o n of the systems 
approach i n the a n a l y s i s and s y n t h e s i s o f a b i o t e c h n o l o g i c a l p r o 
cess ( 1 ) . The h i e r a r c h y o f a b i o l o g i c a l system i n v o l v e s s t r u c t u 
r a l , f u n c t i o n a l , d e s c r i p t i v e , c o n t r o l and dynamic o r g a n i z a t i o n . 
S t r u c t u r a l and f u n c t i o n a l h i e r a r c h i e s o f a b i o t e c h n o l o g i c a l p r o 
cess are d e p i c t e d i n T a b l e s I and I I . I n Table I I a compartmental 
l e v e l i s o m i t t e d . T h i s i s p o s s i b l e as l o n g as the t r a n s l o c a t i o n 
of substances between o r g a n e l l e s and cy t o p l a s m i s n ot i m p o r t a n t . 
The scheme o f f u n c t i o n s s h o u l d be understood i n both d i r e c t i o n s , 
i . e . , from h i g h e r l e v e l s t o lower ( a n a l y s i s ) and v i c e v e r s a 
( s y n t h e s i s ) , r e p r e s e n t i n g b a s i c and a p p l i e d r e s e a r c h . The f i r s t 

On l e a v e from: I n s t i t u t e of M i c r o b i o l o g y , Czechoslovak Academy 
KISR 620 of S c i e n c e s , 142 20 Prague 4, C z e c h o s l o v a k i a 

0097-6156/83/0207-0355$06.50/0 
© 1983 American Chemical Society 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Table I S t r u c t u r a l and F u n c t i o n a l H i e r a r c h i e s 
of a B i o t e c h n o l o g i c a l P r o c e s s 

L e v e l S t r u c t u r a l Elements F u n c t i o n 

M o l e c u l a r Atoms, mo l e c u l e s S y n t h e s i s of macromolecules 

O r g a n e l l e s Macromolecules D u p l i c a t i o n of o r g a n e l l e s , 
m e t a b o l i c m a n i f e s t a t i o n o f c e l l s 

C e l l O r g a n e l l e s T r a n s l o c a t i o n o f s u b s t a n c e s , 
complex b i o c h e m i c a l r e a c t i o n s , 
m o r p h o l o g i c a l d i f f e r e n t i a t i o n , 
c e l l c y c l e 

P o p u l a t i o n C e l l s Growth and m u l t i p l i c a t i o n , 
i n t e r a c t i o n between c e l l s 

R e a c t o r Elementary zones 
of r e a c t o r 

Mass t r a n s f e r , heat exchange, 
d i f f u s i o n , e t c . 

B i o t e c h n o 
l o g i c a l 
p rocess 
( l i n e ) 

U n i t equipment U n i t o p e r a t i o n s 

I n t e r n a t . J . G e n e r a l Systems 1982, j $ ( l ) , Table V I I (1) 
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Table I I H i e r a r c h y of F u n c t i o n s o f B i o t e c h n o l o g i c a l P r o c e s s e s 

M o l e c u l a r L e v e l 
1.1. C a t a b o l i c and a n a b o l i c m a n i f e s t a t i o n s of l i v i n g systems 

1.1.1. Energy f o r m a t i o n 
1.1.2. S y n t h e t i c p r o c e s s e s 
1.1.3. Macromolecular decay 

1.2. C o n t r o l mechanisms 
1.2.1. R e a c t i o n mechanisms 
1.2.2. E p i g e n e t i
1.2.3. B i o c h e m i c a
1.2.4. R e p r o d u c t i o n mechanisms 

S t r u c t u r a l H i e r a r c h y o f C e l l s (Compartments) 
2.1. T r a n s l o c a t i o n of substances 
2.2. Complex b i o c h e m i c a l network 
2.3. M o r p h o l o g i c a l d i f f e r e n t i a t i o n 
2.4. C e l l c y c l e 

2.5. G e n e t i c phenomena a t l e v e l of o r g a n e l l e s 

P o p u l a t i o n 
3.1. D i s p e r s e d growth 

3.1.1. Pure c u l t u r e 
3.1.2. Mixed c u l t u r e 

3.2. Aggregated growth 
B i o r e a c t o r and Other Equipment 
4.1. Macro- and m i c r o - m i x i n g of equipment c o n t e n t s 
4.2. Mass t r a n s f e r 
4.3. Heat exchange 
4.4. B i o r e a c t o r c o n t r o l and of o t h e r equipment 
4.5. Scale-up 

T e c h n o l o g i c a l L i n e 
5.1. Batch p r o c e s s e s 
5.2. Continuous p r o c e s s e s 

I n t e r n a t . J . G e n e r a l Systems 1982, 8 ( 1 ) , Table V I I I (1) 
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l e v e l ( m o l e c u l a r ) i n Table I I i s c o n s i d e r e d quasihomogeneous 
( r e a c t i o n s o c c u r r i n g i n a s o l u t i o n ) , the second i s r e p r e s e n t e d by 
a c e l l c o n s i d e r e d as a two-phase system, composed o f o r g a n e l l e s 
homogeneously d i s p e r s e d i n the cytoplasm. The p o p u l a t i o n l e v e l i s 
ma n i f e s t e d by d i f f e r e n t m o r p h o l o g i c a l s t a t e s ( d i s p e r s e d and aggre
gated) of a p o p u l a t i o n . The l e v e l s o f the r e a c t o r and t e c h n o l o g i 
c a l l i n e a re d i s t i n g u i s h e d by fundamental f u n c t i o n s t y p i c a l f o r 
c h e m i c o - t e c h n o l o g i c a l p r o c e s s e s . 

The r e a c t o r l e v e l i s d i s t i n g u i s h e d by the f o l l o w i n g funda
mental events and f u n c t i o n s : macro- and m i c r o - m i x i n g o f r e a c t o r 
(equipment) c o n t e n t s and the c o r r e s p o n d i n g mass t r a n s f e r and heat 
exchange i n v o l v e the d e t e r m i n a t i o n o f elementary zones of r e a c t o r , 
mass t r a n s f e r and heat exchange between them and a l s o between 
i n d i v i d u a l phases ( l i q u i d , gaseous, s o l i d ) ; b i o r e a c t o r c o n t r o l 
and s c a l e - u p ( 2 ) . I f non-homogeneities of r e a c t o r performance i n 
space and time are expected
and momentum t r a n s p o r t
As a s o l u t i o n t o momentum t r a n s p o r t ( N a v i e r - S t o k e s e q u a t i o n ) i s 
u s u a l l y not a v a i l a b l e f o r b i o r e a c t o r v e l o c i t y f i e l d , we are l e f t 
w i t h mass and heat b a l a n c e s . A l o c a l b a l a n c e d e s c r i b i n g m i x i n g , 
f l o w and i n t e r f a c e t r a n s f e r , i n c l u d i n g r e a c t i o n i s known as the 
d i s p e r s e d model ( 3 ) : 

— — + V c . . u + V D V C . + r . . 
a t i j i j i j 

- k - i d « ) \ \ ( c i k s - °ik > • ° ( i ) 

where s u b s c r i p t i denotes system component, j i s the number of a 
phase i n the f-phase system, k i s a phase o t h e r than j , s u b s c r i p t 
i k s denotes c o n c e n t r a t i o n near the i n t e r f a c i a l a r e a on s i d e j , 
and u i s the l o c a l v e l o c i t y o f phases j . The l a s t term denotes 
the t r a n s p o r t between phases. A l i m i t e d a p p l i c a t i o n o f t h i s 
system of p a r t i a l d i f f e r e n t i a l e q u a t i o n s was made f o r a s t i r r e d -
tank r e a c t o r (STR) w i t h a n e g l e c t o f t r a n s f e r term (4_) as w e l l 
as f o r a t u b u l a r r e a c t o r ( 5 ) . 

Hydrodynamics 

Elementary r e g i o n s o f b i o r e a c t o r . A more simp l e d e s c r i p t i o n 
of the f l o w c h a r a c t e r i s t i c s of a r e a c t o r than t h a t by a l o c a l 
mass ba l a n c e i s done by i n t r o d u c i n g the r e s i d e n c e time d i s t r i b u 
t i o n concept (RTD), which p r o v i d e s macro-mixing c h a r a c t e r i s t i c s 
( d e t e r m i n a t i o n of the elementary r e g i o n s o f the r e a c t o r ) . I n 
f a c t , u s i n g the r e s i d e n c e time concept a p a r t i c u l a r s i t u a t i o n may 
be d e s c r i b e d by mixed-type models c o n s i d e r i n g "the r e a c t o r as 
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c o n s i s t i n g o f i n t e r c o n n e c t e d f l o w s between and around these r e 
g i o n s " (6 ) . The f o l l o w i n g k i n d s o f elementary r e g i o n s are used i n 
the c o n s t r u c t i o n of mixed models: two types o f i d e a l zones ( p l u g -
f l o w and p e r f e c t l y s t i r r e d = backmixed), d i s p e r s e d p l u g f l o w and 
deadwater. I n a d d i t i o n t o these r e g i o n s , the f o l l o w i n g k i n d s of 
f l o w may be used: by-pass, r e c y c l e and c r o s j s - f l o w . The above non-
i d e a l i t i e s i n m i x i n g may be d e s c r i b e d e i t h e r by means o f d i s p e r 
sed o r d i s c r e t e ( s t a g e - w i s e ) models, the l a t t e r c o n s i d e r i n g a 
s e r i e s o f i d e a l l y mixed v e s s e l s . 

Residence time d i s t r i b u t i o n . The above d i s t r i b u t i o n o f l i 
q u i d , gaseous and s o l i d ( c e l l s ) phases i s u s u a l l y measured by a 
s t i m u l u s - r e s p o n s e experiment. F r e q u e n t l y , r a d i o a c t i v e t r a c e r s are 
used ( 7 , 8 ) . I n the absence o f microorganisms and f o r l i q u i d RTD, 
a pH t r a c e r i s q u i t e convenien
t e - t y p e model f o r i n t e r p r e t i n

M i c r o - m i x i n g c h a r a c t e r i s t i c s . I t i s w e l l e s t a b l i s h e d t h a t 
the RTD concept does not c h a r a c t e r i z e a l l a s p e c t s of m i x i n g . To 
c l a r i f y t h i s a concept o f s e g r e g a t i o n has been i n t r o d u c e d ( 1 0 ) . 
M i c r o - m i x i n g f a l l s , t h e n , between two l i m i t i n g cases o f maximum 
mixedness and complete s e g r e g a t i o n , and i s t y p i c a l f o r r e a c t o r 
zones s m a l l e r than the elementary r e g i o n s d e f i n e d above, u s u a l l y 
a t the l e v e l o f i n d i v i d u a l c e l l s , b u b b l e s , molecules and t h e i r 
clumps. M i c r o - m i x i n g c h a r a c t e r i s t i c s , however, cannot be e x t r a c t e d 
from RTD d a t a . F o r t u n a t e l y , the r e a c t o r performance i s not o f t e n 
too s e n s i t i v e t o m i c r o - m i x i n g . For example, f o r growth of y e a s t s 
on hydrocarbons, where one can assume an i n f l u e n c e of the degree 
of o i l drop and c e l l s e g r e g a t i o n , the d i f f e r e n c e s between comple
te s e g r e g a t i o n and maximum mixedness i s a p p r e c i a b l e o n l y f o r l o n g 
e r c u l t i v a t i o n times ( 1 1 ) . Some p r o g r e s s can be expected from 
t h e o r e t i c a l and e x p e r i m e n t a l i n v e s t i g a t i o n o f the e f f e c t of the 
gas phase (bubble) s e g r e g a t i o n on mass t r a n s f e r and oxygen u t i l i 
z a t i o n e f f i c i e n c y i n c o n n e c t i o n w i t h d i f f e r e n t r e a c t o r d e s i g n s . 
F o r almost a l l p r a c t i c a l cases maximum s u b s t r a t e c o n v e r s i o n i s 
ac h i e v e d a t maximum mixedness. 

Mass T r a n s f e r 

Mass t r a n s f e r i n v o l v e s e s t a b l i s h i n g a t r a n s f e r between the 
elementary r e g i o n s o f the r e a c t o r and between i n d i v i d u a l phases 
( i n t e r f a c i a l mass t r a n s f e r c o e f f i c i e n t s : gas phase mass t r a n s f e r , 
l i q u i d phase mass t r a n s f e r , mass t r a n s f e r w i t h r e a c t i o n , l i q u i d -
s o l i d mass t r a n s f e r ) , as w e l l as o t h e r elementary phenomena and 
pro c e s s e s connected w i t h mass t r a n s f e r : gas phase phenomena and 
pro c e s s e s (gas hold-up, bubble s i z e , i n t e r f a c i a l a r e a and bubble 
c o a l e s c e n c e / r e d i s p e r s i o n ) , v o l u m e t r i c mass t r a n s f e r and power 
consumption d u r i n g mass t r a n s f e r ( 2 ) . 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



360 B I O C H E M I C A L E N G I N E E R I N G 

I n t e r f a c i a l mass t r a n s f e r c o e f f i c i e n t s . T h e o r e t i c a l and 
e x p e r i m e n t a l i n v e s t i g a t i o n s o f many au t h o r s have shown t h a t d u r i n g 
the a b s o r p t i o n o f s p a r i n g l y s o l u b l e gases such as oxygen, the gas 
phase c o e f f i c i e n t ( k ç ) i s s e v e r a l o r d e r s i n magnitude h i g h e r than 
the l i q u i d phase mass t r a n s f e r c o e f f i c i e n t ( k _ ) . Because of the 
above f a c t and a l s o due t o the h i g h v a l u e of Henry's Law c o n s t a n t 
f o r oxygen, the l i q u i d phase mass t r a n s f e r c o e f f i c i e n t determines 
the o v e r a l l r a t e of mass t r a n s f e r . I n d e a l i n g w i t h i n t e r f a c i a l 
phenomena, two extreme cases a r e encountered: mass t r a n s f e r by 
m o l e c u l a r d i f f u s i o n and c o n v e c t i o n from r i g i d immobile s p h e r e s , 
r e p r e s e n t e d by gas bubbles w i t h contaminated s u r f a c e s and d e s c r i 
bed by the F r B s s l i n g e q u a t i o n ( e . g . , i n ( 1 2 ) ) , and mass t r a n s f e r 
by c o n v e c t i o n from m o b i l e spheres, d e s c r i b e d by the B o u s s i n e s q 
e q u a t i o n ( e . g . , i n ( 1 3 ) ) . I n p r a c t i c e , the l a t t e r system i s r a r e 
l y a c h i e v e d s i n c e f e r m e n t a t i o n media w i t h e l e c t r o l y t e s  p r o t e i n s
p r o d u c t s o f metabolism an
m a t e r i a l may h i n d e r th
gas b u b b l e s . V a r i o u s t h e o r e t i c a l and e x p e r i m e n t a l c o r r e l a t i o n s 
f o r p r e d i c t i n g k^ f o r bubbles w i t h immobile i n t e r f a c e s have been 
p r e s e n t e d i n reviews (14, 15) i n v o l v i n g s i t u a t i o n s w i t h c r e e p i n g 
f l o w ( t y p i c a l f o r a i r - l i f t r e a c t o r s ) and l o w - h i g h Re numbers, and 
a l s o e f f e c t s of non-Newtonian f l u i d on mass t r a n s f e r from moving 
bu b b l e s . These c o r r e l a t i o n s are of importance i n p o l y s a c c h a r i d e 
and a n t i b i o t i c p r o d u c t i o n s . The e f f e c t o f s u r f a c e - a c t i v e compounds 
on k^ and a i s d i f f e r e n t i a l because of t h e i r d i f f e r e n t i n f l u e n c e 
on s u r f a c e t e n s i o n ( i n c r e a s e o r d e c r e a s e ) . These phenomena have 
not y e t been i n c o r p o r a t e d i n t o a s u f f i c i e n t l y g e n e r a l t h e o r y . 

Mass t r a n s f e r w i t h r e a c t i o n . The p r e c e d i n g s i t u a t i o n i n v o l 
ved o n l y a p h y s i c a l mass t r a n s f e r between g a s - l i q u i d or s o l i d - l i 
q u i d i n t e r f a c e s . In the presence of microorganisms, oxygen uptake 
by r e s p i r i n g c e l l s w i t h i n the r e l a t i v e l y stagnant l i q u i d r e g i o n 
a d j a c e n t t o bubbles submersed i n a c e l l s u s p e n s i o n may l e a d t o 
enhanced oxygen t r a n s f e r r a t e s . U s i n g an enhancement concept of 
A s t a r i t a , B l a n c h (16) p r e s e n t e d r u l e s f o r i t s p r e d i c t i o n : the 
d i f f u s i o n time f o r the oxygen o f gas bubbles a s c e n d i n g through a 
l i q u i d , e s t i m a t e d from bubble diameter and a s c e n d i n g a i r v e l o c i t y , 
dg / u R , should be g r e a t e r o r a t l e a s t of the same o r d e r as the 
r e a c t i o n t i m e , e v a l u a t e d from d i s s o l v e d oxygen c o n c e n t r a t i o n , 
oxygen uptake r a t e and biomass d e n s i t y , C ^ / ( QQ X ) . Sobotka e t a l . 
(17) have shown t h a t the c e l l f l o t a t i o n 2 mechanism can be 
s u c c e s s f u l l y u t i l i z e d t o o b t a i n a b e t t e r f i t f o r e x p e r i m e n t a l 
growth d a t a , c o n s i d e r i n g g a s - s o l i d ( c e l l s ) a b s o r p t i o n of oxygen 
( i t may amount up t o a h a l f of t o t a l a b s o r p t i o n ) i n a d d i t i o n t o 
the p r e v a i l i n g t y p i c a l oxygen path t o c e l l s v i a d i s s o l v e d oxygen 
( F i g u r e 1 ) . C o n c l u s i o n of t h i s work, p r o v i d i n g enhanced a b s o r p t i 
on (reduced bubble s l i p v e l o c i t y due t o e l e c t r o l y t e , a l c o h o l s and 
o t h e r s u r f a c e - a c t i v e compounds; oxygen l i m i t a t i o n of growth; h i g h 
r e s p i r a t i o n r a t e ; h i g h c e l l d e n s i t y a t the i n t e r f a c e ) are i n f u l l 
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a c c o r d w i t h Blanch's argumentation. Enhanced a b s o r p t i o n i s , i n 
f a c t , o n l y apparent, because o f the p a r a l l e l pathway o f oxygen 
u t i l i z a t i o n . 

I n t r a p a r t i c l e mass t r a n s f e r . F o r some p r a c t i c a l s i t u a t i o n s 
mass t r a n s f e r l i m i t i n g s t e p i s l o c a l i z e d i n the i n t e r i o r o f a so
l i d phase. T h i s i s the case f o r c e r t a i n m y c e l i a l f e r m e n t a t i o n s 
where the oxygen t r a n s f e r v i a p e l l e t o r m y c e l i a l clump i n t e r i o r 
may l i m i t growth o r p r o d u c t i o n p r o c e s s e s . T h i s s i t u a t i o n , employ
i n g the e f f e c t i v e n e s s concept, i s reviewed by Moo-Young and 
Blan c h ( 1 4 ) . I n the f o l l o w i n g , some o t h e r elementary phenomena 
and p r o c e s s e s connected w i t h mass t r a n s f e r are reviewed. 

Gas phase phenomena and p r o c e s s e s . These i n c l u d e gas h o l d 
up, bubble s i z e , i n t e r f a c i a  c o a l e s c e n c e / r e d i s p e r
s i o n . Gas hold-up and bubbl
p h y s i c o - c h e m i c a l p r o p e r t i e ,
c o n f i g u r a t i o n and on o p e r a t i o n c o n d i t i o n s . The i n i t i a l bubble 
diameter a t o r i f i c e i s an o r d e r o f magnitude s m a l l e r than the 
e q u i l i b r i u m bubble s i z e and, a t some d i s t a n c e from the gas d i s t r i 
b u t o r , the s i z e o f bubbles i s dependent o n l y on b r o t h p r o p e r t i e s 
and on l o c a l t u r b u l e n c e . I n bubble column, on the o t h e r hand, 
d i f f e r e n t r e g i o n s can be observed, where bubble diameter i s 
e i t h e r determined by o r i f i c e c h a r a c t e r i s t i c s o r by a p a r t i c u l a r 
t u r b u l e n c e . A d i s t i n c t i o n must be made between c o a l e s c i n g media 
(water) and n o n - c o a l e s c i n g media w i t h e l e c t r o l y t e s , a l c o h o l s and 
o t h e r s u r f a c e - a c t i v e a d d i t i o n s . In media w i t h a c l e a n i n t e r f a c e 
( c o a l e s c i n g ) , an average e q u i l i b r i u m s i z e o f b u b b l e s , determined 
by an e x t e n t o f p a r a l l e l p r o c e s s e s of c o a l e s c e n c e and r e d i s p e r 
s i o n , i s h i g h e r because of enhanced c o a l e s c e n c e . Under these 
c o n d i t i o n s , the secondary b u b b l e s , a r i s i n g from p r i m a r y ones at 
the o r i f i c e , c o a l e s c e e a s i l y a t some d i s t a n c e from t h a t space. 
On the o t h e r hand, d i s p e r s i o n o f gas bubbles i s enhanced i n the 
presence of e l e c t r o l y t e s o r a l c o h o l s . T h i s e f f e c t i s e x p l a i n e d on 
the b a s i s of complex phenomena connected w i t h water s t r u c t u r e 
changes near the i n t e r f a c e ( 1 8 ) . The i n f l u e n c e of e l e c t r o l y t e s 
and a l c o h o l s i s d i f f e r e n t i a t e d : the c o n c e n t r a t i o n o f e l e c t r o l y t e s 
a t the f r e s h i n t e r f a c e decreases w i t h bubble age whereas t h a t of 
a l c o h o l s i n c r e a s e s . These phenomena have, no doubt, an impact on 
r e a c t o r d e s i g n as bubble path and age can c o n s i d e r a b l y i n f l u e n c e 
gas hold-up and i n t e r f a c i a l a r e a ( m e c h a n i c a l l y - m i x e d r e a c t o r s v s . 
v e r t i c a l m u l t i - s t a g e r e a c t o r s o r bubble columns). However, no 
sound t h e o r e t i c a l b a s i s has been put forward f o r g e n e r a l i z i n g the 
e f f e c t o f a l c o h o l s , e l e c t r o l y t e s and o t h e r s u r f a c e - a c t i v e com
pounds. S i m i l a r l y , no q u a n t i t a t i v e d e s c r i p t i o n o f a bubble beha
v i o u r d u r i n g mass t r a n s f e r i n the presence of microorganisms, 
i n c l u d i n g bubble c o a l e s c e n c e and r e d i s p e r s i o n and c e l l a d s o r p t i o n 
and d e s o r p t i o n , has been suggested. Even a s i m p l e measurement of 
bubble s i z e o r o f t o t a l i n t e r f a c i a l a r e a i n a c e l l s u s p e n s i o n 
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p r e s e n t s a problem. The same a p p l i e s t o an assessment of c o a l e s -
c e n c e / r e d i s p e r s i o n r a t e s and mechanisms a l t h o u g h some methods f o r 
co a l e s c e n c e frequency measurement have been suggested (19, 2 0 ) . 
Some f u r t h e r t h e o r e t i c a l c o n s i d e r a t i o n s and c o r r e l a t i o n s f o r p r e 
d i c t i n g bubble s i z e , gas hold-up and i n t e r f a c i a l a r e a were 
reviewed (16, 15). Gas hold-up and p r e s s u r e drop are of importan
ce i n a r a t i o n a l d e s i g n of a i r - l i f t r e a c t o r s ( 2 1 ) . 

V o l u m e t r i c mass t r a n s f e r c o e f f i c i e n t k_a. T h i s r e p r e s e n t s 
the most important d e s i g n parameter because and a are d i f f i 
c u l t t o measure under r e a l c o n d i t i o n s . The k^a measurement 
methods were reviewed by Sobotka e t a l . ( 2 2 ) . The most r e l i a b l e 
v a l u e s a r e o b t a i n e d by ba l a n c e methods. The model o f S i n c l a i r 
and Ryder (23) may serve as a good example of the a p p l i c a t i o n o f 
the above g e n e r a l b a l a n c e e q u a t i o n (1) w i t h a double s u b s t r a t e 
l i m i t a t i o n o f growth (carbo
f i t t i n g o f t h i s model, compose
s u b s t r a t e and biomass b a l a n c e s , t o growth d a t a p r o v i d e s a p o s s i 
b i l i t y o f e s t i m a t i n g L a as one o f s e v e r a l e v a l u a t e d model p a r a 
meters. An e x t e n s i o n or* t h i s model w i t h a p r o v i s i o n f o r an a l t e r 
n a t i v e oxygen uptake from the gaseous phase has been proposed by 
Sobotka e t a l . ( 1 7 ) . 

For k^a p r e d i c t i o n i n bubble columns, an e m p i r i c a l e q u a t i o n 
of A k i t a and Yos h i d a ( 2 4 ) , which d e s c r i b e s f a i r l y w e l l v a r i o u s 
d a t a o b t a i n e d from l a r g e s c a l e equipment, can be used: 

Sh ( a D c ) = 0.6 e j ' 1 , S c ° ' 5 . B o 0 ' 6 2 . G a ° ' 3 1 (2) 

c o n t a i n i n g d i m e n s i o n l e s s Sherwood, Schmidt, B o d e n s t e i n and Gras-
hof numbers, i n t e r f a c i a l a r e a a, bubble column diameter D and 
gas hold-up ε . A s i m i l a r e q u a t i o n may be a p p l i c a b l e t o bubble 
columns p r o v i d e d w i t h the two-phase n o z z l e ( e j e c t o r ) , as i n d i c a 
t e d from k^a v s . ε^ dependence ( F i g u r e 2 ) . Two-phase n o z z l e s and 
m u l t i - o r i f i c e s p a r g e r s are s u i t e d f o r i n d u s t r i a l r e a c t o r s because 
of h i g h v o l u m e t r i c mass t r a n s f e r c o e f f i c i e n t s . The main f e a t u r e 
of two-phase n o z z l e i s i n p r e s e r v i n g the energy o f the j e t , u t i 
l i z e d f o r the p r o d u c t i o n o f a h i g h i n t e r f a c i a l a r e a , by suppres
sed c o a l e s c e n c e i n s u i t a b l e media and by a s u i t a b l e guide tube 
(momentum t r a n s f e r tube, (26)) . The i n d u s t r i a l a p p l i c a t i o n s i n 
v o l v e those i n SCP p r o d u c t i o n (27) and i n waste water treatment 
(2 8 ) . The c o r r e l a t i o n of the type o f eq.(2) can, perhaps, be of 
use i n p r e d i c t i n g k^a f o r s t i r r e d - t a n k r e a c t o r s , based on a 
s i n g l e measured v a l u e (gas h o l d - u p ) . C o r r e l a t i o n s based on power 
i n p u t and s u p e r f i c i a l v e l o c i t y are the most f r e q u e n t ( 2 9 ) . 

E f f e c t o f v i s c o s i t y on k^a and power consumption d u r i n g mass 
t r a n s f e r . The e f f e c t o f v i s c o s i t y on k^a i s o f importance i n 
s e v e r a l h i g h l y v i s c o u s Newtonian and non-Newtonian f e r m e n t a t i o n s . 
Some c o r r e l a t i o n s d e s c r i b i n g l ^ a decrease w i t h v i s c o s i t y have 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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+ - V S L = 1.70 103 ms1 

A - VSLS 0.86. 1Ô 3 ms1 

1 ' ' 1 

4 6 8 10 20 30 

Gas hold-up £q {%) 

Figure 2. The k La dependence on €0, bubble column with two-phase nozzle (3 mm 
ID), electrolyte solution plus ethanol (0.1% v/v) (25). 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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been summarized i n ( 1 5 ) . From t h i s paper, the H e n z l e r ' s c o r r e l a 
t i o n f o r 1-2% CMC s o l u t i o n s i n bubble columns ( f l o w b e h a v i o u r r e p 
r e s e n t a t i v e f o r p e n i c i l l i n f e r m e n t a t i o n ) i s u s e f u l : 

where v g ^ i s the s u p e r f i c i a l a i r v e l o c i t y and υ k i n e m a t i c v i s c o s i 
t y . Reuss e t a l . (30) suggested a much s i m p l e r e q u a t i o n f o r s t i r -
r e d - t a nk r e a c t o r : 

a 
V T Ρ 

— = f ( § ) (4) 

V G V L ( U S > 
i n v o l v i n g two d i m e n s i o n l e s s groups ( i s v o l u m e t r i c a i r f l o w 
r a t e , r e a c t o r volume). Power consumption i n gassed systems, Ρ , 
i s then c a l c u l a t e d from: ^ 

Ρ /Ρ = 0.0312 R e 0 ' 0 6 4 F r " 0 ' 1 5 6 N a " 0 ' 3 8 ( A _ )<>.8 ( 5 ) 

g o a i 

i n v o l v i n g Reynolds and Froude numbers of i m p e l l e r , a e r a t i o n num
ber Na and r a t i o of tank and i m p e l l e r diameter. The a p p l i c a b i l i t y 
of eq.(4) f o r p r e d i c t i n g k^a d u r i n g f e r m e n t a t i o n o f P.chrysogenum 
and A . n i g e r i s shown i n F i g u r e 3. Thus, the b a s i c p h y s i c a l p r o 
p e r t i e s o f c u l t i v a t i o n b r o t h s ( i n t h i s case v i s c o s i t y ) are i n c o r 
p o r a t e d i n t o c o r r e l a t i o n s f o r t r a n s p o r t phenomena t o g e t h e r w i t h 
key d e s i g n parameters ( k^a and power consumption). 

N i s h i k a w a e t a l . (31; have r e c e n t l y proposed the two - r e g i o n 
model ( b u b b l i n g - and a g i t a t i o n - c o n t r o l l e d ) f o r e s t i m a t i n g k T a i n 
a mixed r e a c t o r . Exponents f o r v i s c o s i t y terms are d i f f e r e n t f o r 
d i f f e r e n t r e g i o n s . P r e d i c t i o n s by d i m e n s i o n l e s s c o r r e l a t i o n s are 
a p p l i c a b l e f o r b o t h non-Newtonian and Newtonian l i q u i d s . 

F o r bubble columns f i t t e d w i t h a two-phase n o z z l e and e l e c 
t r o l y t e s o l u t i o n s , k L a can be p r e d i c t e d from power f o r a e r a t i o n 
Ε and from power f o r l i q u i d c i r c u l a t i o n v i a n o z z l e Ε ( F i g u r e 4 ) . a ρ 
Heat Exchange 

Heat exchange i n v o l v e s h eat g e n e r a t i o n and t r a n s f e r i n and 
between elementary r e g i o n s o f a b i o r e a c t o r and t h a t o f i n d i v i d u a l 
phases of a r e a c t o r ( 2 ) . A r a t i o n a l s t a r t f o r these c o n s i d e r a t i 
ons i s the g e n e r a l l o c a l heat b a l a n c e , s i m i l a r t o t h a t o f mass 
t r a n s f e r : 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 3. Correlation of Reuss as applied for k La estimate during mold fermen
tations. Reprinted, with permission, from Ref. 30. Copyright 1981, Pergamon 

Press Ltd. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 4. The k/.a dependence on E e and Ep; bubble column with two-phase 
nozzles (3-5 mm ID), electrolyte solution plus ethanol (0-0.1 % v/v) (25). 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



368 B I O C H E M I C A L E N G I N E E R I N G 

3 ρ . C . T. 
+ V P . c . T . . + V k . V T . + Σ Δ Η r . . 

J P J i J e j j n j i j 
a t 

f 

- k - l ( k « ) \ \ < T j s - T j > - 0 (6) 

where Ρ i s s p e c i f i c d e n s i t y , C i s molar h e a t , Τ i s a b s o l u t e tem
p e r a t u r e , k i s e f f e c t i v e thermal c o n d u c t i v i t y , Δ Η i s heat of 
r e a c t i o n , h i s heat t r a n s f e r c o e f f i c i e n t and T. i s the tempera
t u r e a t the i n t e r f a c e a r e a . The f i r s t term of tftîs b a l a n c e i s an 
a c c u m u l a t i o n term a c c o u n t i n g f o r heat c a p a c i t y ; the second term 
i s heat t r a n s p o r t due t o c o n v e c t i o n , which i s impo r t a n t i n t u b u 
l a r r e a c t o r s . The t h i r d ter  r e p r e s e n t  heat b a c k m i x i n d
be important i n b i o r e a c t i o n
nes or i n a deep l a y e r  clumps
f o u r t h term c h a r a c t e r i s e s heat g e n e r a t i o n due t o a r e a c t i o n and 
the f i f t h i s the i n t e r f a c e heat t r a n s f e r . I n b i o r e a c t o r s t h a t are 
t h o r o u g h l y mixed o n l y the a c c u m u l a t i o n and heat g e n e r a t i o n terms 
are s i g n i f i c a n t and the temperature f i e l d i s u n i f o r m . The bounda
r y c o n d i t i o n s of t h i s s i m p l i f i e d e q u a t i o n are r e p r e s e n t e d by the 
o v e r a l l heat t r a n s f e r from the c u l t i v a t i o n b r o t h t o the c o o l i n g 
o r h e a t i n g ( s t e r i l i z a t i o n ) medium. 

The amount of heat generated i n a b i o r e a c t o r can be e a s i l y 
e v a l u a t e d from the above s i m p l i f i e d heat b a l a n c e A ^ r e s u l t i n g i n a 
v o l u m e t r i c r a t e o f heat g e n e r a t i o n , Q f ( J . l t .h ) . Cooney e t a l . 
(32) o b t a i n e d by means of dynamic c a l o r i m e t r y . F o r a rough 
e s t i m a t i o n of Q f, a p p l i c a b l e under oxygen l i m i t a t i o n and w i t h 
c e l l s as the s o l e r e a c t i o n p r o d u c t , M i n k e v i c h and E r o s h i n (33) 
d e r i v e d a t h e o r e t i c a l f o r m u l a : 

y 
= 818 Na = 818 k T a — (7) f L H 

w h e r e ^ N a ^ i s the maximum oxygen t r a n s f e r o f a b i o r e a c t o r ( i n 
g . l t .h ) , y 2 i s the mole f r a c t i o n o f oxygen i n the e x i t gas 
and H i s Henry *s c o n s t a n t .The c o e f f i c i e n t 818 has the meaning o f 
heat g e n e r a t i o n per 1 g of oxygen consumed. Cooney e t a l . ^ ^ u s i n g 
d i r e c t measurements, found t h i s c o e f f i c i e n t t o be 822 J.g oxy
gen. Eq.(7) seems t o be u s e f u l f o r p r e d i c t i n g the d e s i g n o f heat 
exchangers. Q f i s a l s o c o r r e l a t e d to biomass y i e l d and p r o d u c t i 
v i t y ( y X ) : 

k 
Q f = ( k i " ~ T — > υ x ( 8 ) 

x/s 
where k^ and k^ are c o n s t a n t s t h a t can be d e r i v e d from the h e a t s 
of combustion o f s u b s t r a t e and c e l l s . Thus, can be assessed 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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f o r a g i v e n s u b s t r a t e and expected y i e l d and p r o d u c t i v i t y ( 3 4 ) . 
The o v e r a l l heat t r a n s f e r c o e f f i c i e n t i s composed o f a m i n i 

mum o f t h r e e c o n t r i b u t i o n s , the major o f which i s the c o e f f i c i e n t 
of heat t r a n s f e r from g a s - l i q u i d phase t o heat e x c h a n g e r - w a l l . 
P o l l a r d and T o p i w a l a (35) r e p o r t e d v a l u e s of heat t r a n s f e r c o e f 
f i c i e n t s i n g a s - l i q u i d b i o r e a c t o r s f o r v a r i o u s c o n f i g u r a t i o n s of 
heat exchanger ( c o i l , j a c k e t ) . These a u t h o r s q u e s t i o n e d the a p p l i 
c a t i o n of c u r r e n t l y used c o r r e l a t i o n s o b t a i n e d i n l i q u i d media 
(36) t o g a s - l i q u i d systems. The i n t r o d u c t i o n of a i r a f f e c t s the 
heat t r a n s f e r c o e f f i c i e n t . A n o v e l t h e o r y f o r p r e d i c t i n g heat 
t r a n s f e r i n bubble column r e a c t o r s was put forward by Deckwer (37). 
Blakebrough and McManamey (38) measured the heat t r a n s f e r of mold 
f e r m e n t a t i o n s i n an a i r - l i f t r e a c t o r . The e f f e c t s o f non-Newto
n i a n a e r a t e d l i q u i d s on heat t r a n s f e r c o e f f i c i e n t were s h o r t l y 
reviewed by Pace and R i g h e l a t

P r o c e s s S y n t h e s i s a t R e a c t o r L e v e l 

The o v e r a l l d e s c r i p t i o n (model) of a r e a c t o r i s o b t a i n e d 
through p r o c e s s s y n t h e s i s by combining models of r e a c t o r hydrody
namics, mass t r a n s f e r and heat exchange w i t h an a p p r o p r i a t e c e l l 
( s u b c e l l u l a r ) o r p o p u l a t i o n model ( 1 ) . D e s c r i p t i o n o f a p o p u l a t i o n 
should take i n t o c o n s i d e r a t i o n p o s s i b l e d i s p e r s e d o r aggregated 
(the d i s t i n c t m o r p h o l o g i c a l appearances of a c u l t u r e : p e l l e t s , 
mycelium, f l o c k s , growth on r e a c t o r w a l l i n the form o f m i c r o b i a l 
f i l m ) forms of p o p u l a t i o n . Biomass support p a r t i c l e s are g a i n i n g 
a p p r e c i a b l e importance i n a e r o b i c (40) as w e l l as i n a n a e r o b i c 
p r o c e s s e s . 

The d e s c r i p t i o n h i e r a r c h y a c q u i r e s d i f f e r e n t ways: p h y s i c a l 
p r o c e s s e s i n mass and energy b a l a n c e s ; i n f o r m a t i o n p r o c e s s i n g and 
c o n t r o l ; o p t i m i z a t i o n of the system a t the r e a c t o r l e v e l o r as 
a whole ( 4 1 ) . The most e l a b o r a t e concept of d e s c r i p t i v e h i e r a r c h y , 
i n c l u d i n g a s e t of programs, was p u b l i s h e d and r o u t i n e l y used by 
K l i r ( 4 2 ) . As d e s c r i p t i v e h i e r a r c h y u s u a l l y f o l l o w s s t r u c t u r a l 
and f u n c t i o n a l h i e r a r c h y , i t i s thus a s s u r e d t h a t the modelled 
o b j e c t possesses enough s t r u c t u r a l and f u n c t i o n a l f e a t u r e s , o t h e r 
wise the r e a c t o r c o n t r o l by means o f such models would not s a t i s 
f a c t o r i l y respond t o changing c o n d i t i o n s . 

R e a c t o r C o n t r o l 

R e actor c o n t r o l concerns the system p r o p e r t i e s from the 
c o n t r o l v i e w p o i n t , and the d e t e r m i n a t i o n of c r i t e r i a o f c o n t r o l 
and o p t i m i z a t i o n . System p r o p e r t i e s i n c l u d e dynamic p r o p e r t i e s 
such as the n a t u r e of system response t o s m a l l and l a r g e d i s t u r 
bances. Re g u l a r t r a n s i e n t r e a c t o r o p e r a t i o n may be o f f u t u r e 
importance even f o r some product f o r m a t i o n p r o c e s s e s ( 4 3 ) . E l u c i 
d a t i o n of i n p u t o p e r a t i n g v a r i a b l e s a f f e c t i n g a p r o c e s s i s then 
v a l u a b l e f o r r e a c t o r c o n t r o l . In t h i s c o n n e c t i o n the p a r a m e t r i c 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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s e n s i t i v i t y of these v a r i a b l e s , d e f i n e d as a r e l a t i v e o r a b s o l u t e 
change i n an o p t i m i z a t i o n c r i t e r i o n on t h e i r change ( 4 4 ) , i s r e 
q u i r e d . The d e c i s i v e parameters s e r i o u s l y a f f e c t i n g the system 
are d e f i n e d i n t h i s way. The c r i t e r i o n of c o n t r o l and o p t i m i z a 
t i o n i s c o n v e n i e n t l y s e t up, e.g., as the maximum b i o l o g i c a l 
t i t r e , maximum p r o d u c t i v i t y , l owest r u n n i n g c o s t s , e t c . 

C o n t r o l and dynamic h i e r a r c h i e s may serve as a good g u i d e l i 
ne f o r s e t t i n g up p r o p e r c o n t r o l . C o n t r o l h i e r a r c h y o f b i o l o g i c a l 
l e v e l s i s i n Table I I I , c o n t r o l l o o p s and g o a l f u n c t i o n s ( c o n t r o l 
and o p t i m i z a t i o n c r i t e r i a ) o f b i o l o g i c a l l e v e l s are i n T able IV. 
The c o m p l e x i t y of b i o l o g i c a l phenomena i s r e f l e c t e d i n the p r e s e n 
ce of m u l t i p l e l o c a l g o a l f u n c t i o n s of d i f f e r e n t subsystems, which 
may a c t i n an a c c o r d o r o p p o s i t e l y . Note t h a t T able IV has been 
developed f o r ecosystems. The i m p l e m e n t a t i o n o f c o n t r o l h i e r a r c h y 
i n the m o d e l l i n g and c o n t r o l f b i o l o g i c a l system  ha t t 
been c a r r i e d o u t . The c o n t r o
namic h i e r a r c h y of tim
d i v i d u a l subsystems). The r e l a x a t i o n time i s c o n s i d e r e d t o be t h e 
time f o r a change from one s t a t e t o another (due t o r e a c t i o n , 
d i f f u s i o n , change i n the a d j o i n i n g l e v e l , e t c . ) . T able V p r e s e n t s 
average r e l a x a t i o n times of some c e l l u l a r subsystems. As appears 
from t h i s t a b l e , slow (and l i m i t i n g ) p r o c e s s e s g i v e r i s e t o s t r u c 
t u r a l elements, s e r v i n g as b a s i s f o r f a s t p r o c e s s e s . U s u a l l y , 
responses of h i g h e r l e v e l s of the system t o d i s t u r b a n c e s coming 
from the s u p e r i o r l e v e l are s l o w e r than responses a t the next 
lower l e v e l . B e s i d e s r e l a x a t i o n times o f b i o l o g i c a l subsystems o f 
c e l l s , the s e l e c t i o n of s y s t e m i c phenomena may proceed v i a an 
u t i l i z a t i o n o f , e.g., c e l l g e n e r a t i o n t i m e , r a t e o f s u b s t r a t e 
consumption, r e s p i r a t i o n r a t e , oxygen t r a n s f e r and o f the homoge-
n i z a t i o n time of a r e a c t o r , t o mention some. 

The above d i s c u s s i o n may i n v o l v e b o t h c o n t r o l and dynamics 
of steady s t a t e ( s i n g l e and m u l t i p l e ) , unsteady s t a t e ( t r a n s i t i o n 
between two s t a t e s ) and u n s t a b l e o p e r a t i o n s of the b i o r e a c t o r 
r e s u l t i n g from t y p i c a l n o n - l i n e a r response of b i o l o g i c a l systems. 
In s p i t e of the f a c t t h a t the s t a b i l i t y a n a l y s i s of n o n - l i n e a r 
systems i s q u i t e advanced, e x p e r i m e n t a l c o n f i r m a t i o n o f m u l t i p l e 
steady s t a t e s and i n s t a b i l i t i e s l a g s b e h i n d ( f o r a r e v i e w o f 
t h e o r y and experiments see ( 4 5 ) ) . An e x c e l l e n t e x a m p l e o f e x p e r i 
mental d e m o n s t r a t i o n of u n s t a b l e o p e r a t i o n of a c o n t i n u o u s 
r e a c t o r i s i n ( 4 6 ) . 

R e actor Scale-Up 

On the b a s i s of a r e a c t o r model, i n v o l v i n g enough s t r u c t u r a l 
and f u n c t i o n a l f e a t u r e s o f b i o l o g i c a l and e n g i n e e r i n g ( p h y s i c a l ) 
p r o p e r t i e s of a b i o t e c h n o l o g i c a l p r o c e s s , new c r i t e r i a f o r a 
s c a l e - u p may e v o l v e . The employment of o n l y one c r i t e r i o n , t a k e n 
from one a r b i t r a r y l e v e l of a h i e r a r c h y , i n the m o d e l l i n g and 
subsequent s c a l e - u p f r e q u e n t l y f a i l s , as i s apparent from numerous 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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T a b l e I I I C o n t r o l H i e r a r c h y of B i o l o g i c a l L e v e l s 

C o n t r o l 
L e v e l 

Dynamic Behaviour The H i g h e s t C o n t r o l 
Mechanism 

1 Mass and energy change ( s t e a d y 
number of s t r u c t u r a l elements 
and steady parameters 

D i r e c t and feed-back 
c o n t r o l 

2 F u n c t i o n a l dynamics (steady 
number of s t r u c t u r a l elements, 
changing parameters) 

A d a p t a t i o n 

3 S t r u c t u r a l dynamics 
(changing number of s t r u c t u r a l 
elements ) 

O r g a n i z a t i o n 

4 Developmental dynamics 
(changing g o a l f u n c t i o n ) 

Development 

I n t e r n a t . J . G e n e r a l Systems 1982, 8 ( 1 ) , Table IV (1) 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Table V Dynamic H i e r a r c h

System (Subsystem) R e l a x a t i o n Time, s 

. . 2 4 
C e l l m u l t i p l i c a t i o n , DNA r e p l i c a t i o n 10 - 10 

3 4 
mRNA s y n t h e s i s on operon 10 - 10 * 1 3 T r a n s l o c a t i o n of substances i n t o c e l l s 10 - 10 

1 2 
P r o t e i n s y n t h e s i s i n polysomes 10 - 10 
A l l o s t e r i c c o n t r o l of enzyme s y n t h e s i s 10° 
G l y c o l y s i s i n c y t o p l a s m 10 * - 10 

-2 
O x i d a t i v e p h o s p h o r y l a t i o n i n m i t o c h o n d r i a 10 

—6 —3 
Enzymatic r e a c t i o n and t u r n o v e r 10 - 10 
Bond between enzyme and s u b s t r a t e 10 

I n t e r n a t . J . G e n e r a l Systems 1982, 8 ( 1 ) , Table V I (1) 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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examples of a p p l i c a t i o n s of e n g i n e e r i n g c r i t e r i a ( e . g . , i n ( 2 9 ) ) . 
The n e g l e c t of b i o l o g i c a l f e a t u r e s of b i o t e c h n o l o g i c a l p r o c e s s e s 
f r e q u e n t l y l e a d s t o an u n r e s o l v e d case of simultaneous maintenan
ce o f the n u m e r i c a l v a l u e s o f a l l d i m e n s i o n l e s s groups o f p h y s i 
c a l parameters (mass t r a n s f e r , power i n p u t per u n i t volume, m i x i n g 
t i m e , e t c . ) . F o r example, a s i n g l e c r i t e r i o n of c o n s t a n t m i x i n g 
time would v i o l a t e an i n v a r i a n c y of gas phase dynamics. Macro-
m i x i n g of the f l u i d phase dete r m i n e s , t o a c o n s i d e r a b l e e x t e n t , 
the b e h a v i o u r of the gas phase, i . e . , the r e s i d e n c e time d i s t r i 
b u t i o n o f gas b u b b l e s . I n r e a c t o r s c a l e - u p , a c o n s i d e r a b l e d i f f e 
rence i n gas phase r e s i d e n c e time can be expected as the l i q u i d 
f l o w paths (lo o p s ) g r o w w i t h i n c r e a s i n g r e a c t o r s c a l e . The m a i n t e 
nance of m i x i n g time would r e s u l t i n an i n c r e a s e i n oxygen u t i l i 
z a t i o n e f f i c i e n c y . Some l i m i t e d e x p e r i m e n t a l d a t a f o r d i f f e r e n t 
r e a c t o r d e s i g n s are a v a i l a b l e i n ( 4 7 )

Q u a l i t a t i v e l y new c r i t e r i a
scheme of the h i e r a r c h i c a
c e s s , suggest a need f o r m a i n t a i n i n g s i m i l a r i t y between systems 
of d i f f e r e n t s i z e s o f l a b o r a t o r y and p l a n t l e v e l s , i . e . , the 
i d e n t i t y of v a l u e s of parameters and c o n s t a n t s (1,2) · Such a 
s c a l e - u p procedure would r e q u i r e a r e p e t i t i o n of s y s t e m i c f e a t u 
r e s of d e c i s i v e l e v e l s of h i e r a r c h y i n v o l v i n g those of b i o t e c h n o 
l o g i c a l and p h y s i c a l n a t u r e on the l a b o r a t o r y and p l a n t s c a l e 
and would assume the i n v a r i a n c e of the s y s t e m i c phenomena o f a 
g i v e n l e v e l w i t h r e s p e c t t o the s c a l e . The methodology o f s c a l e -
up v i a m o d e l l i n g and s i m u l a t i o n i s y e t t o be developed. 

C o n c l u s i o n s 

F u r t h e r development of r e a c t o r d e s i g n i s hampered by a l a c k 
of a p p r o p r i a t e t h e o r y o f some elementary phenomena. T h i s s i t u a 
t i o n l e a d s t o e m p i r i c a l c o r r e l a t i o n s t h a t may be o f some p r a c t i 
c a l use. Systems approach a i d s i n c r e a t i n g a g u i d e l i n e f o r r a t i o 
n a l b i o r e a c t o r d e s i g n , e s p e c i a l l y on the b a s i s o f sound b i o l o g i 
c a l t h e o r y . 
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17 
Immobilized Cells 
Catalyst Preparation and Reaction Performance 

J. KLEIN and K.-D. VORLOP 
Technical University of Braunschweig, Institute of Chemical Technology, 
Federal Republic of Germany 

Immobilized cells have proven to be effective cata
lysts in the enzymati
pounds. Such catalyst
entrapment of cells in polymeric carriers, and the 
methods of ionotropic gelation and polycondensation 
of epoxids w i l l be described. Depending on enzymatic 
activity and particle size the transformation may 
proceed in the reaction or diffusion controlled re
gime. Quantitative estimation of the effectiveness 
factor-Thiele modulus relation will be presented for 
different reaction types. This includes the experi
mental determination of the catalytically active 
cell concentration and the effective diffusivity in 
the porous polymeric carrier. Transport limitation 
can also be a controlling factor in the experimental 
determination of the operational stability of such 
biocatalysts. 

A large number of products in the pharmaceutical and food 
industry is obtained from fermentation processes. Examples are 
amino acids, stereoregular organic acids, antibiotics, ethanol, 
etc. In a classical fermentation process the product formation 
is strictly coupled to ce l l growth resulting in a possibly unfav
orable byproduction of biomass. Furthermore these processes are 
typically performed as batch operations. 

As has been shown already on an industrial scale, fermenta
tion can be substituted by heterogeneous catalysts with resting 
microbial cells immobilized in polymeric carriers. Repeated use 
of the once formed biomass, continuous process operation, and elim
ination of costly separation steps of product solution from bio
mass are obvious advantages of this new technology. Some princi
pal aspects of a) immobilization methodology, b) catalyst effect
iveness, and c) operational stability shall be outlined in this 
contribution. 

0097-6156/83/0207Ό377$06.00/0 
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In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



378 B I O C H E M I C A L E N G I N E E R I N G 

Polymer Entrapment 

V a r i o u s methods have been proposed f o r whole c e l l i m m o b i l i z a 
t i o n i n c l u d i n g a d s o r p t i o n and c o v a l e n t attachment t o a preformed 
c a r r i e r , c r o s s l i n k i n g , f l o c c u l a t i o n , m i c r o e n c a p s u l a t i o n , and en
trapment. P h y s i c a l entrapment i n a porous m a t r i x i s by f a r the most 
f l e x i b l e and most commonly used t e c h n i q u e . C o n s i d e r i n g the f a c t 
t h a t the polymer network has t o be formed i n the presence o f the 
f i n a l l y entrapped b i o l o g i c a l m a t e r i a l , the performance c r i t e r i a o f 
c h e m i c a l and p h y s i c a l n a t u r e a r e as f o l l o w s : 

(1) The network f o r m a t i o n has t o proceed under m i l d c o n d i 
t i o n s (pH and temperature) i n an aqueous environment; 

(2) the network has t o be c h e m i c a l l y s t a b l e under v a r i o u s r e 
a c t i o n c o n d i t i o n s (pH, b u f f e r s o l u t i o n , i o n i c and n o n i o n i c sub
s t r a t e s , e t c . ) ; 

(3) the s i z e and t h
e r a b l y as beads) has t

(4) the p o s s i b i l i t y f o r a l a r g e v a r i a t i o n o f biomass c o n t e n t 
i n the c a t a l y s t s h o u l d be g i v e n ; 

(5) the c a t a l y s t beads s h o u l d be m e c h a n i c a l l y s t a b l e t o be 
used i n v a r i o u s r e a c t o r c o n f i g u r a t i o n s (packed bed, f l u i d i z e d bed, 
s t i r r e d t a n k ) . 

A p p r o p r i a t e p o l y m e r i c c a r r i e r s can be o b t a i n e d from p o l y m e r i c , 
o l i g o m e r i c , and monomeric p r e c u r s o r s . Due t o unwanted c h e m i c a l i n 
t e r a c t i o n o f such c h e m i c a l s w i t h the c e l l m a t e r i a l l a r g e r s i z e o f 
these p r e c u r s o r s i s f a v o r a b l e . The i o n o t r o p i c g e l a t i o n , s t a r t i n g 
from p o l y e l e c t r o l y t e s and the p o l y c o n d e n s a t i o n , s t a r t i n g from o l i 
gomeric epoxy r e s i n s , a r e t y p i c a l problem s o l u t i o n s . 

I o n o t r o p i c G e l a t i o n of P o l y e l e c t r o l y t e s 

T h i s method o f network f o r m a t i o n i s d e f i n e d as a c r o s s l i n k i n g 
r e a c t i o n of p o l y e l e c t r o l y t e s w i t h lower m o l e c u l a r weight m u l t i v a 
l e n t c o u n t e r i o n s . C o n s i d e r i n g the p o l y m e r i c component, a n i o n i c 
( e . g . , a l g i n a t e , CMC (I) o r c a t i o n i c ( c h i t o s a n (2)) substances can 
be used. T h i s v a r i e t y o f polymers and the a p p r o p r i a t e c o u n t e r i o n s 
a r e summarized i n F i g u r e 1. The c h o i c e o f the polymer i s d e t e r 
mined by the pH r e g i o n o f the r e s p e c t i v e b i o c a t a l y t i c r e a c t i o n , 
s i n c e a l l i o n o t r o p i c g e l s a r e r e v e r s i b l e s t r u c t u r e s which can be 
r e d i s s o l v e d by i n c r e a s e ( a l g i n a t e ) o r decrease ( c h i t o s a n ) o f pH be
yond c e r t a i n l i m i t s . A second i m p o r t a n t c r i t e r i o n i s the i o n i c 
c o m p o s i t i o n o f the r e a c t i o n medium and the p o s s i b i l i t y of i n s o l u b l e 
byproduct o r complex f o r m a t i o n w i t h the network forming i o n s . 

I n a t y p i c a l a l g i n a t e entrapment p r o c e s s the c e l l s a r e s u s 
pended i n a 3% sodium a l g i n a t e s o l u t i o n and t h i s v i s c o u s suspen
s i o n i s p r e c i p i t a t e d dropwise i n a 1% CaCl2 s o l u t i o n . A f t e r 30 
minutes s t a b l e C a - a l g i n a t e g e l s a r e formed where the c e l l s a r e im
m o b i l i z e d i n a macroporous s t r u c t u r e . F o l l o w i n g t o t h i s p r e c i p i 
t a t i o n p r o c e s s a p a r t i a l d r y i n g s t e p can be a p p l i e d which r e s u l t s 
i n a homogeneous s h r i n k i n g o f the p a r t i c l e s , thus i n c r e a s i n g con-
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POLYELECTROLYTES MULTIVALENT COUNTERIONS 

POLYANIONS 

ALGINAT

'""cOO^ Χ φ 
CARBOXYMETHYL-
CELLULOSE 

C a 2 + . F e 2 + . Z n 2 + . . . 

CARBOXY-GUAR-
GUM 

A l 3 \ F e 3 + 

COPOLY-STYRENE-
MALEIC ACID 

POLYCATIONS 

/ ^ Ν Η 3 Φ Χ θ 

CHITOSAN Fe(CN)6
 4 \ Fe(C^ 3 " 

/ ^ Ν Η 3 Φ Χ θ 

POLY-PHOSPHATE 

POLY-ALDEHYDO-CARBONIC 
ACID 

P0LY-1-HYDR0XY-1-
SULF0NATE-PR0PEN-2 

ALGINATE 

Figure 1. Summary of polymer-counterion systems to be used in ionotropic 
gelation for whole cell entrapment. Reprinted, with permission, from Ref. 13. Copy

right 1982, Plenum Publishing Corp. 
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s i d e r a b l y the m e c h a n i c a l s t a b i l i t y as w e l l as the p a c k i n g d e n s i t y 
o f the entrapped c e l l s i t s e l f . A l l these f a c t o r s a r e v e r y advanta
geous f o r the b i o c a t a l y t i c a p p l i c a t i o n . The f l e x i b i l i t y o f the a l -
ginate-method can be demonstrated a c c o r d i n g to the f o l l o w i n g p a r 
ameter boundary v a l u e s : polymer c o n c e n t r a t i o n from 0.5 t o 8%, C a C ^ 
c o n c e n t r a t i o n from 0.05 to 2%, c e l l c o n c e n t r a t i o n (on wet w e i ght 
b a s i s ) from 0.1 t o 100%, bead diameters from 0.1 to 5 mm, and 
p r e p a r a t i o n temperatures from 0 t o 80° C. C e l l s o f d i f f e r e n t 
s t r u c t u r e ; e.g., a e r o b i c (1) o r a n a e r o b i c microbes ( 3 ) , p l a n t c e l l s 
( 4 ) , mammalian c e l l s ( 5 ) , can be entrapped and thus s t a b i l i z e d 
w i t h o u t c o n s i d e r a b l e t o x i c i t y problems. 

A problem o f p r a c t i c a l importance i s the s c a l e up of the im
m o b i l i z a t i o n p r o c e s s from amounts o f s e v e r a l grams to s e v e r a l 
hundred l i t e r s . While s m a l l amounts can e a s i l y be p r e p a r e d u s i n g 
one c a p i l l a r y o r i f i c e , a bundle o f such c a p i l l a r y i n a s i e v e p l a t e 
type c o n s t r u c t i o n w i l l g i v
i f the c a p i l l a r y c h a r a c t e r i s t i c
a r e shown i n F i g u r e 2. 

P o l y c o n d e n s a t i o n o f Epoxy R e s i n s 

I n t h i s case c o v a l e n t networks o f h i g h m e c h a n i c a l and chemi
c a l s t a b i l i t y a r e o b t a i n e d as a r e s u l t o f c r o s s l i n k i n g r e a c t i o n of 
epoxides w i t h m u l t i f u n c t i o n a l amines ( 6 ) . The main problems o f 
t h i s t e c h n i q u e a r e the t o x i c i t y o f the amino-component and the 
u s u a l l y low p o r o s i t y o f the p o l y m e r i c network. The t o x i c i t y , mea
sure d by the v i a b i l i t y o f i m m o b i l i z e d y e a s t c e l l s , c o u l d be m i n i 
mized a) by p r o p e r s e l e c t i o n o f epoxy and amino components and b) 
by i n t r o d u c t i o n o f a p r e g e l l i n g time i n the o r d e r o f 15 minutes 
b e f o r e m i x i n g the c e l l s w i t h the c o n d e n s a t i n g o l i g o m e r s ( 7 ) . The 
p o r o s i t y o f the m a t r i x i s i n t r o d u c e d by the i m m o b i l i z e d c e l l s i t 
s e l f and by an i n t e r m e d i a t e p r e p a r a t i o n o f an i n t e r p e n e t r a t i n g 
network w i t h an i o n o t r o p i c g e l . The i o n o t r o p i c g e l a t i o n i s a l s o 
used t o c o n t r o l the p a r t i c l e shape and s i z e . A complete scheme o f 
such an i m m o b i l i z a t i o n p r o c e s s i s shown i n F i g u r e 3. A g a i n q u i t e 
h i g h c o n c e n t r a t i o n s (up t o 70% on wet weight b a s i s ) o f c e l l s can 
be f i n a l l y i n c o r p o r a t e d i n such a p o l y m e r i c s t r u c t u r e . 

The v i a b i l i t y o f the y e a s t c e l l s , and thus the reduced t o x i c 
i t y o f the entrapment method, can be demonstrated by c e l l growth 
i n t h e m a t r i x , which g i v e s r i s e t o a c o r r e s p o n d i n g a c t i v i t y i n 
c r e a s e f o r e t h a n o l p r o d u c t i o n from g l u c o s e ( 7 ) . T h i s b e h a v i o r i s 
shown i n F i g u r e 4. The f a c t o r o f a c t i v i t y i n c r e a s e compared t o the 
i n i t i a l v a l u e i n c r e a s e s w i t h d e c r e a s i n g i n i t i a l l o a d i n g ; however, 
i t i s o b v ious t h a t an upper l i m i t o f a c t i v i t y w i l l f i n a l l y be 
reached. The reason f o r t h i s phenomenon, as w e l l as f o r the a c 
t i v i t y decrease w i t h i n c r e a s i n g i n c u b a t i o n t i m e , w i l l become 
obvi o u s from the d i s c u s s i o n s o f the f o l l o w i n g c h a p t e r . 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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PRESSURE 

Figure 2. Scheme for catalyst bead formation by ionotropic gelation, including 
scale-up device. 
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injection 
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9r^-> ol drying (24h) crosslink!ng 
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EP0XY-BEADS 

Figure 3. Process scheme for preparation of biocatalysts by cell entrapment in 
epoxy beads. Reprinted, with permission, from Ref. 14. Copyright 1982, Science 

and Technology Letters. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 4. Dependence of biocatalytic activities for the batch fermentation of 
ethanol from glucose with immobilized yeast cells as a function of incubation time 
(time for cellgrowth in the carrier) for various initial cell loadings in epoxy carriers. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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E f f e c t i v e n e s s o f Immobilized C e l l C a t a l y s t s 

I t i s a w e l l known f a c t i n heterogeneous c a t a l y s i s , t h a t the 
c a t a l y t i c a c t i v i t y i s g e n e r a l l y not d i r e c t l y p r o p o r t i o n a l t o the 
c o n c e n t r a t i o n o f a c t i v e s i t e s but depends a l s o on hydrodynamic 
c o n d i t i o n s i n the s u r r o u n d i n g o f the p a r t i c l e s , on p a r t i c l e s i z e 
and m a t r i x p o r o s i t y . I t i s fu r t h e r m o r e w e l l u n d e r s t o o d , t h a t 
v a r i o u s t r a n s p o r t phenomena have t o be taken i n t o a c c o u nt, m a i n l y 
d i f f u s i o n a l t r a n s p o r t p r o c e s s e s which n e c e s s a r i l y a r e p r e c e d i n g t o 
the r e a c t i o n s t e p i t s e l f . 

A d i m e n s i o n l e s s number, u s u a l l y c a l l e d T h i e l e - m o d u l u s , can be 
used t o q u a n t i t a t i v e l y account f o r t r a n s p o r t - r e a c t i o n c o u p l i n g 
phenomena. Assuming t h e v a l i d i t y o f M i c h a e l i s - M e n t e n r a t e equa
t i o n - which i s j u s t i f i e d f o r s i m p l e enzymatic r e a c t i o n s i n whole 
c e l l s too - the f o l l o w i n g e x p r e s s i o n f o r t h e T h i e l e modulus has 
been d e r i v e d ( 8 ) : 

where R i s the p a r t i c l e r a d i u s , v f the r a t e o f r e a c t i o n , the 
M i c h a e l i s c o n s t a n t , S the s u b s t r a t e c o n c e n t r a t i o n and D e the e f 
f e c t i v e s u b s t r a t e d i f f u s i v i t y i n the porous c a t a l y s t p a r t i c l e . 
On the o t h e r hand the e f f e c t i v e n e s s f a c t o r η i s d e f i n e d as the 
r a t i o o f the e f f e c t i v e r e a c t i o n r a t e ν t o the maximum r e a c t i o n 
r a t e ν which would be observed w i t h o u t t r a n s p o r t l i m i t a t i o n max 

n = ~ - (2) 
max 

For i m m o b i l i z e d c e l l c a t a l y s t s t h e r e a r e two p o s s i b i l i t i e s t o ob
t a i n t h i s f a c t o r . F i r s t l y , the p a r t i c l e s o f l a r g e r r a d i u s can be 
g r i n d e d down to such a s m a l l s i z e t h a t pore d i f f u s i o n becomes neg
l i g i b l e . I n t h i s case = v e ^ + Q . Due t o the s i z e and the 
si m p l e entrapment o f the c a t a l y t i c s p e c i e s l o s s from the m a t r i x 
may be c o n s i d e r a b l e . T h e r e f o r e , s e c o n d l y , the f r e e c e l l a c t i v i t y 
can be used i n the denominator, i f the e x a c t c o n c e n t r a t i o n o f c a t -
a l y t i c a l l y a c t i v e i m m o b i l i z e d c e l l s ( X a c t ) i s known. S i n c e 

v . - I . i l f i (3) 

i s the s p e c i f i c r e a c t i o n r a t e o f the f r e e l y suspended c e l l s , the 
e q u a t i o n 

ν = ν ' X = v* (4) max a c t 
h o l d s , which fur t h e r m o r e d e f i n e s v 1 i n Eqn. ( 1 ) . Based on numer
i c a l c a l c u l a t i o n s t y p i c a l f u n c t i o n s 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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η - f (Φ) (5) 

have been developed, which i n t e r r e l a t e the two d i m e n s i o n l e s s p a r 
ameters and which can be checked e x p e r i m e n t a l l y . 

To e v a l u a t e the a p p l i c a b i l i t y o f Eqn. ( 5 ) , the parameters i n 
Eqns. (1-4) have t o be determined i n d e p e n d e n t l y . T h i s has been 
done f o r the cleavage r e a c t i o n o f P e n i c i l l i n G t o 6APA w i t h immo
b i l i z e d E. Qoli c e l l s i m m o b i l i z e d i n epoxide beads ( 9 ) . 

The r a d i u s R: The r a d i u s o f p a r t i c l e s o b t a i n e d from i o n o t r o p -
i c g e l a t i o n i s u s u a l l y c o n t r o l l e d w i t h i n v e r y narrow l i m i t s and 
the s i z e can e a s i l y be determined by m i c r o s c o p i c measurements. 

R e a c t i o n K i n e t i c s ; The r e a c t i o n r a t e s have been measured a t 
pH = 7.8 and Τ = 37o C, u s i n g a 5% Pen G s u b s t r a t e c o n c e n t r a t i o n . 
T i t r a t i o n w i t h 0.1 molar NaOH has been used t o determine the amount 
of p r o d u c t f o r m a t i o n . The K^j v a l u e s o f f r e e and i m m o b i l i z e d c e l l s 
have been o b t a i n e d from
examples i n F i g u r e 5. F o l l o w i n
enzymes d u r i n g the p r o c e s s o f i m m o b i l i z a t i o n , the i n e q u a l i t y X a C £ < 
^ m m o b i l . n°lds. f o l l o w i n g approach has been developed f o r 
the d e t e r m i n a t i o n o f X a c t : i n a c e r t a i n experiment, i n a f i r s t ap
p r o x i m a t i o n X a c t - Ximm.; i . e . , 100% o f a l l i m m o b i l i z e d c e l l s a r e 
assumed t o be a c t i v e . I n t h i s c a s e , η β 0.23 has been determined. 
I f x a c t < ^mm. » η become l a r g e r , due t o the decrease o f the 
denominator i n Eqn. ( 2 ) . I n t h e same way a s e r i e s o f Φ-values can 
be c a l c u l a t e d from Eqn. (1) on the b a s i s o f d i f f e r e n t v ' - v a l u e s . 
The c o r r e s p o n d i n g s e t s o f v a l u e s f o r d i f f e r e n t assumptions o f X a c t 

are l i s t e d i n T a b l e I : 

Table I . C a l c u l a t e d η- and Φ- v a l u e s based 
on d i f f e r e n t assumptions o f r e 
s i d u a l c e l l a c t i v i t y a f t e r immo
b i l i z a t i o n . 

:act^ Ximm. 
% η c a l e . Φ c a l e . 

10 2.36 0.59 
20 1.18 1.34 
30 0.79 1.44 
40 0.59 1.63 
50 0.47 2.11 
60 0.39 2.32 
70 0.34 2.50 
80 0.30 2.68 
90 0.26 2.84 
100 0.24 3.00 

The t r u e v a l u e o f X a c t has t o s a t i s f y Eqn. ( 5 ) , which has been 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 5. Determination of the Michaelis constant, K v , for 6 ΑΡΑ formation 
from penicillin G with immobilized E . coli cells. Conditions: pH 7.81, 37°C, 5% 

penicillin G solution, epoxy carrier. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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g e n e r a l l y c a l c u l a t e d ( 8 ) . P l o t t i n g a l l d a t a from Table I t o g e t h e r 
w i t h the f u n c t i o n Eqn. (5) i n F i g u r e 6 g i v e s a p o i n t o f i n t e r s e c 
t i o n , which determines the t r u e p a i r o f η/Φ-values and thus X a c t « 
Comparison o f s e v e r a l i m m o b i l i z e d c e l l p r e p a r a t i o n s gave p r a c t i c 
a l l y i d e n t i c a l r e s u l t s , showing t h a t a v a l u e X a c t = 0 * 4 3 X i m m # 

i s a t y p i c a l one f o r t h i s e p o x i d e - i m m o b i l i z a t i o n p r o c e d u r e . 
E f f e c t i v e Pore D i f f u s i v i t y : The e f f e c t i v e pore d i f f u s i v i t y 

o f p e n i c i l l i n G has been determined e x p e r i m e n t a l l y i n a b a t c h ex
periment ( 1 0 ) . M i x i n g a c e r t a i n number o f c a t a l y s t beads h a v i n g a 
homogeneous s u b s t r a t e c o n c e n t r a t i o n S a ( g / 1 ) , w i t h a c e r t a i n volume 
o f f r e s h , non-conducting w a t e r , the d i f f u s i o n p r o c e s s can be f o l 
lowed by the c o n d u c t i v i t y and the c o n c e n t r a t i o n i n c r e a s e i n the 
sup e r n a t e n t l i q u i d . I f S e i s the s u b s t r a t e c o n c e n t r a t i o n i n the 
p a r t i c l e a t t + «> and S the c o n c e n t r a t i o n a t time t , R the p a r t i 
c l e r a d i u s (cm) and D e t h e e f f e c t i v e d i f f u s i v i t y (cm 2/sec) the 
d i f f u s i o n c o e f f i c i e n t ca
I n ( S - S e ) / ( S a - S e ) v s . t

Such a p l o t i s shown i n F i g u r e 7. 
Comparison o f Theory and Experiment: I f the s i m p l e model o f 

t r a n s p o r t l i m i t a t i o n due to pore d i f f u s i o n h o l d s , a l l experiment
a l l y determined p a i r s o f η and Φ s h o u l d f a l l on the non-dotted 
η = ί(Φ) - f u n c t i o n shown i n F i g u r e 6. U s i n g the i n d e p e n d e n t l y 
determined parameters as d e s c r i b e d b e f o r e such v a l u e s have been 
determined f o r a number o f c a t a l y s t p r e p a r a t i o n s used i n the pen
i c i l l i n G cleavage r e a c t i o n . The e x c e l l e n t agreement between c a l 
c u l a t i o n o f Eqn. (5) and e x p e r i m e n t a l d e t e r m i n a t i o n can be seen 
from F i g u r e 8. I n t h i s s e r i e s o f experiments two d i f f e r e n t 
s t r a i n s o f E. ooli c e l l s have been used, the one o f them h a v i n g 
been o b t a i n e d by g e n e t i c e n g i n e e r i n g l e a d i n g t o a t e n f o l d a c t i v i t y 
i n c r e a s e compared to the c o n v e n t i o n a l s t r a i n ATCC 11 105 (1)· 

C a t a l y s t O p t i m i z a t i o n : I n a n o t h e r r e a c t i o n example the ap
p l i c a t i o n o f the Thiele-modulus concept f o r the o p t i m i z a t i o n o f 
c a t a l y s t c o m p o s i t i o n c o u l d be demonstrated. Here the o x i d a t i o n o f 
g l u c o s e to g l u c o n i c a c i d , c a t a l y z e d by A c e t o b a c t e r s i m p l e x c e l l s 
has been s t u d i e d , where oxygen i s the r a t e l i m i t i n g s u b s t r a t e . 
I n t h i s case a C a - a l g i n a t e m a t r i x has been used f o r c e l l i m m o b i l 
i z a t i o n . U s i n g s i m p l i f i e d e q u a t i o n s f o r the c a l c u l a t i o n o f D e and 
fur t h e r m o r e assuming X a c t = X i m m # ( 1 2 ) , the r e l a t i o n between r e l a 
t i v e a c t i v i t y (η i n %) and p a r t i c l e diameter c o u l d be c a l c u l a t e d 
f o r d i f f e r e n t c e l l c o n c e n t r a t i o n s . As can be shown i n F i g u r e 9, 
a good agreement w i t h e x p e r i m e n t a l d a t a i s o b t a i n e d . 

The a b s o l u t e a c t i v i t y f o r g l u c o n i c a c i d p r o d u c t i o n i s ob
t a i n e d i f the s p e c i f i c a c t i v i t y o f the d i f f e r e n t p r e p a r a t i o n s i s 
m u l t i p l i e d w i t h the c e l l c o n c e n t r a t i o n . The non-dotted curve i n 
F i g u r e 10 i s the r e s u l t o f t h i s c a l c u l a t i o n , which g i v e s a good 

(6) 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 6. Determination of catalytically active cell concentration, Xact, on the 
basis of the effectiveness factor/Τhiele modulus relation. 
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Figure 7. Plot of time dependence of solution concentration from a batch diffusion 
experiment for the determination of the effective substrate diffusivity, D e . 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 8. Comparison of calculated and experimentally determined effectiveness 
factor and Thiele modulus
immobilized E . coli cells. Conditions:

epoxy-carrier. Key: ψ , ATCO11 105; · , E . coli 5 Κ (pHM 12). 
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Figure 9. Dependence of residual activity (effectiveness of immobilized cells) on 
particle size and cell loading for the production of gluconic acid from glucose with 

calcium alginate immobilized Acetobacter simplex cells. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 10. Catalytic effectiveness (activity in % ) and absolute catalytic activity as 
a function of cell concentration for gluconic acid production from glucose with 
calcium alginate immobilized Acetobacter simplex cells. Reprinted, with permission, 

from Ref. 13. Copyright 1982, Plenum Publishing Corp. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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c o r r e l a t i o n t o e x p e r i m e n t a l d a t a shown i n the same graph. The 
maximum i n t h i s curve g i v e s the optimum v a l u e o f c e l l l o a d i n g and 
can be e x p l a i n e d by the i n c r e a s e d b l o c k i n g o f pore space f o r oxy
gen t r a n s p o r t w i t h an i n c r e a s i n g number o f i m m o b i l i z e d c e l l s . I n 
the same sense the c u r v a t u r e o f the r e a c t i v i t y c u r v e s of F i g u r e 4 
s h o u l d be r e c a l l e d . 

C a t a l y s t D e a c t i v a t i o n and O p e r a t i o n a l S t a b i l i t y 

Coming back to the p e n i c i l l i n G c l e a v a g e r e a c t i o n , l o n g time 
experiments w i t h e p o x i d e - i m m o b i l i z e d E. ooli c e l l s have been r e 
p o r t e d e a r l i e r (6) . Without any c o r r e c t i o n an e f f e c t i v e h a l f - l i f e 
v a l u e t,i2 o f c a t a l y t i c a c t i v i t y o f 43 days has been determined. 
Repeated experiments c o n f i r m e d the abrupt change o f s l o p e i n the 
a c t i v i t y - t i m e curve o f c o n s e c u t i v e b a t c h r e a c t i o n s . I n another 
experiment, where the c e l l
t r a t i o n a t the s u r f a c e o
l i n e a c t i v i t y - t i m e f u n c t i o n has been found w i t h a much s m a l l e r 
v a l u e t j / 2 = H days (9). I t t h e r e f o r e becomes o b v i o u s , t h a t 
t r a n s p o r t l i m i t a t i o n due to much h i g h e r c e l l l o a d i n g and l o n g e r 
d i f f u s i o n pathways i n a bead-type c a r r i e r might be r e s p o n s i b l e f o r 
the two d i f f e r e n t s l o p e s . 

The e x p e r i m e n t a l d a t a a r e shown i n F i g u r e 11a, t o g e t h e r w i t h 
a d o t t e d l i n e , e x t r a p o l a t i n g the r e a c t i o n c o n t r o l l e d regime t o 
zero time. On the o t h e r hand some model c a l c u l a t i o n s have been 
performed under the assumption t h a t , a t the b e g i n n i n g of the ex
p e r i m e n t , the r e a c t i o n r a t e i s i n the d i f f u s i o n c o n t r o l l e d regime. 
Then o n l y a r e s t r i c t e d s p h e r i c a l s h e l l c l o s e t o the bead s u r f a c e 
i s p a r t i c i p a t i n g i n the s u b s t r a t e c o n v e r s i o n . I f superimposed on 
the r e a c t i o n a time dependent c a t a l y s t d e a c t i v a t i o n o c c u r s , the 
r e a c t i v e s h e l l s h o u l d move to the c e n t e r o f the c a t a l y s t p a r t i 
c l e where a c t i v e c e l l s a r e a v a i l a b l e t o s u b s t i t u t e f o r the d e a c t i 
v a t e d c e l l s c l o s e r t o the s u r f a c e . 

Assuming d i f f e r e n t r a t e e q u a t i o n s f o r the time dependent 
d e a c t i v a t i o n r e a c t i o n the graphs i n F i g u r e l i b are o b t a i n e d . 
Without a c h i e v i n g q u a n t i t a t i v e agreement i n such a s i m p l i f i e d c a l 
c u l a t i o n , we b e l i e v e t h a t the good q u a l i t a t i v e agreement o f the 
non-dotted l i n e s i n F i g u r e l i b w i t h the e x p e r i m e n t a l curve i n 
F i g u r e 11a s u p p o r t s our c o n s i d e r a t i o n s i n p r i n c i p l e . The g e n e r a l 
c o n c l u s i o n i s t h a t one s h o u l d be v e r y c a r e f u l i n d e r i v i n g i n t r i n s i c 
h a l f - l i f e v a l u e s o f i m m o b i l i z e d c e l l s from o v e r a l l o p e r a t i o n a l 
s t a b i l i t y d a t a o f b i o c a t a l y t i c c o n v e r s i o n . D i f f u s i o n a l l i m i t a t i o n 
w i l l always l e a d t o a r t i c i a l l y h i g h e r v a l u e s . 
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Figure 11. Operational stability functions of E . coli cells immobilized in epoxy 
carrier for consecutive batch operation in the production of 6 ΑΡΑ from penicillin 
G. Top, experimental data; bottom, model calculations for the superposition of 6 
ΑΡΑ formation and conversion dependence catalyst deactivation reaction in the 

diffusion controlled regime. 
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18 
Dissolved Oxygen Contours in Pseudomonas 
ovalis Colonies 

H. R. BUNGAY, P. M. PETTIT, and A. M. DRISLANE 
Rensselaer Polytechnic Institute, Troy, NY 12181 

Pseudomonas ovalis colonies of various sizes grown 
on agar supplemente
of dissolved oxyge
agar. Proximity to glucose from the agar determines 
the demand for oxygen, so regions of a colony that 
are distant from the agar tend to have ample dis
solved oxygen. A control colony on unsupplemented 
agar was rich in dissolved oxygen. As colony size 
increased on agar with added glucose, regions quite 
low in dissolved oxygen developed. 

Our group has investigated oxygen transfer in a number of micro
bi a l systems such as slimes, pellets, floes, and films (1). A 
logical extension i s the study of colonies because many micro
organisms grow attached to surfaces. Although colonies are often 
bathed by nutrient media, i t seemed convenient and interesting to 
work with bacteria growing on a solid surface that supplied 
nutrients. Studies of oxygen transfer in microbial systems often 
employ Pseudomonas ovalis because this bacterium has a high 
demand for oxygen as i t converts glucose to gluconic acid. We 
have at times used oxygen microelectrodes drawn to tips one 
micrometer in diameter, but a tip of about four micrometers i s 
more rugged and i s adequate for studying colonies that are 
several millimeters in diameter. 

Materials and Methods 

Colonies of Pseudomonas ovalis Strain ATCC 8209 were grown 
in petri dishes on nutrient agar (8 g. Difco nutrient broth + 
15 g. Difco Bacto-agar/L.) with supplemental glucose. Agar was 
poured into petri dishes to a height of about 0.5 cm. Dilute 
suspensions of organisms were streaked onto the agar carefully 
to avoid distorting the surface. 

0097-6156/83/0207-0395$06.00/0 
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The apparatus has been r e p o r t e d p r e v i o u s l y ( 1 ) . The m i c r o 
m a n i p u l a t o r had c o a r s e c o n t r o l i n the X and Y axes and a p r e c i s e 
v e r n i e r f o r the Ζ a x i s . A r e f e r e n c e p l a n e was e s t a b l i s h e d by 
l o w e r i n g the microprobe u n t i l e l e c t r i c a l c o n t a c t was e s t a b l i s h e d 
a t p o i n t s s e v e r a l m i l l i m e t e r s away from the c o l o n y i n a l l d i r e c 
t i o n s . The c o l o n y was t r a v e r s e d by the microprobe a t the c e n t e r 
l i n e , a t s e v e r a l l o c a t i o n s p r o g r e s s i n g toward the edge, and a d j a 
cent agar was a l s o probed. S m a l l , medium, and l a r g e c o l o n i e s 
were s e l e c t e d . 

R e s u l t s and D i s c u s s i o n 

F i r s t e l e c t r i c a l c o n t a c t w i t h the c o l o n y was not r e p r o d u c 
i b l e , and an u n c e r t a i n t y of about 5 micrometers e x i s t s . F u r t h e r 
more, the s i g n a l from th
e r r a t i c near the p o i n t
agar remote from the c o l o n y
p r o o f i s o f f e r e d , i t i s thought t h a t o u t e r c e l l s o r a t h i n f i l m 
o f m o i s t u r e can draw away from the e l e c t r o d e as a r e s u l t o f 
e l e c t r i c a l s t i m u l a t i o n . When advanced a few microns p a s t the 
p o i n t o f f i r s t e l e c t r i c a l c o n t a c t , the m i c r o e l e c t r o d e d e l i v e r e d 
a s t a b l e s i g n a l . 

P r o f i l e s from t y p i c a l t r a v e r s e s a r e i n F i g u r e 1. From such 
p r o f i l e s , l o c a t i o n s o f a g i v e n oxygen c o n c e n t r a t i o n were taken 
to c o n s t r u c t the contour l i n e s f o r F i g u r e 2. C o l o n i e s were 
assumed to be s y m m e t r i c a l , so o n l y one s i d e was probed. Note 
t h a t the a b s c i s s a changes, and the c o l o n i e s f o r F i g u r e 2C and 
2D a r e much l a r g e r than those f o r 2A and 2B. The c o l o n i e s d i d 
not tend t o s i t e x a c t l y on the p l a n e of the a g a r ; t h i s may be 
e r r o r because the p r e c i s i o n o f p o s i t i o n i n g the m i c r o e l e c t r o d e i s 
g r e a t compared t o p o s s i b l e bumps i n the agar s u r f a c e . However, 
as the shape o f the curve f o r f i r s t e l e c t r i c a l c o n t a c t was 
u s u a l l y p e c u l i a r a t the edges o f the c o l o n y , i t i s l i k e l y t h a t 
growth and metabolism d i s t o r t the agar. 

No supplemental g l u c o s e was i n the agar f o r the c o l o n y f o r 
F i g u r e 2A. Compared to a c o l o n y of s i m i l a r s i z e on agar p l u s 
g l u c o s e ( F i g u r e 2B), the c o l o n y w i t h l i t t l e demand f o r oxygen 
i s r i c h i n oxygen throughout. Shape of the c o l o n y changes as i t 
grows; h e i g h t remains f a i r l y c o n s t a n t as the c o l o n y spreads. 
Outer p o r t i o n s o f a c o l o n y a r e r i c h i n oxygen, and steep g r a d i e n t s 
e x i s t toward the agar s u r f a c e . Oxygen can d i f f u s e through the 
a i r i n t e r f a c e o f the c o l o n y o r can e n t e r the s u r r o u n d i n g agar 
and d i f f u s e toward the c o l o n y as the c o n t o u r s i n d i c a t e . Glucose 
i s a l a r g e r m o l e c u l e than oxygen and d i f f u s e s more s l o w l y . The 
shape of the contour l i n e s and t h e i r steepness near the agar 
i n d i c a t e r e g i o n s o f r a p i d m e t a b o l i c a c t i v i t y . I t s h o u l d be 
p o s s i b l e t o r e l a t e the c o n t o u r s t o r a t e o f g l u c o s e d i f f u s i o n 
through the c o l o n y . 

T h i s new method f o r i n v e s t i g a t i n g c o l o n i a l growth and mass 
t r a n s f e r can be extended t o v a r i o u s organisms and d i f f e r e n t media. 
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DISTANCE FROM COLONY CENTER 
MILLIMETERS 

Figure 2D. Contours of dissolved oxygen in a colony of P. ovalis. 
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The r e l e a s e o f oxygen from c o l o n i e s o f p h o t o s y n t h e t i c organism 
would be p a r t i c u l a r l y i n t e r e s t i n g . Measurement o f d i s s o l v e d 
oxygen c o n t o u r s p r o v i d e s new p e r s p e c t i v e s t o the a n a l y s i s o f 
c o l o n i a l growth ( 2 ) . Furthermore, b e t t e r u n d e r s t a n d i n g o f mass 
t r a n s f e r t o c o l o n i e s has economic v a l u e f o r b e t t e r o p e r a t i o n o f 
pr o c e s s e s dependent on a t t a c h e d organisms. For example, t r i c k 
l i n g f i l t e r s f o r b i o l o g i c a l waste t r e a t m e n t , p u r i f i c a t i o n o f 
streams by s l i m e s , and f o u l i n g o f c o o l i n g towers by s l i m e s i n 
v o l v e c o l o n i a l growth. 
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Stochastic Growth Patterns Generated by 

Phycomyces Sporangiophores 

R. IGOR GAMOW and DAVID E. CLOUGH 
University of Colorado, Department of Chemical Engineering, Boulder, CO 80309 

The giant a e r i a l sporangiophore of the fungus Phyco
myces blakesleeanu
out a left-handed
laboratory became fascinated with the nature of this 
spiral growth for it appeared to us that it must 
accurately r e f l e c t the molecular architecture of the 
growing plant cell wall. Fine structure kinetic 
analysis of both the rotational and the elongational 
components of s p i r a l growth revealed what appeared 
to be random growth irregularities. We now show by 
using time series analysis that the apparent rota
tion and elongation i r r e g u l a r i t i e s are t r u l y sto
chastic and, most surprisingly, are not correlated. 

D u r i n g the p a s t 100 y e a r s a number of l a b o r a t o r i e s have 
s t u d i e d the growing " a n t i c s " of the g i a n t , s i n g l e - c e l l e d s p oran
gioph o r e of the f i l a m e n t o u s fungus, Phycomyces b l a k e s l e e a n u s . 
" A n t i c s " i s a p p r o p r i a t e here s i n c e , i n terms of d e s c r i b i n g the 
v a r i e t y of growth p a t t e r n s t h a t the mature sporangiophore p r o 
duces, i t c e r t a i n l y appears t o be the "clown" of the p l a n t w o r l d . 
Even l e f t t o i t s own d e v i c e s and not s u b j e c t e d t o any sensory 
i n p u t s , i t i s happy i n a dark, damp room a t about 22°C; i t s be
h a v i o r i s s t i l l q u i t e e x t r a o r d i n a r y because o f i t s phenomenal 
growth r a t e o f t h r e e m i l l i m e t e r s per hour (50 ym/min) s i m u l t a n e 
o u s l y coupled w i t h a r o t a t i o n r a t e o f 12 t o 15 degrees per min. 
Shown on the TV m o n i t o r i n F i g u r e 1 i s the upper p a r t o f a mature 
Phycomyces sporangiophore c o n s i s t i n g of a c y l i n d r i c a l s t a l k , about 
100 ym i n diameter crowned w i t h a s p h e r i c a l spore sack, about 500 
pm i n diameter. 

B i o p h y s i c i s t s have l o n g been f a s c i n a t e d w i t h t h i s organism 
because of i t s unique sensory a p p a r a t u s . Both the d i r e c t i o n o f 
growth and the r a t e of growth a r e q u a n t i t a t i v e l y c o n t r o l l e d by a 
v a r i e t y of w e l l - d e f i n e d s t i m u l i : they respond t o b o t h the i n t e n 
s i t y and the d i r e c t i o n of e i t h e r v i s i b l e o r UV l i g h t , to a v a r i e t y 
of wind g r a d i e n t s , and to touch. The organism e l i c i t s complex 
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o l f a c t o r y r e s p o n s e s , i t grows away from g r a v i t y , and f i n a l l y , i t 
senses the presence o f d i s t a n t o b j e c t s and thus a v o i d growing 
i n t o them. D e t a i l s c o n c e r n i n g these b e h a v i o r s have been de
s c r i b e d i n a number of r e v i e w a r t i c l e s ( 1 - 4 ) . The l a s t b e h a v i o r 
l i s t e d , t h e avoidance response, appears t o be a comb i n a t i o n of 
two independent sensory i n p u t s , o l f a c t i o n and wind (_5, 6 ) . As a 
r e s u l t o f a l l these s t u d i e s c o n c e r n i n g the sensory a p p a r a t u s , 
more i s known about the two-dimensional growth p a t t e r n s produced 
by the Phycomyces sporangiophore than any o t h e r p l a n t system. I t 
i s thus a l l the more s u r p r i s i n g t h a t the d e t a i l e d f i n e s t r u c t u r e 
of the s p i r a l growth i s o n l y now b e g i n n i n g to be known. I n gen
e r a l , the o l d e r Phycomyces l i t e r a t u r e c o n s i d e r e d s p i r a l growth t o 
be analogous t o a r o t a t i n g screw, i . e . the f a s t e r the screw would 
r o t a t e , the f a s t e r i t would e l o n g a t e , and t o the f i r s t approxima
t i o n t h i s i s t r u e . Bu  d e t a i l e d f i n f 
r o t a t i o n and e l o n g a t i o
showed t h a t t h i s analogy  poo  (7) 
i n 1958 f i r s t r e a l i z e d t h a t a m a t e r i a l s e c t i o n o f the growing 
zone, GZ, i s not e q u i v a l e n t t o the e n t i r e GZ but each s e c t i o n o f 
the GZ i s i n steady s t a t e f l u x c h a r a c t e r i s t i c o f t h a t p a r t i c u l a r 
s e c t i o n . They a l s o found t h a t the degree of r o t a t i o n and e l o n 
g a t i o n was not u n i f o r m l y d i s t r i b u t e d w i t h i n the GZ. I n 1974 
Ortega, H a r r i s and Gamow (8) determined the r a t i o o f r o t a t i o n t o 
e l o n g a t i o n as a f u n c t i o n o f growing zone p o s i t i o n and found t h a t 
t h i s r a t i o i n c r e a s e d as measurements were taken towards the lower 
edge of the growing zone. 

Most r e c e n t l y , Gamow and B o t t g e r ( 9 ) , u s i n g e i t h e r h i g h 
r e s o l u t i o n 35 mm photography o r a v i d e o TV mic r o s c o p e , have found 
t h a t when the minute-per-minute r o t a t i o n a l and e l o n g a t i o n a l 
growth r a t e s were s i m u l t a n e o u s l y measured, b o t h r a t e s were q u i t e 
i r r e g u l a r and "appeared" t o be random. I n a d d i t i o n , i t 
"appeared" t h a t l i t t l e o r no c o r r e l a t i o n e x i s t e d between the 
i r r e g u l a r i t i e s i n the r o t a t i o n r a t e and the e l o n g a t i o n r a t e . I n 
t h i s paper we have t r e a t e d these growth d a t a , b o t h r o t a t i o n and 
e l o n g a t i o n , t o what i s p o p u l a r l y known as time s e r i e s a n a l y s i s . 
We have concluded from these a n a l y s e s t h a t not o n l y a r e t he 
measured i r r e g u l a r i t i e s i n r o t a t i o n and e l o n g a t i o n p u r e l y random 
w h i t e n o i s e , but t h a t they a r e , i n a d d i t i o n , not c o r r e l a t e d . We 
would expect t h a t on a m i c r o s c o p i c s c a l e , a l l growth p r o c e s s e s 
would be s t o c h a s t i c , but what i s s u r p r i s i n g i s t h a t the macro
s c o p i c growth k i n e t i c s o f a Phycomyces sporangiophore i s a l s o 
s t o c h a s t i c . 

M a t e r i a l s and Methods 

W i l d - t y p e Phycomyces b l a k e s l e e a n u s s p o r a n g i o p h o r e s , 
NRRL1555(-), o r i g i n a l l y o b t a i n e d from M. D e l b r i i c k , were grown i n 
s h e l l v i a l s c o n t a i n i n g 5.0% p o t a t o d e x t r o s e agar (PDA) w i t h 1.0% 
ye a s t e x t r a c t . The s h e l l v i a l s were i n c u b a t e d under d i f f u s e i n 
candescent l i g h t i n a h i g h - h u m i d i t y room w i t h a temperature range 
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between 22° and 27°C. B e f o r e each experiment the sporangiophores 
were d a r k adapted i n r e d l i g h t f o r a t l e a s t 20 minutes. A l l ex
periments were c a r r i e d out w i t h a w a t e r - f i l t e r e d r e d l i g h t source. 

The apparatus used t o s i m u l t a n e o u s l y measure minute-by-min
u t e the net r o t a t i o n and the net e l o n g a t i o n of a s t a g e IVb GZ was 
f i r s t d e s c r i b e d by Cohen and D e l b r u c k (7) and then m o d i f i e d by 
Gamow and B o t t g e r ( 9 ) . The mature st a g e IVb sporangiophore i n a 
g l a s s s h e l l v i a l was f i r m l y secured t o a stage t h a t r o t a t e d 
c l o c k w i s e once every 60 seconds. To ensure t h a t the GZ of the 
sporangiophore was v e r t i c a l ( p a r a l l e l t o the a x i s of r o t a t i o n o f 
the s t a g e ) , a double knee was i n s e r t e d between the stage and the 
v i a l . The r o t a t i n g stage a l l o w e d us t o measure the a n g u l a r v e 
l o c i t y of any p a r t i c l e s i t u a t e d above, below, o r i n the GZ. Be
cause the net r o t a t i o n of a mature stage IVb sporangiophore i s i n 
the same d i r e c t i o n as th  r o t a t i n  ( c l o c k w i s e )  p a r t i c l
e i t h e r above o r i n the
one r e v o l u t i o n . By d e t e r m i n i n g ,
a n g u l a r v e l o c i t y of the p a r t i c l e i n r e s p e c t t o the o b s e r v e r . 
(For i n s t a n c e , i f a p a r t i c l e completes one r e v o l u t i o n i n 58 s e c 
onds, we can e a s i l y c a l c u l a t e t h a t the e n t i r e r e g i o n below the 
p a r t i c l e must have a t o t a l a n g u l a r v e l o c i t y o f 12°/58 sec o r 
12.4°/min.) For our p r e s e n t experiments, we used a g l a s s bead 
a p p r o x i m a t e l y 15 pm i n d i a m e t e r . The bead was p l a c e d on the 
s t a l k a p p r o x i m a t e l y 50 urn below the sporangium; t h i s r e g i o n o f 
the s t a l k shows no e l o n g a t i o n . The GZ, w i t h the a t t a c h e d g l a s s 
bead, was observed c o n t i n u o u s l y through a TV v i d e o camera 
a t t a c h e d to a low-powered (^X10 m i c r o s c o p e ) . An e l e c t r o n i c t i m e r 
w i t h a d i g i t a l p r i n t o u t r e c o r d s the time w i t h a r e s o l u t i o n of 10 
m i l l i s e c o n d s . 

E x p e r i m e n t a l C o n t r o l s . The r o t a t i o n a l v e l o c i t y of a p a r 
t i c l e p l a c e d j u s t below the GZ was measured i n o r d e r t o determine 
the r o t a t i o n measurement e r r o r . V e l o c i t y measurements of a p a r 
t i c l e below the GZ make an e x c e l l e n t c o n t r o l s i n c e a l l the param
e t e r s a r e the same except the i n n a t e r o t a t i o n of the GZ i t s e l f . 
We measured the r o t a t i o n r a t e f o r such a p a r t i c l e once every min
u t e f o r 56 c o n s e c u t i v e minutes and determined t h a t the s t a n d a r d 
d e v i a t i o n was ±1.7° per minute ( 9 ) . The beauty o f our r o t a t i o n -
measuring method i s t h a t the measurements a r e v i r t u a l l y i n s e n s i 
t i v e t o p a r a l l a x problems and t o the h u n t i n g problem mentioned 
below. C a l c u l a t i n g e l o n g a t i o n a l v e l o c i t i e s , on the o t h e r hand, 
i s b e s e t w i t h numerous d i f f i c u l t i e s . A l t h o u g h the photographs 
ar e not n e c e s s a r y i n o r d e r t o c a l c u l a t e the a n g u l a r v e l o c i t i e s , 
they a r e needed i n o r d e r t o measure the e l o n g a t i o n a l v e l o c i t i e s . 
To determine our e r r o r f o r the e l o n g a t i o n a l measurement, an a r t i 
f i c i a l s porangiophore was c o n s t r u c t e d . The a r t i f i c i a l s p o r a n g i o 
phore c o n s i s t e d o f a s t r a i g h t 0.5 mm diameter w i r e a t t a c h e d t o a 
m o t o r - d r i v e n micrometer screw. A s m a l l spur gear on the motor-
s h a f t of a synchronous c l o c k motor (1 rpm) d r i v e s a l a r g e r spur 
gear on a m e t r i c micrometer head w i t h a gear r a t i o o f 1:8. The 
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micrometer screw was advancing a t 63 pm/min. The a r t i f i c i a l 
Phyco was photographed next t o a c a l i b r a t e d s c a l e p l a c e d i n the 
o c u l a r of the microscope. From a s e r i e s of minute-per-minute 
photographs, we determined t h a t the s t a n d a r d d e v i a t i o n of our 
e r r o r was ±1.4 ym per min ( 9 ) . T h i s p h o t o g r a p h i c method i s 
h i g h l y dependent on u s i n g s t r a i g h t sporangiophores t o a v o i d 
p a r a l l a x e r r o r s . P e r f e c t l y s t r a i g h t - g r o w i n g sporangiophores are 
n e a r l y i m p o s s i b l e t o o b t a i n s i n c e they show b o t h f a s t , 5 t o 7.5 
min, and slow, 30 to 60 min o s c i l l a t i o n s ; a term used t o d e s c r i b e 
these o s c i l l a t i o n s i s h u n t i n g (10). I n o r d e r t o v e r i f y t h a t our 
measurements were not s i g n i f i c a n t l y i n f l u e n c e d by e i t h e r a p a r a l 
l a x problem o r sporangiophore h u n t i n g , we p l a c e d an a d d i t i o n a l 
marker below the growing zone and c a l c u l a t e d d i r e c t l y the change 
i n l e n g t h between the two markers. The d a t a o b t a i n e d i n t h i s 
manner were no d i f f e r e n
s c a l e w i t h r e a s o n a b l y s t r a i g h
of photographs taken w i t h a one-minute i n t e r v a l , s m a l l bends 
were seen t o occur i n the GZ, but s i n c e the bend angle between 
any p a i r of photographs was l e s s than a degree, the e r r o r i n terms 
of bending i s n e g l i g i b l e . We have determined t h a t h u n t i n g causes 
a bending r a t e of about 0.5 degree/min, and i n a c o n t i n u o u s s e t 
of measurements l a s t i n g f o r 38 minutes, the bending a n g l e w i l l not 
v a r y more than f i v e degrees from the v e r t i c a l . From a s i n g l e p a i r 
of photographs, we cannot e l i m i n a t e the p o s s i b i l i t y t h a t the grow
i n g zone i s bent d i r e c t l y towards o r d i r e c t l y away from the cam
e r a , but s i n c e we f i n d no s i g n i f i c a n t bends from a l a r g e random 
sample of photographs, we have d i s c o u n t e d t h i s p o s s i b i l i t y . 

A TV v i d e o camera i n c o n j u n c t i o n w i t h a TV m o n i t o r and v i d e o 
c a s s e t t e r e c o r d e r ( F i g u r e 1) has an enormous advantage over the 
c o n v e n t i o n a l 35 mm photography. F i r s t l y , s i n c e an e n t i r e e x p e r i 
ment can be s t o r e d on a TV c a s s e t t e and thus becomes p a r t of a 
permanent Phycomyces l i b r a r y , we can r e r u n any g i v e n experiment, 
many l a s t i n g s e v e r a l h o u r s , a t any f u t u r e date. Secondly, the 
r e l i a b i l i t y o f measurements i s enhanced s i n c e r e p l i c a t e s may be 
taken and the taped experiment may be stopped o r rewound t o check 
r e s u l t s . 

E x p e r i m e n t a l R e s u l t s and S t o c h a s t i c M o d e l i n g . Measurements 
of r o t a t i o n a l and e l o n g a t i o n a l growth r a t e s f o r a t y p i c a l e x p e r i 
ment a r e shown i n F i g u r e 2. The sample i n t e r v a l i s one minute, 
and t h e r e a r e 110 measurements. I t c e r t a i n l y appears t h a t b o t h 
the growth and r o t a t i o n s e r i e s a re h i g h l y i r r e g u l a r i n terms of 
t h e i r growth r a t e s . I t i s d i f f i c u l t t o see any s y s t e m a t i c behav
i o r and t h e r e i s l i t t l e apparent c o r r e l a t i o n between the two. 
These q u a l i t a t i v e o b s e r v a t i o n s must be q u a n t i f i e d . 

E s t i m a t e s of the a u t o c o r r e l a t i o n f u n c t i o n and the p a r t i a l 
a u t o c o r r e l a t i o n s f o r the r o t a t i o n a l growth curve i n F i g u r e 2 a r e 
p r e s e n t e d i n F i g u r e s 3 and 4. The a u t o c o r r e l a t i o n f u n c t i o n o f t e n 
d e p i c t s dependence of a measurement v a l u e on r e c e n t p r e v i o u s 
v a l u e s whereas the p a r t i a l a u t o c o r r e l a t i o n s show the s i g n i f i c a n c e 
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of a d d i n g a d d i t i o n a l terms to an a u t o r e g r e s s i v e model of the 
s e r i e s . I n F i g u r e 3, t h e r e i s l i t t l e s i g n i f i c a n c e and no r e a l 
p a t t e r n apparent. Two s t a n d a r d - e r r o r l i m i t s f o r t h i s sample s i z e 
a r e about ±0.2, and o n l y the a u t o c o r r e l a t i o n e s t i m a t e a t l a g 7 
exceeds these l i m i t s . The same o b s e r v a t i o n s can be made of F i g 
u r e 4. The i m p l i c a t i o n i s t h a t the v a r i a t i o n s i n r o t a t i o n a l 
growth a r e " w h i t e , " t h a t i s , random and u n c o r r e l a t e d ( w i t h e a r 
l i e r v a r i a t i o n s ) . To c o n f i r m t h i s , a c u m u l a t i v e periodogram o f 
the frequency spectrum was computed and i s pr e s e n t e d i n F i g u r e 5. 
S i n c e the s o l i d curve f o l l o w s the 45°-dashed-line, t h i s proves 
t h a t the r o t a t i o n a l s e r i e s i s e s s e n t i a l l y w h i t e , q u a n t i f y i n g the 
c o n j e c t u r e made i n a p r e v i o u s paper ( 9 ) . 

The a u t o c o r r e l a t i o n f u n c t i o n and p a r t i a l a u t o c o r r e l a t i o n f o r 
the e l o n g a t i o n a l growth s e r i e s a r e pre s e n t e d i n F i g u r e s 6 and 7. 
Sy s t e m a t i c b e h a v i o r i  e v i d e n t i  th  r e g u l a  p a t t e r f th
a u t o c o r r e l a t i o n f u n c t i o
a u t o c o r r e l a t i o n s a t l a g y suggest
second-order a u t o r e g r e s s i v e model i s a p p r o p r i a t e f o r t h i s s e r i e s 
(11). The model form i s 

g k + a l * k - l + a2*k-2 = e k 

where g£ i s the i t h element o f the s e r i e s , 
a^, a£ a r e model parameters, and 
e± i s the i t n model e r r o r or r e s i d u a l . 

L e a s t squares e s t i m a t i o n was a p p l i e d t o t h i s s e r i e s f o r the 
second-order model above, and the f o l l o w i n g parameter v a l u e s were 
determined: 

a x = 0.570 
and 

a 2 = 0.412 

Such a model d e s c r i b e s an underdamped o s c i l l a t o r y b e h a v i o r w i t h a 
s i n u s o i d a l p e r i o d o f 11 minutes and damping c o e f f i c i e n t of 0.44. 
T h i s p e r i o d of o s c i l l a t i o n corresponds t o the " h u n t i n g " swings of 
the sporangiophore; t h e r e f o r e , i t appears t h a t our model accounts 
f o r the gross mechanical b e h a v i o r o f Phycomyces and i t s i n t e r 
a c t i o n w i t h our measurement system. 

I t i s p o s s i b l e to remove t h i s s y s t e m a t i c b e h a v i o r from the 
d a t a and examine l o c a l v a r i a t i o n s i n e l o n g a t i o n a l growth r a t e by 
s t u d y i n g the r e s i d u a l s e r i e s o f the above model. T h i s r e s i d u a l 
s e r i e s was a n a l y z e d and found t o be e s s e n t i a l l y w h i t e : the cumu
l a t i v e periodogram i s pr e s e n t e d i n F i g u r e 8. T h i s i s i n c o n t r a s t 
to the periodogram o f the o r i g i n a l e l o n g a t i o n a l s e r i e s , see F i g 
u r e 9, which shows s i g n i f i c a n t d e v i a t i o n from the 45° l i n e . We 
can summarize the a n a l y s i s of bot h growth s e r i e s by s t a t i n g t h a t 
l o c a l growth b e h a v i o r e x h i b i t e d by the sporangiophore i s random 
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FREQUENCY 

Figure 5. Cumulative periodogram of a rotational growth series. 
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Figure 8. Cumulative periodogram of an elongational residual series. 
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and u n c o r r e l a t e d when the e l o n g a t i o n a l r a t e and r o t a t i o n a l r a t e 
s e r i e s a r e s t u d i e d s e p a r a t e l y . 

I t i s t e m pting t o r e l a t e the n o i s y growth p a t t e r n s s i n c e 
s i m i l a r mechanisms may u n d e r l i e e l o n g a t i o n and r o t a t i o n . A p l o t 
of the c r o s s - c o r r e l a t i o n f u n c t i o n between the r o t a t i o n a l s e r i e s 
and the e l o n g a t i o n a l r e s i d u a l s e r i e s i s shown i n F i g u r e 10. The 
r e s u l t i s perhaps unexpected, s i n c e t h e r e i s no s i g n i f i c a n t c o r r e 
l a t i o n between the two s e r i e s , t h a t i s , the n o i s y growth p a t t e r n s 
appear independent. The l i m i t s shown on the f i g u r e a r e f o r one 
s t a n d a r d e r r o r , and one would expect a s i g n i f i c a n t c r o s s - c o r r e l a 
t i o n t o exceed two s t a n d a r d e r r o r s . 

C o n c l u s i o n s 

We have shown t h a
and e l o n g a t i o n a l growt
c o r r e l a t e d . S y s t e m a t i c b e h a v i o r i n e l o n g a t i o n a l growth was 
a t t r i b u t e d t o the s l o w e r " h u n t i n g " motion of the s p o r a n g i o p h o r e . 
The i r r e g u l a r p a t t e r n s i n r o t a t i o n a l and e l o n g a t i o n a l growth do 
not appear t o be i n t e r d e p e n d e n t nor r e l a t e d t o the same major 
source o r s t i m u l u s . 

D i s c u s s i o n 

A l l organisms t h a t possess a r i g i d e x o s k e l e t o n such as the 
a r t h r o p o d s , i n s e c t s and c r u s t a c e a n s must have e v o l v e d one of many 
p o s s i b l e s t r a t e g i e s i n o r d e r to i n c r e a s e i n s i z e , i . e . t o u n i f o r m 
l y i n c r e a s e i n volume. The a r t h r o p o d s s i m p l y molt t h e i r o l d exo
s k e l e t o n and then r e d e p o s i t a new one a f t e r a s h o r t b u r s t o f i n 
t e n s i v e growth. P l a n t s i n g e n e r a l , but f u n g i i n p a r t i c u l a r , have 
d e v i s e d a s l i g h t l y d i f f e r e n t s t r a t e g y t o enable them t o grow even 
though they a r e a l s o encased i n a r a t h e r r i g i d c e l l w a l l . The 
new s y n t h e s i z e d c e l l w a l l , termed the p r i m a r y w a l l , appears as an 
end r e s u l t of g i a n t c a r b o h y d r a t e m i c r o f i b r i l s b e i n g d e p o s i t e d on 
the i n n e r s u r f a c e o f the e x i s t i n g p r i m a r y c e l l w a l l . I n a d d i 
t i o n , i t has been shown t h a t the l o n g i t u d i n a l a x i s o f these newly 
l a i d down polymers i s p e r p e n d i c u l a r t o the n e t d i r e c t i o n o f 
growth of the c e l l w a l l i t s e l f . C e l l w a l l t h i c k e n i n g r e s u l t i n g 
from newly d e p o s i t e d m i c r o f i b r i l s i s c o n s t a n t l y b e i n g c o u n t e r 
b a l a n c e d by c e l l w a l l e x t e n s i o n . The d r i v i n g mechanism of c e l l 
w a l l e x t e n s i o n i s the l a r g e p r e s s u r e d i f f e r e n c e , the c e l l ' s 
t u r g o r p r e s s u r e , between the i n s i d e of the c e l l w a l l and i t s 
e x t e r n a l environment. Because the polymers a r e l a i d down perpen
d i c u l a r l y t o i t s net d i r e c t i o n of growth, d u r i n g c e l l w a l l e x t e n -
t i o n they a r e p a s s i v e l y r e o r i e n t e d towards the c e l l ' s l o n g i t u d i 
n a l axes, and i n a d d i t i o n , t r a n s p o r t e d toward the o u t e r s u r f a c e 
o f the c e l l w a l l . The model d e s c r i b e d above i s b a s i c a l l y known 
as the m u l t i n e t t h e o r y o f c e l l w a l l growth f i r s t proposed by 
R o e l o f s e n and Houwink (12) and e x p e r i m e n t a l l y v e r i f i e d i n N i t e l l a 
by G e r t e l and Green ( 1 3 ) . 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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S i n c e these newly l a i d down m i c r o f i b r i l s a r e i n c o n s t a n t 
m otion, the p r i m a r y c e l l w a l l behaves much l i k e a v i s c o - e l a s t i c 
f l u i d . B a r t n i c k i - G a r c i a (14) i n 1970 proposed t h a t the newly 
s y n t h e s i z e d c e l l w a l l i s i n a c o n s t a n t s t a t e of f l u x i n terms of 
s y n t h e s i s and d e g r a d a t i o n r e s u l t i n g from the presence of s y n t h e 
s i z i n g and l y t i c enzymes, r e s p e c t i v e l y . I n 1974 Ortega and Gamow 
(15) proposed t h a t the o r i e n t a t i o n of m i c r o f i b r i l s , or bundles of 
m i c r o f i b r i l s , c o u l d account f o r b o t h c e l l e l o n g a t i o n and c e l l 
r o t a t i o n . They a l s o deduced t h a t the magnitude of the r a t i o of 
r o t a t i o n t o e l o n g a t i o n must be a f u n c t i o n of the m i c r o f i b r i l 
a n g l e , the a n g l e b e i n g measured i n r e s p e c t to the l o n g i t u d i n a l 
a x i s o f the growing c e l l w a l l . T h i s model p r e d i c t e d t h a t the 
f i b r i l s l o c a t e d i n the lower r e g i o n of the growing zone, those 
which would have a l r e a d y m a x i m a l l y r e o r i e n t a t e d towards the l o n g 
i t u d i n a l a x i s , would show maximum r o t a t i o n t o e l o n g a t i o n r a t i o s , 
and t h i s p r e d i c t i o n was

Our p r e s e n t r e s u l t
t h e o r y as p r e s e n t e d above s i n c e i t c l e a r l y p r e d i c t s t h a t any 
i r r e g u l a r i t y i n the growth r a t e would be d i r e c t l y c oupled w i t h 
an i r r e g u l a r i t y i n the r o t a t i o n r a t e . Our p r e s e n t d a t a would be 
c o n s i s t e n t w i t h a r e o r i e n t a t i o n model i n which the maximum r o t a 
t i o n and e l o n g a t i o n o c c u r i n d i f f e r e n t r e g i o n s of the GZ. Recent 
f i n e s t r u c t u r e s t u d i e s i n our l a b o r a t o r y have co n f i r m e d the 1958 
r e p o r t by Cohen and D e l b r u c k t h a t the maximun e l o n g a t i o n r a t e 
o c c u r r i n g i n the r e g i o n of the growing zone i s d i s t i n c t l y d i f f e r 
ent from t h a t o c c u r r i n g i n the r e g i o n o f maximum r o t a t i o n r a t e . 
Our p r e s e n t a n a l y s i s i s c o n s i s t e n t w i t h t h i s f i n d i n g because i f 
b o t h r o t a t i o n and e l o n g a t i o n a r e s t o c h a s t i c i n terms of growth 
i r r e g u l a r i t i e s , we would not expect t o f i n d a c o r r e l a t i o n i f the 
r o t a t i o n and e l o n g a t i o n o c c u r r e d i n d i f f e r e n t and independent 
r e g i o n s of the growing zone. 

L a s t l y , we a r e i n t r i g u e d by the s i n u s o i d a l b e h a v i o r , h a v i n g 
a p e r i o d of 11 m i n utes, i n the e l o n g a t i o n r a t e . At t h i s time we 
have no way of d e t e r m i n i n g whether t h i s o s c i l l a t i o n i s r e a l i n 
the sense t h a t the net r a t e of growth o s c i l l a t e s w i t h t h i s p e r i o d 
or whether we a r e o b s e r v i n g the well-known h u n t i n g b e h a v i o r ( 1 0 ) ; 
Phycomyces sporangiophores show both a f a s t , 5 t o 7.5 min, and a 
slow, 30 t o 60 min, o s c i l l a t i o n . Our guess would be t h a t the 
11-minute p e r i o d we have observed i s a d i r e c t r e s u l t of the mea
surement e r r o r caused by the s p o r a n g i o p h o r e 1 s h u n t i n g b e h a v i o r . 
I n o r d e r t o c o n f i r m t h i s s p e c u l a t i o n , we would r e q u i r e f a s t e r 
sampling r a t e s f o r b o t h e l o n g a t i o n and r o t a t i o n a l growth. Such 
an i n c r e a s e i n sampling r a t e would a l s o f a c i l i t a t e more d e t a i l e d 
study of the s t o c h a s t i c growth b e h a v i o r . We b e l i e v e an e x t e n s i o n 
of our p r e s e n t measurement te c h n i q u e would a l l o w f o r t h i s . T h i s 
would be t o c o u p l e a computer-based p a t t e r n r e c o g n i t i o n system t o 
our m i c r o s c o p i c v i d e o equipment. By h a v i n g the computer f o l l o w 
m otion of s e v e r a l t r a c k i n g p a r t i c l e s , a h i g h r e s o l u t i o n p r o f i l e 
of b o t h growth r a t e s i s f e a s i b l e . Such an e x t e n s i o n t o our p r e s 
ent apparatus would r e q u i r e l e s s than $100,000 i n c a p i t a l f u n d i n g . 
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Appendix: A B r i e f D e s c r i p t i o n o f Time S e r i e s A n a l y s i s 

The t e c h n i q u e s of time s e r i e s a n a l y s i s have been a p p l i e d 
a c r o s s a broad spectrum of f i e l d s , n o t a b l y b u s i n e s s and economics, 
e n g i n e e r i n g , and meteorology. They have gained wide acceptance 
p a r t l y due t o the h i g h y i e l d o f modeling i n f o r m a t i o n one a c h i e v e s 
through the a p p l i c a t i o n of a s t r a i g h t - f o r w a r d , easy-to-use method
o l o g y . There a r e two common s c e n a r i o s : 

1) a n a l y s i s of a s i n g l e time s e r i e s , u s u a l l y a sampled mea
surement s i g n a l , t o determine i t s s y s t e m a t i c and random 
c h a r a c t e r 

2) a n a l y s i s of two o r more time s e r i e s t o a s s e s s and quan
t i f y c o n n e c t i v e r e l a t i o n s h i p s (one must be c a r e f u l w i t h 
c l a i m s of " c a u s e - a n d - e f f e c t " h e r e — a d d i t i o n a l i n f o r m a 
t i o n on s t r u c t u r

I t i s d e s i r a b l e , from a
i n as s i m p l e a form as p o s s i b l e . Such a r e l i n e a r models w i t h a 
mi n i m a l number of parameters. There a r e two p r i m a r y s t e p s t o the 
modeling p r o c e s s : i d e n t i f i c a t i o n of the model form and e s t i m a t i o n 
of the model's parameters. These s t e p s a r e a p p r o p r i a t e l y f o l l o w e d 
by t e s t i n g of the model's a b i l i t y t o f i t o r p r e d i c t new d a t a . 

I t i s t y p i c a l o f a s i n g l e time s e r i e s t h a t measurements w i l l 
show some dependence on t h e i r r e c e n t p a s t h i s t o r y — m a n y p r o c e s s e s 
a r e i n e r t i a l i n b e h a v i o r . The a u t o c o r r e l a t i o n f u n c t i o n (or i t s 
e s t i m a t e from the s e r i e s ' data) w i l l r e v e a l such dependence, and 
the p a r t i a l a u t o c o r r e l a t i o n s w i l l h e l p show how f a r i n t o the p a s t 
t h i s " a u t o r e g r e s s i v e " model must extend. The model thus s e l e c t e d 
can be f i t t o the d a t a by one of many r e g r e s s i o n t e c h n i q u e s , e.g. 
l i n e a r l e a s t squares. The r e s i d u a l s , those components of the 
d a t a which a re not e x p l a i n e d by the a u t o r e g r e s s i v e model, form 
another s e r i e s . I f the r e s i d u a l s e r i e s i s u n c o r r e l a t e d ( t o i t 
s e l f ) , t h i s i n d i c a t e s a random b e h a v i o r which we can n e i t h e r p r e 
d i c t nor r e g u l a t e — w e j u s t have t o l i v e w i t h i t as u n c e r t a i n be
h a v i o r . O f t e n , however, i t i s p o s s i b l e t o model the r e s i d u a l s 
a l s o i n a s i m i l a r , a u t o r e g r e s s i v e m a n ner—which would i n d i c a t e 
t h a t a l t h o u g h we cannot r e g u l a t e these q u a n t i t i e s , we can do some 
p r e d i c t i o n . T h i s s t r u c t u r e o f the r e s i d u a l s e r i e s i s u s u a l l y 
b u i l t back i n t o the o r i g i n a l model, and the t e r m i n o l o g y used f o r 
the r e s i d u a l d e s c r i p t i o n i s "moving average." I t i s then b e s t t o 
r e f i t the e n t i r e model by r e g r e s s i o n . A g e n e r a l form f o r the 
a u t o r e g r e s s i v e - m o v i n g average model i s 

g. + a-g. -+...+ a g. = e. + c-e. - +...+ c e. k l & k - l n ô k - n k 1 k-1 ρ k-p 

where e^ i s now an u n c o r r e l a t e d r e s i d u a l . The above model may 
appear imposing; however, the a p p r o p r i a t e v a l u e s f o r η and ρ a r e 
u s u a l l y l e s s than t h r e e . 

Connection between two s e r i e s i s m a n i f e s t e d i n the c r o s s -
c o r r e l a t i o n f u n c t i o n (or i t s e s t i m a t e ) . When a c a u s e - a n d - e f f e c t , 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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" i n p u t - o u t p u t " r e l a t i o n s h i p i s j u s t i f i e d , a model o f the form 

g, + a- g, -+...+ a g, = b χ, , + b-x. ,-+...+ b χ. , 6 k l ô k - l n & k - n ο k-d 1 k-d-1 m k-d-m 

+ e. + c-e. ,+...+ c e. k 1 k-1 ρ k-p 

may be proposed which i n c l u d e s the a u t o r e g r e s s i v e dependence of 
the output v a r i a b l e ( g ^ ) , a "cause" dependence on v a l u e s o f the 
i n p u t v a r i a b l e (x^) and a d e s c r i p t i o n o f r e s i d u a l (e^) b e h a v i o r 
as b e f o r e . S e l e c t i o n o f model form (which may i n c l u d e a d e l a y o f 
d sample i n t e r v a l s between the i n p u t and output v a r i a b l e s ) i s 
f a c i l i t a t e d by study o f the c r o s s - c o r r e l a t i o n f u n c t i o n and impulse 
response f u n c t i o n e s t i m a t e s i n a d d i t i o n t o the a u t o c o r r e l a t i o n 
f u n c t i o n and p a r t i a l a u t o c o r r e l a t i o n s
s e l e c t e d , r e g r e s s i o n t e c h n i q u e

Two model-checking methods a r e common, and they a r e o f t e n 
a p p l i e d t o a "new" s e t of d a t a . F i r s t , the r e s i d u a l s a r e ana
l y z e d f o r l a c k of c o r r e l a t i o n o r " w h i t e n e s s . " White n o i s e has 
the c h a r a c t e r i s t i c t h a t a l l f r e q u e n c i e s c o n t a i n e d i n i t s h o u l d be 
prese n t i n eq u a l s t r e n g t h . The c u m u l a t i v e periodogram i s the 
i n t e g r a l of a spectrum e s t i m a t e ; t h e r e f o r e , f o r w h i t e n o i s e , i t 
s h o u l d be the i n t e g r a l o f a c o n s t a n t o r a l i n e a r ramp f u n c t i o n . 
The " w h i t e n e s s " o f the r e s i d u a l s can be an a l y z e d by p l o t t i n g 
t h e i r c u m u l a t i v e periodogram and o b s e r v i n g c l o s e n e s s t o the i d e a l 
ramp l i n e . Another common d i a g n o s t i c t e c h n i q u e i s to determine 
the s t a t i s t i c a l e f f i c i e n c y o f adding one o r two parameters (and 
terms) t o the model. T h i s w i l l check i f the mini m a l p a r a m e t r i c 
model chosen i s t r u l y p a r s i m o n i o u s . The s t a t i s t i c a l F - t e s t based 
on the extra-sum-of-squares p r i n c i p l e i s u s e f u l f o r t h i s e f f i 
c i e n c y t e s t . 
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Growth Characteristics of Microorganisms in 
Solid State Fermentation for Upgrading of Protein 
Values of Lignocelluloses and Cellulase Production 
D. S. CHAHAL 
Devinder Chahal Enterprises, Inc., 312-1800 Baseline Road, 
Ottawa, Ontario Canada K2C 3N1 

Solid state fermentation (SSF) is considered to 
require no comple  controls d t  hav
advantages over l i q u i
of protein value  lignocellulose
production by SSF holds great promise. Pretreatment 
of lignocelluloses with alkali or steam i s necessary 
to break lignin and carbohydrate bonds for successful 
growth of microorganisms i n SSF. Filamentous fungi 
seem to be the most suitable organisms for SSF. 
Fungal hyphae can penetrate into plant c e l l lumina 
through p i t s , cracks, or by boring holes through the 
cell wall. Once inside the cell lumen, the fungus 
utilizes the cell wall from inside. It is postulated 
that sequence of synthesis of cellulases i n the fungal 
hyphal t i p is triggered by physical signals sent by 
cel l u l o s e . F i n a l l y , the substrate i s completely 
utilized to produce fungal biomass rich in protein 
and/or cellulases, depending on the microorganism. 

" S o l i d S t a t e F e r m e n t a t i o n " (SSF) i s d e f i n e d as a process 
whereby an i n s o l u b l e s u b s t r a t e i s fermented w i t h s u f f i c i e n t 
m o i s t u r e , but wi t h o u t f r e e water. In the l i q u i d s t a t e o r s l u r r y 
s t a t e f e r m e n t a t i o n , on the o t h e r hand, the s u b s t r a t e i s s o l u b i l i z e d 
o r suspended as f i n e p a r t i c l e s i n a l a r g e volume o f water. In 
most l i q u i d s t a t e f e r m e n t a t i o n s (LSF) or submerged f e r m e n t a t i o n s 
s u b s t r a t e c o n c e n t r a t i o n s r a n g i n g from 0.5 t o 5% are used. Now, i n 
a number o f f e r m e n t a t i o n s the c o n c e n t r a t i o n o f the s u b s t r a t e has 
gone up t o 10% to i n c r e a s e the p r o d u c t i v i t y per u n i t t i m e . 

S o l i d s t a t e f e r m e n t a t i o n i s c o n s i d e r e d to r e q u i r e no complex 
c o n t r o l s and to have many advantages o v e r the LSF (J.) · The SSF 
f o r upgrading the p r o t e i n v a l u e s o f l i g n o c e l l u l o s e s , 
( a g r i c u l t u r a l , f o r e s t r y and animal wastes) i s becoming a focus o f 
a c t i v i t y f o r some r e s e a r c h e r s ( 2 , 3 , 3 a , 4 ) . R e c e n t l y i t has been 
c a l u l a t e d ( 5 ) t h a t h i g h c e l l u l a s e a c t i v i t y per u n i t volume o f 
f e r m e n t a t i o n b r o t h i s the most i m p o r t a n t f a c t o r i n o b t a i n i n g sugar 
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c o n c e n t r a t i o n s o f 20-30% from h y d r o l y s i s o f c e l l u l o s e i n a process 
f o r e t h a n o l p r o d u c t i o n from c e l l u l o s i c m a t e r i a l s . I t has a l s o 
been confirmed ( 6 ) t h a t c e l l u l a s e a c t i v i t y per u n i t volume can be 
i n c r e a s e d by i n c r e a s i n g the c e l l u l o s e c o n c e n t r a t i o n i n the medium. 
But i t i s not p o s s i b l e to handle more than 6% c e l l u l o s e i n 
c o n v e n t i o n a l fermenter because o f r h e o l o g i c a l problems. In o r d e r , 
t h e r e f o r e , t o i n c r e a s e the c e l l u l o s e c o n c e n t r a t i o n h i g h e r than 6%, 
SSF seems to be the most a t t r a c t i v e a l t e r n a t i v e (5)· To yam a (_7) 
has a l r e a d y shown t h a t sugar syrup o f 22% c o n c e n t r a t i o n can be 
o b t a i n e d by h y d r o l y z i n g d e l i g n i f i e d r i c e s t r a w o r bagasse w i t h the 
c o n c e n t r a t e d c e l l u l a s e s o b t a i n e d by Trichoderma r e e s e i i n SSF. 
R e c e n t l y , i n t e r e s t i n the p r o d u c t i o n o f amylases and c e l l u l a s e s by 
SSF i s i n c r e a s i n g because a g r e a t demand of these enzymes i s 
envisaged i n the near f u t u r e . These enzymes a r e r e q u i r e d to 
c o n v e r t s t a r c h and c e l l u l o s e i n t o g l u c o s e f o r f u r t h e r f e r m e n t a t i o n 
i n t o e t h a n o l to a l l e v i a t
0 5 ) . But the survey o
i s known about the growth c h a r a c t e r i s t i c s and behavior o f 
microorganisms i n SSF. 

O r i g i n of S o l i d S t a t e F e r m e n t a t i o n 

The o r i g i n o f SSF i s l o s t i n the m i s t o f a n t i q u i t y when 
r e l a t i o n s h i p o f microorganism were e s t a b l i s h e d w i t h t h e i r host 
( a n i m a l s o r p l a n t s ; l i v i n g or dead). In n a t u r e microorganisms 
grow i n c l o s e a s s o c i a t i o n w i t h s o l i d s u b s t r a t e s to o b t a i n t h e i r 
n u t r i t i o n s a p r o p h y t i c a l l y o r p a r a s i t i c a l l y . One o f the e a r l i e s t 
r e c o r d s o f SSF t r a c e d out by Chang ( 8 ) was the c u l t i v a t i o n o f 
paddy s t r a w mushroom, V o l v a r i e l l a v o l v a c e a , i n the Canton r e g i o n 
o f China's Kwangtung p r o v i n c e d u r i n g the Chow Dynasty, about 3000 
y e a r s ago. However, u n t i l 20 y e a r s ago, almost no s c i e n t i f i c 
r e s e a r c h has been done on t h i s s p e c i e s . The o t h e r e a r l y r e c o r d o f 
SSF was growing of " S h i i t a k e " ( L e n t i n u s edodes) by the Chinese and 
Japanese on wood l o g s about 20 c e n t u r i e s ago (9)· The spores a r e 
i n o c u l a t e d i n wood l o g s and are l e f t t o i n c u b a t e f o r many months 
b e f o r e the mushrooms ar e h a r v e s t e d f o r e a t i n g . A g a r i c u s 
c a m p e s t r i s (A. b i s p o r u s ) , a commonly c u l t i v a t e d mushroom i n Europe 
and Western c o u n t r i e s , has been grown i n caves i n France s i n c e the 
time o f L o u i s XLV (1683-1715) ( 1 0 ) . Of g r e a t h i s t o r i c a l r e l e v a n c e 
to modern te c h n o l o g y i s the Japanese " K o j i " p r o c e s s , i . e . growing 
of A s p e r g i l l u s oryzae on r i c e ( o r o t h e r c e r e a l s ) i n s o l i d s t a t e . 
P r o d u c t i o n o f " K o j i " has been i n p r a c t i c e i n Japan a t l e a s t s i n c e 
the e i g h t h c e n t u r y f o r p r o d u c t i o n o f Saké - the most t r a d i t i o n a l 
a l c o h o l i c d r i n k i n Japan. The K o j i process was i n t r o d u c e d to the 
Western World by Takamine i n 1891 f o r the p r o d u c t i o n o f f u n g a l 
d i a s t a s e on a l a r g e s c a l e (11)· The K o j i process i s now b e i n g 
e x p l o i t e d f o r the p r o d u c t i o n o f amylases and c e l l u l a s e s ( 7 , 1 2 ) . 

Another e a r l y s o l i d s t a t e f e r m e n t a t i o n was the d i s c o v e r y o f 
g a l l i c a c i d p r o d u c t i o n i n g a l l nuts p i l e d i n a heap and moistened 
w i t h water. I t was van Teigham (1867) who f i r s t e s t a b l i s h e d t h a t 
A s p e r g i l l u s n i g e r was r e s p o n s i b l e f o r t h i s f e r m e n t a t i o n ( 9 ) . 
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The r e c o r d s f o r the p r o d u c t i o n o f Roquefort cheese from 
sheep's m i l k i n caves o f Southern France go back about a thousand 
y e a r s . I t was e s t a b l i s h e d by Thorn (13) t h a t the s p e c i a l 
c h a r a c t e r i s t i c s o f Roquefort cheese was due to the growth o f a 
fungus, Pénicillium r o q u e f o r t i . T h i s organism grows deep i n t o 
cheese b l o c k s under l i m i t e d 0^ s u p p l y - a p e r f e c t example o f s o l i d 
s t a t e f e r m e n t a t i o n . The s p e c i a l f l a v o u r o f Camembert cheese i s 
due to the growth o f Pénicillium camemberti on the s u r f a c e o f 
cheese blocks· 

Natu r e of the S u b s t r a t e 

The SSF can o n l y be a p p l i e d to i n s o l u b l e s u b s t r a t e s l i k e 
c e r e a l g r a i n s , o i l seeds, and l i g n o c e l l u l o s e s ( a g r i c u l t u r a l c r o p 
r e s i d u e s and f o r e s t r y w a s t e s )  The c e r e a l g r a i n s and o i l seeds 
a r e composed o f e a s i l y a v a i l a b l
p r o t e i n s , m i n e r a l s , e t c
a b l e to grow on these s u b s t r a t e s i n SSF. However, m i l d 
p retreatments a r e s t i l l r e q u i r e d to make them s u i t a b l e s u b s t r a t e s . 
C e r e a l s l i k e r i c e g r a i n s a r e used as such w i t h o u t any treatment 
whereas wheat g r a i n s r e q u i r e p e a r l i n g b e f o r e use. During t h i s 
p r o c e s s the s u r f a c e o f wheat g r a i n s i s abraded to p r o v i d e s u i t a b l e 
s i t e s f o r c o l o n i z a t i o n by the m i c r o o r g a n i s m s . In case o f c o r n and 
soybean the g r a i n s a r e broken i n t o f i v e or s i x p i e c e s to p r o v i d e 
s u i t a b l e s u r f a c e f o r the growth o f the m i c r o o r g a n i s m s , as the hard 
seed c o a t s are v e r y d i f f i c u l t f o r many microor g a n i s m s to c o l o n i z e . 
Oats have to be d e h u l l e d f o r b e t t e r growth. A l l these g r a i n s are 
v e r y s u i t a b l e f o r the p r o d u c t i o n o f a f l a t o x i n s and v a r i o u s 
fermented o r i e n t a l foods ( 1 ) . 

The most s e r i o u s problem encountered i n SSF o f g r a i n s , 
e s p e c i a l l y r i c e , i s t h a t the s u b s t r a t e s become s t i c k y and form 
compact masses i n which movement o f a i r i s r e s t r i c t e d . The g r a i n s 
a l s o agglomerate i n t o compact masses due to f u n g a l growth on t h e i r 
s u r f a c e s . T h e r e f o r e , t i m e l y and proper a g i t a t i o n i s r e q u i r e d to 
break such agglomerates and p r o v i d e b e t t e r a e r a t i o n . 

P r o d u c t i o n o f a f l a t o x i n s and fermented o r i e n t a l foods on 
g r a i n s i s much e a s i e r than the use o f l i g n o c e l l u l o s e s . The 
c a r b o h y d r a t e s o f l i g n o c e l l u l o s e s a r e not e a s i l y a v a i l a b l e and 
d r a s t i c p r e t r e a t m e n t s a r e r e q u i r e d . Moreover, l i g n o c e l l u l o s e s a r e 
a l s o not as r i c h i n p r o t e i n s and o t h e r n u t r i e n t s as a r e g r a i n s . 
L i g n o c e l l u l o s e s a r e v e r y complex s u b s t r a t e s and are composed of 
t h r e e major components: h e m i c e l l u l o s e s , c e l l u l o s e , and l i g n i n . 
Only a few m i c r o o r g a n i s m s , l i k e w h i t e - r o t f u n g i ( P o l y p o r u s 
v e r s i c o l o r ) , a r e a b l e to grow on such m a t e r i a l s ( 1 4 ) . The 
w h i t e - r o t f u n g i have complete enzyme systems to u t i l i z e a l l t h r e e 
components. S i m i l a r l y , i t has been shown t h a t P l e u r o t u s o s t r e a t u s 
(15 ) and S t r o p h a r i a r u g o s o a n n u l a t a ( 4 ) can u t i l i z e a l l t h r e e 
components o f wheat s t r a w . On the o t h e r hand, many microorganisms 
cannot u t i l i z e h e m i c e l l u l o s e s ; o f those t h a t c a n , most a r e unable 
to m e t a b o l i z e c e l l u l o s e . 
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L i g n i n i n the p l a n t c e l l w a l l not o n l y e n c r u s t s the c e l l u l o s e 
m i c r o f i b r i l s i n a s h e a t h - l i k e manner, but i s bonded p h y s i c a l l y and 
c h e m i c a l l y t o the p l a n t p o l y s a c c h a r i d e s (16)« L i g n i n - c a r b o h y d r a t e 
bonds form m e t a b o l i c b l o c k s t h a t g r e a t l y l i m i t the a c t i o n o f 
m i c r o b i a l h e m i c e l l u l a s e s and c e l l u l a s e s . P h y s i c a l l y , l i g n i n forms 
a b a r r i e r s u p p r e s s i n g the p e n e t r a t i o n by p o l y s a c c h a r i d e - d i g e s t i n g 
enzymes ( 17 ). U n l e s s the l i g n i n i s d e p o l y m e r i z e d , s o l u b i l i z e d , o r 
removed, the c e l l u l o s e and the hemicelluiοses cannot be 
m e t a b o l i z e d by most microorganisms· As mentioned e a r l i e r , o n l y 
w h i t e - r o t and brown-rot f u n g i ( B a s i d i o m y c e t e s ) are a b l e to u t i l i z e 
c a r b o h y d r a t e s from l i g n o c e l l u l o s e s but they a r e v e r y s l o w growing 
(4,14,15,18,19). T h e r e f o r e , these f u n g i are not v e r y p r o m i s i n g , 
from the economic p o i n t o f v i e w as c a n d i d a t e s to ferment 
l i g n o c e l l u l o s e s f o r the p r o d u c t i o n o f a n i m a l feed o r c e l l u l a s e s . 
The case i s s i m i l a r w i t h o t h e r b a s i d i o m y c e t e s e s p e c i a l l y 
mushrooms. A g a r i c u s b i s p o r u s
v o l v a c e a , and P l e u r o t u
produce f r u i t i n g b o d i e s (mushrooms). Mushroom growing, however, 
i s j u s t i f i e d because o f t h e i r economic v a l u e as food d e l i c a c i e s . 

P r e t r e a t m e n t of L i g n o c e l l u l o s e s 

Pretreatment o f l i g n o c e l l u l o s e s i s the f i r s t requirement f o r 
the growth o f the microorganisms which a r e unable to grow on the 
u n t r e a t e d s u b s t r a t e but which, o t h e r w i s e , grow r a p i d l y and make 
c e r t a i n products i . e . Trichoderma r e e s e i f o r c e l l u l a s e s ; and 
Chaetomium c e l l u l o l y t i c u m f o r s i n g l e - c e l l p r o t e i n (SCP) 
p r o d u c t i o n . P r e t r e a t m e n t s t h a t i n c r e a s e the d i g e s t i b i l i t y o f 
l i g n o c e l l u l o s e s f o r p r o d u c t i o n o f SCP and c e l l u l a s e s have been 
d i s c u s s e d i n d e t a i l by v a r i o u s workers (20,21,22). Only those 
pretreatments which c o u l d make the s u b s t r a t e most s u i t a b l e f o r SSF 
a r e d i s c u s s e d v e r y b r i e f l y below: 

G r i n d i n g / B a l l - M i l l i n g . G r i n d i n g / b a l l - m i l l i n g of l i g n o 
c e l l u l o s e s to a v e r y s m a l l p a r t i c l e s i z e r e s u l t s i n the exposure 
o f more s u r f a c e area f o r the growth o f microorganisms and a l s o 
reduces c r y s t a l l i n i t y (23 ) . The main problem i n u s i n g f i n e powder 
o f l i g n o c e l l u l o s e f o r SSF i s to s u p p l y good a e r a t i o n , as the m o i s t 
f i n e powder o f l i g n o c e l l u l o s e would form a compact mass by i t s own 
w e i g h t . Improper a e r a t i o n w i l l reduce the growth o f the organism 
c o n s i d e r a b l y . Frequent a g i t a t i o n and f o r c e d a e r a t i o n may be 
n e c e s s a r y to keep up the growth o f the organism. 

A l k a l i . Sodium h y d r o x i d e and aqueous ammonia cause e x t e n s i v e 
s w e l l i n g and s e p a r a t i o n o f s t r u c t u r a l elements, and l e a d to the 
f o r m a t i o n o f c e l l u l o s e I I whose X-ray p a t t e r n d i f f e r s c o n s i d e r a b l y 
t h a t o f from c e l l u l o s e I . F i v e to s i x grams o f sodium h y d r o x i d e 
per 100 grams o f wood seem to be n e c e s s a r y f o r the maximum e f f e c t 
( 2 4 , 2 5 ) . T h i s l e v e l o f a l k a l i i s e s s e n t i a l l y e q u i v a l e n t to the 
combined a c e t y l and c a r b o n y l c o n t e n t s o f wood. T h i s l e a d s t o the 
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p o s t u l a t e t h a t the main consequence o f a l k a l i treatment i s the 
s a p o n i f i c a t i o n o f i n t e r m o l e c u l a r e s t e r bonds, thus promoting the 
s w e l l i n g of wood beyond w a t e r - s w o l l e n dimensions and f a v o u r i n g 
i n c r e a s e enzymatic and m i c r o b i o l o g i c a l penetrati> η i n t o the 
c e l l - w a l l f i n e s t r u c t u r e (22) . Both sodium h y d r o x i d e and ammonia 
treatments proved to be v e r y u s e f u l i n i n c r e a s i n g the i n v i t r o 
d i g e s t i b i l i t y o f l i g n o c e l l u l o s e s (21) as w e l l as t h e i r u t i l i z a t i o n 
as c arbon source f o r SCP p r o d u c t i o n i n SSF (26 ) . These 
pret r e a t m e n t s a l s o r e t a i n the f i b r o u s s t r u c t u r e o f c e l l u l o s e . The 
f i b r o u s s t r u c t u r e i s v e r y conducive f o r the growth o f the 
organisms because o f easy p e n e t r a t i o n o f enzymes, f u n g a l hyphae 
and a i r i n the s u b s t r a t e . 

Steam. Steam treatment o f l i g n o c e l l u l o s e s under h i g h 
p r e s s u r e (27-30) i s now becoming an i m p o r t a n t p r e t r e a t m e n t to make 
the s u b s t r a t e e a s i l y a c c e s s i b l e to h y d r o l y t i c enzymes ( 3 1 - 3 3 ) . 
The s u b s t r a t e i s a l s o s t e r i l i z e d
A f i b r o u s s u b s t r a t e i s

The chemical changes i n steam-treated wood depend on the 
temperature, p r e s s u r e , and time o f exposure to steam. 
H e m i c e l l u l o s e s a r e h y d r o l y z e d to s o l u b l e sugars by o r g a n i c a c i d s , 
m a i n l y a c e t i c a c i d d e r i v e d from a c e t y l a t e d p o l y s a c c a r i d e s p r e s e n t 
i n wood ( 2 8 ) . Under more d r a s t i c c o n d i t i o n s , secondary r e a c t i o n s 
o c c u r which r e s u l t i n the f o r m a t i o n o f f u r f u r a l , hydroxymethyl 
f u r f u r a l , and t h e i r p r e c u r s o r s by d e h y d r a t i o n o f pentoses and 
hexoses, r e s p e c t i v e l y . I t has been r e p o r t e d (34 ) t h a t 
p h e n o l i c - l i k e compounds i n c r e a s e d from 0.43 t o 5.3% i n 
steam-pretreated bagasse. Since p h e n o l i c - l i k e compounds and 
f u r f u r a l s a re u s u a l l y t o x i c to most microorganisms (35 ,36), such 
t r e a t e d l i g n o c e l l u l o s e s may not be good s u b s t r a t e s f o r SSF, 
because the t o x i c compounds are i n a c o n c e n t r a t e d form when the 
s u b s t r a t e i s i n m o i s t form. T h e r e f o r e , washing out o f the t o x i c 
compounds from steam-treated s u b s t r a t e s w i l l be n e c e s s a r y b e f o r e 
u s i n g them f o r SSF. T o x i c compounds, on the o t h e r hand, a r e 
d i l u t e d w i t h water i n s l u r r y s t a t e f e r m e n t a t i o n and have l i t t l e 
e f f e c t on the growth o f m i c r o o r g a n i s m s . There was no adverse 
e f f e c t o f these t o x i c compounds on Τ. r e e s e i f o r c e l l u l a s e 
p r o d u c t i o n i n s l u r r y o f 4% steam t r e a t e d wood ( 3 2 ) . 

Sodium C h l o r i t e (NaClO^). Sodium c h l o r i t e , a s t r o n g 
o x i d i z i n g agent, has been used f o r removing l i g n i n d u r i n g the 
p r e p a r a t i o n o f " H o l o c e l l u l o s e " , the t o t a l c a r b o h y d r a t e p o r t i o n o f 
l i g n o c e l l u l o s e (37 ) . Georing and Van Seot (38) demonstrated t h a t 
i n v i t r o d i g e s t i b i l i t y o f straws i s i n c r e a s e d w i t h NaClO^ 
t r e a t m e n t . Chahal e t a l . (39) r e p o r t e d t h a t p r o t e i n p r o d u c t i v i t y 
i n c r e a s e d c o n s i d e r a b l y on NaC102 ~ d e l i g n i f i e d wheat s t r a w 
fermented w i t h C o c h l i o b o l u s s p e c i f e r . T h i s t r e a t m e n t , by removing 
l i g n i n , exposes the s u r f a c e of h e m i c e l l u l o s e s and c e l l u l o s e f o r 
enzymatic a t t a c k and a l s o c r e a t e s c a p i l l a r i e s i n the s u b s t r a t e 
c e l l w a l l f o r deep p e n e t r a t i o n o f enzymes and hyphae. However, 
t h i s process o f d e l i g n i f i c a t i o n i s not e c o n o m i c a l l y a t t r a c t i v e 
because o f the h i g h c o s t o f c h e m i c a l s i n v o l v e d ( 3 8 ) . Sodium 
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c h l o r i t e t r e a t e d s u b s t r a t e , on the o t h e r hand, i s composed of 
h e m i c e l l u l o s e s and c e l l u l o s e , which would be a good s u b s t r a t e f o r 
the p r o d u c t i o n o f h e m i c e l l u l a s e s ( e s p e c i a l l y x y l a n a s e s ) and 
c e l l u l a s e s s i m u l t a n e o u s l y i n monoculture or mixed c u l t u r e . There 
i s a g r e a t f u t u r e f o r such an enzyme system ( m i x t u r e o f 
h e m i c e l l u l a s e s and c e l l u l a s e s ) f o r the complete h y d r o l y s i s o f 
l i g n o c e l l u l o s e s i n t o monomer s u g a r s . 

C h o i c e of M i c r o o r g a n i s m 

In n a t u r e , b a c t e r i a grow b e s t o n l y when i n a l i q u i d phase, o r 
a t l e a s t when the n u t r i e n t s a r e i n f r e e water. L i k e w i s e , 
s i n g l e - c e l l e d f u n g i , the y e a s t s , grow w e l l when the n u t r i e n t s a r e 
i n a s o l u b l e form. Such microorganisms may n o t be a b l e to grow 
s u c c e s s f u l l y i n SSF where s u b s t r a t e carbon i s n o t a v a i l a b l e i n 
s o l u b l e form. A l i m i t e
m a t e r i a l s i n t o a n i m a l fee
A l c a l i g e n e s f a e c a l i s ) or y e a s t s ( A u r e o b a s i d i u m p u l l u l a n s and 
Candida u t i l i s ) has been r e p o r t e d i n s e m i - s o l i d s t a t e f e r m e n t a t i o n 
( 3 , 3a) . Low p r o t e i n y i e l d s i n the f i n a l product might be 
a t t r i b u t e d to the f a c t t h a t i n such system the u n i c e l l u l a r 
organisms ( b a c t e r i a and y e a s t s ) were unable to p e n e t r a t e deep i n t o 
the t i s s u e f o r complete u t i l i z a t i o n o f the s u b s t r a t e . 

Streptomycetes have not been t r i e d f o r SSF so f a r but 
H e s s e l t i n e (_1) has r e p o r t e d t h a t he has seen a p r e p a r a t i o n i n 
which Streptomyces a u r e o f a c i e n s was grown on m i l l e t seeds, t o be 
used i n swine feed mixes i n the U.S.S.R. 

On the o t h e r hand, f i l a m e n t o u s f u n g i t y p i c a l l y grow i n n a t u r e 
on s o l i d s u b s t r a t e s , such a s , wood, seeds, stems, r o o t s and l e a v e s 
o f p l a n t s , w i t h o u t the presence o f f r e e water (_1) . High p r o t e i n 
c o n t e n t s o f 20-24% i n the f i n i s h e d product have been recorded by 
Chahal e t a l . ( 2 ) i n SSF o f c o r n s t o v e r w i t h Chaetomium 
c e l l u l o l y t i c u m . High p r o t e i n c o n t e n t i n the f i n a l product has 
been a t t r i b u t e d to the f a c t t h a t the hyphae o f C. c e l l u l o l y t i c u m 
have the power to p e n e t r a t e deep i n t o the i n t e r c e l l u l a r and 
i n t r a c e l l u l a r spaces f o r b e t t e r u t i l i z a t i o n o f the s u b s t r a t e ( 4 0 ) . 
Most f i l a m e n t o u s f u n g i have such i n t r u s i o n power. A i s t (41) has 
g i v e n a good r e v i e w o f the p e n e t r a t i o n o f f u n g a l hyphal t i p s i n t o 
p l a n t c e l l w a l l s . He concluded t h a t the mechanism of f u n g a l 
p e n e t r a t i o n i n t o s u b s t r a t e s c o u l d be m e chanical and/or enz y m a t i c . 
I t i s , t h e r e f o r e , e v i d e n t t h a t the c h o i c e o f the microorganisms 
f o r s u c c e s s f u l SSF i s l i m i t e d to f i l a m e n t o u s organisms - f u n g i and 
a c t i n o m y c e t e s . 

Mechanism of F u n g a l Growth D u r i n g S o l i d S t a t e F e r m e n t a t i o n 

Fungal hyphae a r e s e p t a t e , t u b u l a r , u n i s e r i a t e f i l a m e n t s , on 
average 10-15 ym i n d i a m e t e r . The growth i n l e n g t h o c c u r s a t the 
t i p and i s c o n f i n e d to t h i s a r e a , so t h a t i n s e p t a t e hyphae when a 
c e l l i s cut o f f from the apex i t i s no l o n g e r c a p a b l e o f any 
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s i g n i f i c a n t i n c r e a s e i n l e n g t h . There i s thus no i n c r e a s e i n 
i n t e r s e p t a l d i s t a n c e s , a l t h o u g h t h e r e may be i n c r e a s e s i n diameter 
and w a l l t h i c k n e s s . The o l d e r p o r t i o n o f the hypha d i s i n t e g r a t e s , 
whereas the apex c o n t i n u e s to grow i n t o new s i t e s i n the 
s u b s t r a t e . A u t o r a d i o g r a p h s made o f hyphae which have been fed 
w i t h b r i e f p u l s e s o f t r i t i a t e d w a l l p r e c u r s o r s demonstrated t h a t 
i n c o r p o r a t i o n i s h i g h e s t i n the a p i c a l 1 ym and f a l l s o f f r a p i d l y 
a f t e r the f i r s t 5 ym, however, t h e r e i s s t i l l a p p r e c i a b l e 
i n c o r p o r a t i o n from 5-75 ym behind the t i p ( 4 2 ) . 

Hyphal w a l l s are u s u a l l y two l a y e r e d w i t h an i n n e r l a y e r o f 
m i c r o f i b r i l l a r m a t e r i a l s , u s u a l l y c h i t i n o r c e l l u l o s e , o r b o t h and 
an o u t e r l a y e r o f amorphous g l u c a n . The c h i t i n i s composed of 
3-1, 4 l i n k e d N - a c e t y l glucosamine r e s i d u e s and c e l l u l o s e i s 
composed of (3-1,4 l i n k e d g l u c o s e u n i t s . The g l u e an s o f the o u t e r 
l a y e r s o f c e l l w a l l s are composed o f h i g h l y branched (3-1, 3 l i n k e d 
g l u c a n w i t h (3-1, 6 l i n k e
c e l l w a l l s to the hyphae
apex and the complex system of b r a n c h i n g ensure t h a t the o l d e r 
rearward p a r t o f the hypha i s f i r m l y anchored i n the s u b s t r a t e and 
enable the hyphal t i p to e x e r t v e r y c o n s i d e r a b l e forward 
mechanical pr e s s u r e as i t extends under t u r g o r (42 ) . Coupled w i t h 
the p r o d u c t i o n o f e x t r a c e l l u l a r enzymes and the much branched 
hyphal system, the f u n g i can thus c o m p l e t e l y permeate even the 
h a r d e s t s u b s t r a t e . 

F u n g a l Growth i n S o l i d S u b s t r a t e i n N a t u r e . In n a t u r e , 
a c c o r d i n g to the s t udy o f Cowling (43 ) , f u n g a l growth on s o l i d 
s u b s t r a t e can be of t h r e e g e n e r a l types e x h i b i t e d by 
w o o d - i n h a b i t i n g f u n g i : 

Wood-Staining F u n g i . These f u n g i are o f two t y p e s : 
(a) s u r f a c e molds, such a s , Trichoderma l i g n o r u m , t h a t d e v e l o p on 
the e x t e r n a l s u r f a c e o f the s u b s t r a t e ; and 
(b) p e n e t r a t i n g f u n g i , C e r a t o c y s t i s spp. t h a t d e v e l o p deep w i t h i n 
wood, most c o n s p i c u o u s l y i n r a y parenchyma. These f u n g i j u s t grow 
on r e s e r v e food and do not a f f e c t the s t r e n g t h o f the s u b s t r a t e 
c e l l w a l l s . They m e r e l y produce s t a i n s i n wood due t o the 
presence o f pigments i n t h e i r hyphae. 

S o f t - R o t F u n g i . These f u n g i a t t a c k the exposed s u r f a c e s o f 
wood and wood products t h a t a r e more o r l e s s c o n s t a n t l y s a t u r a t e d 
w i t h water. These f u n g i are c o n f i n e d to c y l i n d r i c a l c a v i t i e s 
c r e a t e d by themselves w i t h i n the secondary w a l l s o f wood c e l l s . 
B a i l e y and V e s t a l (44) r e p o r t e d f o r the f i r s t time t h a t the 
s o f t - r o t f u n g i a t t a c k the wood p a r a l l e l to the o r i e n t a t i o n o f 
c e l l u l o s e m o l e c u l e s i n the secondary w a l l s o f the c e l l . 
S i m i l a r l y , s p i r a l c r a c k i n g along the a n g l e o f the f i b r i l s o f 
c e l l u l o s e i n the secondary w a l l o f Douglas f i r wood c e l l s caused 
by Fomes p i n i was observed by P r o c t o r ( 4 5 ) . S o f t - r o t f u n g i such 
as Chaetomium spp. and X y l a r i a spp. are a l i t t l e more a g g r e s s i v e 
than wood-stain f u n g i , i n t h a t t hey a r e a b l e to p e n e t r a t e deeper 
i n t o the s u b s t r a t e , but t hey remain r e s t r i c t e d along the 
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o r i e n t a t i o n o f the c e l l u l o s e f i b r i l s . They a r e unable to cause 
complete decay o f the a f f e c t e d t i s s u e because o f t h e i r poor 
c e l l u l a s e systems. 

T y p i c a l Wood-Destroying F u n g i . Two groups o f these f u n g i are 
d i s t i n g u i s h e d on the b a s i s o f c o l o r and t e x t u r e o f the decayed 
wood: w h i t e - r o t f u n g i , such as P o l y p o r u s v e r s i c o l o r , produce 
l i g h t c o l o r e d wood m a i n l y because o f the u t i l i z a t i o n o f l i g n i n 
a l o n g w i t h p o l y s a c c h a r i d e s , w h i l e brown-rot f u n g i , such a s , P o r i a 
m o n t i c o l a , produce brown c o l o r e d wood m a i n l y because o f 
u t i l i z a t i o n o f p o l y s a c c h a r i d e s a l t h o u g h some l i g n i n i s a l s o 
degraded · 

Both w h i t e - and brown-rot f u n g i i n h a b i t the wood c e l l lumina 
and p e n e t r a t e from one c e l l to a n o t h e r , e i t h e r through n a t u r a l 
o p e n ings, such as p i t s , o r d i r e c t l y by b o r i n g a h o l e . P r o c t o r 
(45) r e p o r t e d t h a t the f u n g a l hyphae p e n e t r a t e the wood c e l l w a l l 
by an enzymatic mechanis
(41) supported the i d e
i n t o p l a n t c e l l w a l l c o u l d be a m e c h a n i c a l and/or enzymatic 
mechanism. The b o r e - h o l e s a r e formed because o f the c l o s e c o n t a c t 
o f s u r f a c e o f hyphal t i p a g a i n s t wood c e l l w a l l s u r f a c e . The 
c e l l u l a s e system produced a t the t i p i s a b l e to s o l u b i l i z e wood 
c e l l w a l l f i b e r s , t h e r e b y making room f o r f u r t h e r p e n e t r a t i o n by 
the hyphal t i p . T h i s p r o c e s s c o n t i n u e s t i l l the hyphal t i p e n t e r s 
i n t o the next c e l l lumen. The f u n g a l a t t a c k goes on from one c e l l 
to the o t h e r t i l l the whole t i s s u e i s decayed. 

The h i g h l y l o c a l i z e d nature o f the d i s s o l u t i o n i n v o l v e d i n 
the f o r m a t i o n o f these b o r e - h o l e s by the w h i t e - r o t fungus, 
P o l y p o r u s v e r s i c o l o r , i s i l l u s t r a t e d i n F i g u r e 1 ( 4 3 ) . The hyphae 
r e s p o n s i b l e f o r f o r m a t i o n o f the h o l e s a r e a u t o l y z e d as soon as 
the t i p o f the hypha reaches the lumen where i t g e t s more s u i t a b l e 
c o n d i t i o n s f o r f u r t h e r development. That c o u l d be the main reason 
why the d i s s o l u t i o n o f wood c e l l w a l l remains r e s t r i c t e d to a s i z e 
a l i t t l e b i g g e r than the diameter o f p e n e t r a t i n g hypha. Where the 
hypha s t a y s f o r l o n g t i m e , d i s s o l u t i o n beyond the b o r e - h o l e i s 
n o t i c e d , as shown i n F i g u r e 2 (43 ). The remnants o f hypha a r e 
a l s o seen i n the b o r e - h o l e . F i g u r e 2 shows t h a t d i s s o l u t i o n 
extends more l o n g i t u d i n a l l y t han t r a n s v e r s a l l y . T h i s i n d i c a t e s 
t h a t i t i s e a s i e r f o r the c e l l u l a s e system to move alon g the 
o r i e n t a t i o n o f the f i b r e s i n the c e l l w a l l . F i g u r e 2 a l s o shows 
more d i s s o l u t i o n on the extreme l e f t and extreme r i g h t s i d e s o f 
c e l l w a l l s , the s u r f a c e s o f the lumina o f two a d j a c e n t c e l l s . 
T h i s d i s s o l u t i o n i s due to the c e l l u l a s e system produced by the 
hyphae growing i n the c e l l l u m i n a . The development o f hyphae 
w i t h i n the wood c e l l lumen shown i n F i g u r e 3 (46) a l s o shows 
d i s s o l u t i o n o f secondary w a l l along the hyphae forming e r o s i o n 
t r o u g h s , which i n d i c a t e s t h a t i n i t i a l d i s s o l u t i o n o f c e l l u l o s e 
o c c u r s v e r y c l o s e to the s u r f a c e o f f u n g a l hyphae. A s i m i l a r type 
o f growth b e h a v i o r ( p e n e t r a t i o n o f hyphae through c e l l w a l l , v i a 
pores o f t r a c h a i d s and r a y c e l l s ) was a l s o shown by a n o t h e r 
w o o d - i n h a b i t i n g fungus, Phanerochaete ch r y s o s p o r i u m ( 4 7 ) . 
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I t i s c l e a r from these o b s e r v a t i o n s (43,45,46) t h a t the most 
a c t i v e c e l l u l a s e system i s produced on the s u r f a c e o f the f u n g a l 
hypha which i s a b l e to produce a b o r e - h o l e when i t i s p e n e t r a t i n g 
the c e l l w a l l t r a n s v e r s e l y and where the enzyme system has 
r e s t r i c t e d movement, and produces e r o s i o n troughs i n i t i a l l y a l o n g 
the hyphae when a t t a c k i n g the i n n e r s u r f a c e o f the c e l l lumen. 
But i n the l a t t e r s i t u a t i o n the enzyme system i s a b l e to p e n e t r a t e 
q u i c k l y and d e e p l y a l o n g the o r i e n t a t i o n o f f i b r i l s i n the 
secondary w a l l s , ahead o f the hyphal s u r f a c e and to cause 
c o n s i d e r a b l e decay. The t a n g e n t i a l s e c t i o n i n F i g u r e 4 shows 
almost complete d i s s o l u t i o n o f secondary w a l l s o f the two a d j a c e n t 
f i b e r t r a c h i e d c e l l s , l e a v i n g behind o n l y the m i d d l e l a m e l l a , 
w hich are r e s i s t a n t to c e l l u l a s e system, b e i n g h i g h l y l i g n i f i e d 
( 4 3 ) . The f u n g a l hypha i n c r o s s s e c t i o n i s a l s o seen on the r i g h t 
s i d e o f the F i g u r e 4. F i g u r e 4 c l e a r l y i n d i c a t e s t h a t i t i s 
e a s i e r f o r the organism
i n s i d e s u r f a c e o f the c e l
l a m e l l a . 

I t i s i n f e r r e d from the growth b e h a v i o r o f the t y p i c a l 
w o o d - i n h a b i t i n g f u n g i t h a t the most a c t i v e c e l l u l a s e system was 
produced on the s u r f a c e o f f u n g a l hypha when i t was i n c l o s e 
c o n t a c t w i t h c e l l u l o s e . The c e l l u l a s e system produced under such 
c o n d i t i o n s was a b l e to h y d r o l y z e n a t i v e c e l l u l o s e w i t h h i g h 
c r y s t a l l i n i t y , on the o t h e r hand the enzyme system produced by Τ. 
r e e s e i i n LSF was not v e r y e f f e c t i v e i n h y d r o l y z i n g c e l l u l o s e 
u n t i l the c r y s t a l l i n i t y was reduced by v a r i o u s p h y s i c a l or 
c h e m i c a l pretreatments as i n d i c a t e d i n the r e c e n t e v a l u a t i o n o f 
enzymatic h y d r o l y s i s o f c e l l u l o s e 05)· In LSF the f u n g a l hyphae 
and c e l l u l o s e p a r t i c l e s do not remain i n c l o s e c o n t a c t w i t h each 
o t h e r f o r l o n g time due t o h i g h a g i t a t i o n i n the c o n v e n t i o n a l 
f e r m e n t e r . That might be the reason t h a t enzyme produced i n LSF 
i s n o t so e f f e c t i v e f o r h y d r o l y s i s o f c r y s t a l l i n e c e l l u l o s e . I t 
i s , t h e r e f o r e , l i k e l y t h a t c e l l u l a s e system produced i n SSF w i l l 
not o n l y have h i g h c e l l u l a s e a c t i v i t y per u n i t o f ferment a t i> η 
b r o t h 05) , but w i l l a l s o be most a c t i v e i n h y d r o l y z i n g the 
c r y s t a l l i n e c e l l u l o s e . 

O b s e r v a t i o n s on the F u n g a l Growth i n S o l i d S t a t e 
F e r m e n t a t i o n . Fungal growth i n s o l i d s t a t e fermentâti> η o f sodium 
h y d r o x i d e - t r e a t e d c o r n s t o v e r has been r e p o r t e d by Chahal et a l . 
(40) i n d e t a i l . They have r e p o r t e d t h a t Chaetomium c e l l u l o l y t i c u m 
proved to be the b e s t organism f o r upgrading the p r o t e i n v a l u e s o f 
c o r n s t o v e r f o r a n i m a l f e e d i n g . The organism grew p r o f u s e l y on 
c o r n s t o v e r w i t h i n f i v e d a ys. V i s u a l examination i n d i c a t e d t h a t 
the mycelium impregnated the e n t i r e s u b s t r a t e . 

M i c r o s c o p i c e x a m i n a t i o n o f the s u b s t r a t e p a r t i c l e s showed 
t h a t c e l l s o f the s u b s t r a t e t i s s u e were l o o s e l y h e l d t o g e t h e r and 
tended to s e p a r a t e e a s i l y when p r e s s e d . I t i n d i c a t e d t h a t sodium 
hyd r o x i d e treatment s o l u b i l i z e d l i g n i n and weakened the bonds o f 
a d j a c e n t c e l l s . F i g u r e 5 shows broken ends o f c e l l s on the s i d e s 
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Figure 1. Bore holes in spruce tracheid made by the hyphae of white rot fungus 
Polyporus versicolor (X 20,250). Reproduced, with permission, from Ref. 43. 

Copyright 1965, Syracuse University Press. 

Figure 2. Advanced stage of decay around bore hole and inner side of secondary 
wall of two fiber tracheids of sweet gum sapwood, X 2700. Reproduced, with 

permission, from Ref. 43. Copyright 1965, Syracuse University Press. 
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Figure 3. Trough formed by decaying of secondary wall of birch vessels in the 
vicinity of the fungal hyphae of Polystictus versicolor. Reproduced, with permis-

sion, from Ref. 46. 

Figure 4. Almost complete utilization of secondary walls of two adjacent cells 
leaving middle lamella intact. Reproduced, with permission, from Ref. 43. Copy

right 1965, Syracuse University Press. 
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as w e l l as on the ends o f the s u b s t r a t e p a r t i c l e . Such broken and 
exposed c e l l s were the f i r s t s i t e s to be a t t a c k e d by the organism. 
F i g u r e 6 shows m y c e l i a l growth on such broken exposed c e l l s on the 
l a t e r a l s i d e o f the s u b s t r a t e p a r t i c l e . 

When such s u b s t r a t e p a r t i c l e s , c o l o n i z e d by the organism, 
were pressed s l i g h t l y under a cover s l i p , t h e y d i s i n t e g r a t e d 
e a s i l y . The d i s i n t e g r a t e d m a t e r i a l c o n t a i n e d some s u b s t r a t e c e l l s 
showing p e n e t r a t i o n by hyphae and development o f m y c e l i a l growth i n 
the c e l l lumina a t v a r i o u s s t a g e s . In F i g u r e 7 p e n e t r a t i o n o f a 
s i n g l e hypha i n t o the lumen o f a t h i n l o n g i t u d i n a l f i b e r c e l l i s 
c l e a r l y seen. As soon as the hypha e s t a b l i s h e s i t s e l f i n the 
lumen a t h i c k m y c e l i a l mass i s developed w i t h i n the c e l l ( F i g u r e 
8 ) . I t was concluded from these o b s e r v a t i o n s t h a t the hyphae o f 
C. c e l l u l o l y t i c u m entered i n t o the c e l l lumen through n a t u r a l 
openings, m e c h a n i c a l b r e a k s , o r spaces ( c r e a t e d by s o l u b i l i z a t i o n 
o f hemic e l l u i ο se s and l i g n i
the c e l l w a l l o f the s u b s t r a t
lumen, the hypha d i g e s t e d the c e l l w a l l s t a r t i n g from the i n s i d e 
towards the o u t s i d e . U l t i m a t e l y , the c e l l c o l l a p s e d l e a v i n g 
behind m y c e l i a l biomass r i c h i n p r o t e i n . Reese (48) has a l s o 
r e p o r t e d t h a t i n a t t a c k i n g c o t t o n , many f u n g i penetrated through 
the f i b e r w a l l i n t o the lumen and d i d most o f t h e i r d i g e s t i n g from 
w i t h i n ( F i g u r e 9 ) . S i m i l a r l y B r a v e r y (46) has r e p o r t e d the growth 
o f P o l y s t i c t u s v e r s i c o l o r i n the wood c e l l lumen and has shown 
t h a t d i g e s t i o n o f the c e l l i s i n i t i a t e d from i n s i d e to o u t s i d e 
( F i g u r e 3 ) . 

P o s t u l a t e d Mechanism of F u n g a l Growth i n S o l i d S t a t e 

Microorganisms may posses the p o t e n t i a l a b i l i t y to perform 
many m e t a b o l i c a c t i v i t i e s which are not o b l i g a t o r y f o r the 
maintenance o f c e l l u l a r f u n c t i o n and which come i n t o p l a y o n l y 
under c e r t a i n s p e c i a l environmental c o n d i t i o n s . Such a c t i v i t i e s 
a r e t y p i c a l l y concerned w i t h e n e r g y - y i e l d i n g metabolism ( 4 9 ) . 
L i b e r a t i o n o f h y d r o l y t i c enzymes i s an a c t i v e f u n c t i o n o f l i v i n g 
f u n g a l c e l l s ( 5 0 ) . During growth on c e l l u l o s e , enzymes are 
l i b e r a t e d , c h i e f l y a t the hyphal t i p . They d i f f u s e to the 
s u b s t r a t e and d i g e s t i t . The h y d r o l y s i s p r o d u c t s e n t e r i n t o the 
fungus c y t o p l a s m . The hypha then grows i n t o the d i g e s t e d r e g i o n 
and m a i n t a i n s c o n t i n u a l i n t i m a t e c o n t e n t w i t h the s u b s t r a t e ( 4 8 ) . 

Whether c e l l u l a s e s a r e a d a p t i v e or c o n s t i t u t i v e enzymes has 
not been r e s o l v e d so f a r . I t has been r e p o r t e d t h a t T. r e e s e i can 
produce c e l l u l a s e s i n the presence o f i n d u c e r s such as c e l l o b i o s e , 
sophorose, c e l l u l o s e (51,52,53). On the o t h e r hand, r e c e n t l y a 
s m a l l q u a n t i t y o f c e l l u l a s e p r o d u c t i o n has been r e p o r t e d by 
h y p e r e e l l u i a s e mutants o f Τ. r e e s e i w h i l e growing i n g l u c o s e 
medium under normal growth c o n d i t i o n s (54 , 5 5 ) * There i s e v i d e n c e 
(48) t h a t g l u c o s e i s n o t a t r u e i n d u c e r but i s m e t a b o l i z e d to an 
i n d u c e r , p r o b a b l y a $ - g l u c o s i d e . I t appears t h a t the 3-1, 4 
g l u c o s i d i c l i n k a g e must be present i n s o l u b l e compounds t h a t a c t 
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as i n d u c e r s o f c e l l u l a s e . But i n n a t u r e when the f u n g a l t i p makes 
i t s c o n t a c t w i t h c e l l u l o s e f o r the f i r s t t i m e , no such s o l u t e s 
( i n d u c e r s ) are a v a i l a b l e to t r i g g e r the s y n t h e s i s o f c e l l u l a s e 
w i t h i n the c e l l . I t i s known (49) t h a t the enzymatic machinery 
f o r the performance o f these f a c u l t a t i v e m e t a b o l i c a c t i v i t i e s i s 
u s u a l l y s y n t h e s i z e d by c e l l s o n l y i n response to a s p e c i f i c 
c h e m i c a l s i g n a l from the environment. C e l l u l o s e , b e i n g i n s o l u b l e , 
cannot e n t e r i n t o the c e l l to send any c h e m i c a l s i g n a l s f o r the 
s y n t h e s i s o f c e l l u l a s e s . Under such c o n d i t i o n s ( i n the absence 
o f s o l u b l e i n d u c e r s ) , i t i s p l a u s i b l e t h a t a mere p h y s i c a l c o n t a c t 
o f c e l l u l o s e w i t h the f u n g a l hyphal t i p i s enough to send some 
s o r t o f p h y s i c a l ( i n s t e a d o f c h e m i c a l ) s i g n a l s through the w a l l o f 
the f u n g a l c e l l to the n u c l e u s to s y n t h e s i z e s p e c i f i c RNA t o 
produce the r e q u i r e d i n d u c e r ( p r o b a b l y a B - g l u c o s i d e ) as mentioned 
e a r l i e r ( 4 8 ) . I t has a l s o been p o i n t e d out e a r l i e r t h a t a c l o s e 
c o n t a c t between c e l l u l o s
c e l l u l a s e s y n t h e s i s ( 5 6 , 5 7 )
by Mandels and Reese (52) t h a t s o l u b l e products o f enzyme a c t i o n 
a r e n a t u r a l i n d u c e r s o f the enzymes t h a t a t t a c k i n s o l u b l e 
s u b s t r a t e s . On t h i s t h e o r y t h e y assumed t h a t s m a l l amounts o f 
i n d u c i b l e enzymes ( c e l l u l a s e s ) are produced even i n the absence o f 
i n d u c e r ( c e l l o b i o s e ) . When the i n s o l u b l e s u b s t r a t e ( c e l l u l o s e ) i s 
p r e s e n t , i t i s h y d r o l y z e d and the s o l u b l e products ( e s p e c i a l l y 
c e l l o b i o s e ) thus e n t e r the c e l l and induce more enzymes 
( c e l l u l a s e s ) . The above assumption a l s o supports the p o s t u l a t e 
t h a t a mere p h y s i c a l c o n t a c t o f the organism w i t h c e l l u l o s e may be 
r e s p o n s i b l e t o t r i g g e r the s y n t h e s i s o f c e l l u l a s e s . 

The p o s t u l a t e d mechanism of metabolism of c e l l u l o s e by a 
complete c e l l u l a s e complex produced a t the t i p o f the f u n g a l hypha 
i s based on the o b s e r v a t i o n recorded by v a r i o u s workers 
(40-50,52,56,57,58). The mechanism g i v e n i n F i g u r e 10 i s 
e x p l a i n e d as f o l l o w s : 

1. P l a u s i b l y p h y s i c a l s i g n a l s a r e t r a n s m i t t e d from c e l l u l o s e to 
the f u n g a l c e l l n u c l e u s to t r i g g e r the s y n t h e s i s o f the f i r s t 
enzyme ( E 1 ) , which causes s p l i t t i n g of f i b r i l s and 
m i c r o f i b r i l s from the c r y s t a l l i n e p o r t i o n o f c e l l u l o s e f i b e r . 
The a c t i o n o f E- here i s the same as e x p l a i n e d by Reese (48) 
f o r C^. The i s s t i l l a c o n t r o v e r s i a l enzyme and i s 
confused w i t h exo-1,4-$-D-glucan c e l l o b i o h y d r o l a s e . The most 
impor t a n t r o l e o f C^ to s p l i t g l u c o s e polymer c h a i n s from 
c r y s t a l l i n e c e l l u l o s e proposed i n 1950 (59) i s s t i l l r e t a i n e d 
here as w e l l as by Reese ( 6 0 ) . T h e r e f o r e , t h e r e i s e v e r y 
p o s s i b i l i t y t h a t c l o s e c o n t a c t o f c e l l u l o s e and the organism 
i s most im p o r t a n t to produce C^(E^) enzyme, i f n o t , f o r o t h e r 
components o f c e l l u l a s e s (exo- and endo-gluconases). 

2. Subsequent s y n t h e s i s o f the second enzyme (E~) i s t r i g g e r e d . 
E~ i s composed of t h r e e components: ( i ) Endo 1, 4-$-D-glucan 
glu e a n o h y d r o l a s e (endo-glueanase) w i t h random a t t a c k on 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



434 BIOCHEMICAL ENGINEERING 

Figure 5. Growth of Chaetomium cellulolyticum in NaOH-treated corn stover. 
Substrate particles showing broken cells, first sites for attack by the organism 

(X 94.5). From Ref. 40. 

Figure 6. Hyphal growth on sites like those shown in Figure 5. From Ref. 40. 
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Figure 7. Penetration by a single hyphae into cell lumen through the broken end 
(X 94.5). From Ref. 40. 

Figure 8. Mycelial biomass developed in the cell lumen (X 94.5). From Ref. 40. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 9. Memnonie l l a echinata in the lumen of cotton fiber showing utilization 
of secondary wall from inside towards outside. Reproduced, with permission, from 

Ref. 49. Copyright 1959, University of Washington Press. 

Figure 10. Utilization of secondary wall from the inside of the lumen of wood 
cell, as explained in the text. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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g l u c o s e polymer c h a i n s to break I t I n t o s m a l l e r c h a i n s 
( o l i g o m e r s ) . Some g l u c o s e u n i t s a r e a l s o r e l e a s e d d u r i n g t h i s 
r e a c t i o n , ( i i ) Exo-1, 4-3-D-glucan glueοhydrolase 
(exo-glueanase) removes g l u c o s e u n i t s from the non-reducing 
end o f g l u c o s e polymer c h a i n s , ( i i i ) Exo-1,4-3-D-glucan 
c e l l o b i o h y d r o l a s e (exo-glueanase) removes c e l l o b i o s e from 
non-reducing ends o f g l u c o s e polymer c h a i n s . T h i s compound 
enzyme r e l e a s e s a m i x t u r e o f o l i g o m e r s , c e l l o b i o s e and 
g l u c o s e . The sequence o f s y n t h e s i s o f these t h r e e components 
o f E^ i s another c o n t r o v e r s i a l p o i n t i n c e l l u i a s e system. 

3. C e l l o b i o s e i s absorbed by the f u n g a l c e l l s where i t t r i g g e r s 
the s y n t h e s i s o f the t h i r d enzyme, 3 - g l u c o s i d a s e (E~) to break 
c e l l o b i o s e i n t o g l u c o s e u n i t s . The E^ i s an i n t r a c e l l u l a r 
enzyme but a s m a l l q u a n t i t y i s a l s o s e c r e t e d o u t s i d e o f the 
f u n g a l c e l l . Larg
the o l d e r c e l l s o
Thus h y d r o l y z e s c e l l o b i o s e i n t o g l u c o s e u n i t s i n s i d e as 
w e l l as o u t s i d e the f u n g a l c e l l s . 

F i n a l l y some o f the g l u c o s e r e l e a s e d from c e l l u l o s e i s 
c a t a b o l i z e d to r e l e a s e energy needed f o r v a r i o u s m e t a b o l i c 
processes and some i s m e t a b o l i z e d to s y n t h e s i z e f u n g a l biomass, 
e x t r a c e l l u l a r c e l l u l a s e s and 3 - g l u c o s i d a s e . The f i n a l product may 
be a f u n g a l biomass r i c h i n p r o t e i n ( t o be used as SCP) as i n the 
case o f C. c e l l u l o l y t i c u m o r i t may be v e r y l i t t l e biomass w i t h 
more e x t r a c e l l u l a r c e l l u l a s e s ( t o be used f o r h y d r o l y s i s o f 
c e l l u l o s i c m a t e r i a l s i n t o g l u c o s e ) as i n the case o f T. r e e s e i . 

P h y s i o l o g i c a l A s p e c t s 

Temperature. During SSF the temperature i n the s u b s t r a t e 
r i s e s due to heat generated by metabolism. The r i s e i n 
temperature i s d i r e c t l y r e l a t e d to the depth o f the s u b s t r a t e and 
the m e t a b o l i c a c t i v i t i e s o f the organisms. I t has been recorded 
(61) t h a t d u r i n g composting of st r a w f o r mushroom growing, the 
temperature o f the o u t e r l a y e r o f the compost heap (one meter 
high) i s around 37 C, w h i l e i n the i n n e r p o r t i o n the temperature 
r i s e s as h i g h as 60-77 C. On the o t h e r hand, i n the innermost 
r e g i o n the temperature reaches o n l y 32-49 C because o f low 
m i c r o b i a l a c t i v i t y , due to a n a e r o b i c c o n d i t i o n s i n t h a t r e g i o n . 

Edwards (62) had r e p o r t e d t h a t one Kg ( d r y weight) of o r g a n i c 
m a t t e r ( c e l l u l o s e ) when consumed by mic r o o r g a n i s m produced 0.597 
Kg of water, 1.465 K g of C0 2 and 14,960 ΒTU. Some o f the heat 
(about 59%) i s used to evaporate water produced d u r i n g the 
m e t a b o l i c a c t i v i t y w h i l e the remaining (41%) i s l e f t i n the 
s u b s t r a t e t o be d i s s i p a t e d . T h i s amount o f energy, i f n o t 
d i s s i p a t e d i m m e d i a t e l y , as i t i s r e l e a s e d , w i l l reduce the 
p r o d u c t i v i t y o r may k i l l the organism. 
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A e r a t i o n . A e r a t i o n has the f o l l o w i n g f u n c t i o n s i n SSF: 
( i ) To s u p p l y 0^ f o r a e r o b i c metabolism. 
( i i ) To c o n t r o l the temperature. 
( i i i ) To remove CO^, water v a p o u r s , and v o l a t i l e m e t a b o l i t e s 

produced d u r i n g metabolism. 
The problem of a e r a t i o n w i l l i n c r e a s e c o r r e s p o n d i n g l y w i t h 

the i n c r e a s e i n the t h i c k n e s s o f the s u b s t r a t e l a y e r . Proper 
a e r a t i o n i n the SSF a l s o depends on the a i r spaces a v a i l a b l e i n 
the s u b s t r a t e . F i b r o u s m a t e r i a l s can p r o v i d e more a i r spaces than 
f i n e l y powdered s u b s t r a t e . A e r a t i o n seems to be a v e r y c r i t i c a l 
r e q u i rement. O c h r a t o x i n p r o d u c t i o n by A s p e r g i l l u s ochraceus i n a 
r o t a t i n g drum fermenter stopped when the a i r f l o w r a t e was g r e a t e r 
than 0.1 l i t e r / K g / m i n u t e ( 6 3 ) . In c o n t r a s t , the i n c r e a s e i n a i r 
f l o w r a t e through a column o f c o r n i n o c u l a t e d w i t h A s p e r g i l l u s 
f l a v u s i n c r e a s e d the r a t e o f p r o d u c t i o n o f a f l a t o x i n ( 6 4 - 6 5 ) . 
S i m i l a r l y i t was r e p o r t e
p r o d u c t i o n by A s p e r g i l l u
c o n s i d e r a b l y when the a e r a t i o n was i n c r e a s e d . 

M o i s t u r e . In n a t u r e , v e g e t a b l e s and f r u i t s c o n t a i n about 
60-80% m o i s t u r e . T h i s much m o i s t u r e i s s u f f i c i e n t to encourage 
the growth o f microorganisms (66,67 ). But C h r i s t e n s e n (68) 
r e p o r t e d t h a t E u r o t i u m h a l o p h i l i c u m can grow on wheat g r a i n s a t 
13-14% m o i s t u r e . Morton and Eggins (69) have a l s o r e p o r t e d t h a t 
some f u n g i l i k e A b s i d i a c o r y m b i f e r a , F u s a r i u m s o l a n i and 
Chaetomium trilatérale can grow and p e n e t r a t e i n wood a t a 14% 
m o i s t u r e l e v e l a t 35°C. 

Growth o f s o f t - r o t f u n g i i n s i t u a t i o n s o f extreme dryness has 
been recorded by Duneun and E s l y n ( 7 0 ) . A b a s i d i o m y c e t e , S e r p u l a 
lacrymans i s w e l l known to c o l o n i z e d r y t i m b e r i n b u i l d i n g s 
c a u s i n g the c o n d i t i o n s known as " d r y r o t " . T h i s i s a c h i e v e d by 
the fungus i n i t i a t i n g growth i n timber w i t h a h i g h water c o n t e n t 
and then u s i n g the energy and n u t r i e n t s gained to produce 
rhizomorphs which can e x p l o r e d r y t i m b e r many meters away from the 
i n i t i a l c o l o n y . Though such rhizomorphs can t r a n s p o r t water, 
f u r t h e r water i s produced a t the s i t e o f a c t i o n by the u t i l i z a t i o n 
o f the timber w i t h the e v o l u t i o n o f CO- ( 7 1 ) . 

V a r i o u s l e v e l s o f m o i s t u r e i n SSF have been r e p o r t e d f o r 
d i f f e r e n t p r o d u c t s . About 75% m o i s t u r e i n s t r a w was used f o r SCP 
p r o d u c t i o n (2 ,3,3a) whereas f o r a f l a t o x i n p r o d u c t i o n i t was 33.3% 
i n r i c e and 48.4% i n s t r a w (1). Thus m o i s t u r e l e v e l i n the SSF 
depends on the n a t u r e o f the s u b s t r a t e , organism and the type o f 
end p r o d u c t . 

pH. Most f u n g i are a b l e to grow i n a wide pH range o f 5-8. 
Adjustment o f pH d u r i n g the growth i n SSF i s v e r y d i f f i c u l t . Some 
of the s u b s t r a t e ( s t r a w s , g r a i n s ) have good b u f f e r i n g c a p a c i t y and 
t h e r e may n o t be any need to a d j u s t the pH d u r i n g SSF. But 
maintenance o f pH around 4.5 i s v e r y c r u c i a l f o r c e l l u l a s e 
p r o d u c t i o n w i t h T. r e e s e i (_5 ) . 

Osmotic P r e s s u r e . R a i s i n g the osmotic p o t e n t i a l o f a 
m a t e r i a l by a d d i t i o n o f s a l t o r sugar or both to a l e v e l h i g h e r 
than t h a t o c c u r i n g i n the cytoplasm i s a w e l l t r i e d method o f 
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m i c r o b i a l i n h i b i t i o n and i s w i d e l y used i n p r e s e r v a t i o n o f f o o d s , 
such as meats and f r u i t s . Sugar c o n c e n t r a t i o n s i n the r e g i o n s o f 
50-70% are u s u a l l y adequate; s a l t i s added to 20-25% l e v e l ( 7 1 ) . 
However, t h e r e a r e some o s m o p h i l i c and h a l o p h y l l i c organisms 
(Saccharomyces r o u x i i , S. m e l l i s and A s p e r g i l l u s g l a u c u s s e r i e s ) 
which can grow i n c o n c e n t r a t e d sugar s o l u t i o n s (71 ). High 
c o n c e n t r a t i o n s o f s a l t s ( n u t r i e n t s ) are used i n SSF f o r SCP 
p r o d u c t i o n from s t r a w ( 2 ) . T h e r e f o r e , t h e microorganisms c a p a b l e 
o f w i t h s t a n d i n g h i g h osmotic p r e s s u r e w i l l be more s u i t a b l e under 
such c o n d i t i o n s , o t h e r w i s e , the r e q u i r e d n u t r i e n t s a r e to be added 
i n f r e q u e n t s m a l l doses to a v o i d h i g h osmotic p o t e n t i a l i n the 
s u b s t r a t e . 

C h a r a c t e r i s t i c s of an Organism f o r SCP and C e l l u l a s e P r o d u c t i o n 

P r o d u c t i o n o f SCP an
depend on the thorough u n d e r s t a n d i n
b e h a v i o r o f SCP and c e l l u l a s e producing organisms under such 
c o n d i t i o n s b e f o r e the a p p l i c a t i o n o f b i o c h e m i c a l e n g i n e e r i n g to 
s c a l e up the p r o c e s s e s . The organism f o r s u c c e s s f u l SSF s h o u l d 
have the f o l l o w i n g primary q u a l i t i e s : 

1. I t i s a b l e to u t i l i z e m i x t u r e s o f v a r i o u s p o l y s a c c h a r i d e s . 
2. I t s h o u l d have complete enzyme systems to s w i t c h over i t s 

metabolism from one p o l y s a c c h a r i d e to another p o l y s a c c h a r i d e 
(found i n complex s u b s t r a t e s ) w i t h o u t any l a g phase. 

3. I t i s a b l e to p e n e t r a t e deep i n t o the t h i c k l a y e r o f the 
s u b s t r a t e as w e l l as i n t o the c e l l s o f the s u b s t r a t e . 

4. I t i s a b l e to grow i n h i g h c o n c e n t r a t i o n s o f n u t r i e n t s . 
5. I t grows i n a v e g e t a t i v e form and does no t s p o r u l a t e d u r i n g 

the f e r m e n t a t i o n t i m e . 
6. I t s h o u l d be f a s t growing to a v o i d chances o f c o n t a m i n a t i o n by 

o t h e r f a s t - g r o w i n g organisms. 
7. I t i s a b l e to grow i n low m o i s t u r e c o n t e n t o f the s u b s t r a t e . 
8. I t i s a b l e to grow i n the presence o f p h e n o l i c and t o x i c 

compounds produced d u r i n g the pretreatment o f the s u b s t r a t e . 
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21 
Molecular Size Distribution of Starch During 
Enzymatic Hydrolysis 

J. E. ROLLINGS1, M. R. OKOS, and G. T. TSAO 
Purdue University, West Lafayette, IN 47907 

An appropriate means of determining the mole
cular size and molecula
during hydrolysi
chromatography. This method employs a strong alka
line mobile phase and porous stationary gel supports 
which are stable to the basic solutions. The 
separation range of molecular sizes is extended to 
span from 2 x 107 to 5 x 102 hydrodynamic volume 
(dl/mole) by coupling size exclusion chromatographic 
columns in a manner that will maintain both linear
i t y in molecular size separation with elution volume 
and high separation efficiency. 

This method is used to establish that molecular 
size d i s t r i b u t i o n , reaction extent and reaction rate 
strongly depend upon the c r y s t a l l i n e state of the 
substrate and the a c t i v i t y of the enzyme. The 
s u s c e p t i b i l i t y of starch to hydrolysis by α-amylase 
is closely related to the c r y s t a l l i n e states of the 
substrate. Starch crystals are present both in 
the natural granule structure and in retrograded 
starch. Due to thermal deactivation, the highest 
overall conversion achieved for a given amount of 
enzyme is obtained at temperatures below the upper 
limits of the gelatinization range of starch. The 
initial rate of the reaction i s greatest at temper
atures above the gelatinization range. 

From these results, a plausible physical model 
of starch structure during hydrolysis i s presented. 
The model states that various c r y s t a l l i n e states of 
the constituent starch molecules are present through
out the course of degradation. These c r y s t a l l i n e 
states are associated with the natural state of the 
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starch granule as well as with r e c r y s t a l l i z e d states 
caused by retrogradation. In order to properly 
describe enzymatic starch liquefaction, these 
c r y s t a l l i n e states must be accounted for. 

R e c e n t l y , much a t t e n t i o n has been g i v e n t o the 
p r o d u c t i o n o f l i q u i d sweeteners as an a l t e r n a t i v e t o 
cane sugar u s i n g i n e x p e n s i v e s t a r c h - c o n t a i n i n g 
n a t u r a l m a t e r i a l s as the primary feed s t o c k . T h i s 
s i t u a t i o n e x i s t s i n the U n i t e d S t a t e s as t h i s 
c o u n t r y i s not s e l f s u f f i c i e n t i n the p r o d u c t i o n of 
cane, but must r e l  h e a v i l  i m p o r t a t i o  m a i n l
from South Americ
source o f s t a r c
corn (Zea mays) and the l i q u i d sweetener commerci
a l l y produced from t h i s m a t e r i a l i s c a l l e d h i g h 
f r u c t o s e corn syrup (HFCS). The c u r r e n t method of 
p r o d u c t i o n of HFCS i s v i a wet m i l l i n g which e x p l o i t s 
the p h y s i c a l p r o p e r t i e s o f the whole corn c o n s t i 
t u e n t s ( o i l , s t a r c h , g l u t e n , and f i b e r ) f o r t h e i r 
s e p a r a t i o n coupled w i t h enzymatic h y d r o l y s i s o f the 
s t a r c h f r a c t i o n t o monosaccharides. 

The m a j o r i t y o f r e p o r t e d r e s e a r c h a r t i c l e s 
have d e a l t w i t h low m o l e c u l a r weight s t a r c h conver
s i o n r e a c t i o n s such as g l u c o s e i s o m e r i z a t i o n and 
" l i m i t " d e x t r a n i z a t i o n ( 1 - 4 ) . Only a few r e p o r t s 
have d e a l t w i t h enzymatic h y d r o l y s i s of h i g h 
m o l e c u l a r weight s t a r c h (5-8) i n s p i t e of the 
obvious importance of t h i s s t e p o f the p r o c e s s ; 
s t a r c h l i q u e f a c t i o n . A number of t e c h n i c a l d i f f i 
c u l t i e s have prevented q u a n t i t a t i v e m o n i t o r i n g of 
changes i n the m o l e c u l a r p r o p e r t i e s of s t a r c h 
undergoing h y d r o l y s i s . Bulk c h e m i c a l or p h y s i c a l 
measurements w i l l not r e v e a l the e s s e n t i a l changes 
o c c u r r i n g d u r i n g s t a r c h l i q u e f a c t i o n or p r o v i d e 
s u f f i c i e n t i n f o r m a t i o n f o r modeling the o p e r a t i o n . 
R e c e n t l y , a s i z e e x c l u s i o n chromatographic (SEC) 
apparatus has been d e s c r i b e d which i s capable of 
p r o v i d i n g the r e q u i r e d i n f o r m a t i o n (9,10) * * t 

i s the aim o f t h i s r e p o r t t o demonstrate t h a t 
aqueous SEC can be employed t o study enzymatic 
s t a r c h l i q u e f a c t i o n and p r o v i d e a c l e a r p i c t u r e of 
the p h y s i c a l and c h e m i c a l events o c c u r r i n g d u r i n g 
t h i s i m p o r t a n t d e p o l y m e r i z a t i o n p r o c e s s . 
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E x p e r i m e n t a l 

P u r i f i e d c o r n s t a r c h prepared by wet m i l l i n g 
was o b t a i n e d from Sigma Chemical Company, S t . 
L o u i s , MO ( l o t no. 68C-0244) and used as s u b s t r a t e . 
A commercial grade, e n d o - a c t i n g α-amylase used to 
h y d r o l y s e the s t a r c h s u b s t r a t e was a g i f t o f Novo 
L a b o r a t o r i e s , W i l t o n , CT (Thermamy 1-high temper
a t u r e s t a b l e enzyme). A s t o c k enzyme s o l u t i o n 
was prepared by d i l u t i n g the commercial grade 
l i q u i d enzyme (1:19) w i t h 0.01 M a c e t a t e b u f f e r 
pH 6.0 and s t o r e d at 40°C. T h i s enzyme s o l u t i o n 
was used f o r the h y d r o l y s i s experiments as 
d e s c r i b e d below. A l l c h e m i c a l s used i n t h i s study 
were reagent grad

The r e a c t o
s t a n d a r d two l i t e r Ace Glassware, f o u r - p o r t b a t c h 
r e a c t o r . The c e n t r a l p o r t was used to house the 
a g i t a t o r s h a f t i n a j a c k e t e d column. The a g i t a t o r 
was powered by a v a r i a b l e speed motor o p e r a t i n g at 
140 rpm. The t h r e e s i d e p o r t s were used t o house 
the i n t e r n a l t h e r m i s t o r , a NBS thermometer, and a 
t e f l o n p l u g f o r the sampling p o r t . The r e a c t o r 
was thermostated both i n t e r n a l l y and e x t e r n a l l y i n 
a w e l l - m i x e d o i l b a t h . T h i s thermostated system 
was found t o a c h i e v e a d e s i r e d temperature w i t h i n 
t h r e e hours and to m a i n t a i n the temperature w i t h i n 
± 0.3°C c o n t i n u o u s l y t h e r e a f t e r . A schematic 
r e p r e s e n t a t i o n of the apparatus i s shown i n F i g u r e 1 

S t a r c h h y d r o l y s a t e samples were e x t r a c t e d from 
the b a t c h r e a c t o r at timed i n t e r v a l s and assayed by 
e i t h e r t r a d i t i o n a l end group a n a l y s i s as d e s c r i b e d 
p r e v i o u s l y (JLl) o r by SEC. The SEC apparatus used 
i n these s t u d i e s i s shown i n F i g u r e 2. No s i n g l e 
chromatographic r e s i n column i s capable of r e s o l v 
i n g more than two and one h a l f decades i n m o l e c u l a r 
weight f o r random c o i l polymers (_12). D u r i n g 
l i q u e f a c t i o n , s t a r c h m o l e c u l e s range i n m o l e c u l a r 
s i z e from a p p r o x i m a t e l y 10** dJl/g to a p p r o x i m a t e l y 
10^ dA/g (9). I n o r d e r t o extend the m o l e c u l a r s i z e 
range and thereby o b t a i n a maximal amount o f 
m o l e c u l a r i n f o r m a t i o n from each experiment, a two-
column SEC system was developed which i s capable of 
s e p a r a t i n g 4.5 - 5.0 decades i n m o l e c u l a r s i z e f o r 
water s o l u b l e polymers ( 1 0 ) . T h i s system c o n s i s t s 
of a 25.6 cm long Sepharose CL-6B column coupled 
w i t h a 17.85 cm l o n g Sepharose CL-2B column. Each 
column was 8 mm i n i n s i d e diameter. The chromato
g r a p h i c r e s i n s packed i n these columns were f r a c t i o n 
ated by a wet s i e v i n g t echnique t o o b t a i n beads of 
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Figure 1. Schematic diagram of batch reactor. 
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40-60 μπι i n s i z e (90. T h i s was done to i n c r e a s e the 
f r a c t i o n a t i o n e f f i c i e n c y t o a p p r o x i m a t e l y 3000 
t h e o r e t i c a l p l a t e s per meter and s h o r t e n the e l u t i o n 
time to l e s s than two hours. The e l u e n t and s t a r c h 
s o l v e n t was 0.5 Ν NaOH. A c o n s t a n t e l u e n t f l o w 
r a t e of 6.5 ml per hour was m a i n t a i n e d u s i n g a s l o -
f l o w m i n i pump ( M i l t o n Roy: L a b o r a t o r y Data C o n t r o l , 
R i v i e r a Beach, F L ) . 

The SEC columns were c a l i b r a t e d u s i n g narrow 
m o l e c u l a r weight d i s t r i b u t i o n water s o l u b l e polymer 
s t a n d a r d s ; sodium p o l y s t y r e n e s u l f o n a t e , NaPSS 
( P r e s s u r e Chemical Company, P i t t s b u r g h , PA) and 
dextrans (Pharmacia F i n e Chemicals, P i s c a t a w a y , N J ) . 
The u n i v e r s a l c a l i b r a t i o n curve proposed by G r u b i s i c 
e t a l . (1J3) was found t t  b  a p p l i c a b l  f o  thes
polymer s t a n d a r d s
procedure o f C o l
p o r a t e s e x c l u d e d volume e f f e c t s i n the n u m e r i c a l 
v a l u e o f the F l o r y parameter was found to be a p p l i 
c a b l e f o r t h i s system ( 1 5 ) . The c a l i b r a t i o n curve 
f o r the two-column network system d e s c r i b e d above 
i s shown i n F i g u r e 3. The K^y parameter used on 
the a b s c i s s a of F i g u r e 3 i s a n o r m a l i z e d e l u t i o n 
volume parameter d e f i n e d by E q u a t i o n 1, 

V - V 
AV V - V K U 

t ο 

where V e i s the peak r e t e n t i o n volume of the sample, 
V Q i s the v o i d volume of the column, and V t i s the 
t o t a l i n t e r s t i t i a l volume of the column. 

R e s u l t s and D i s c u s s i o n 

In o r d e r t o d e s c r i b e the k i n e t i c s o f enzymatic 
s t a r c h d e p o l y m e r i z a t i o n , i n f o r m a t i o n on r e a c t i o n 
r a t e , r e a c t i o n e x t e n t , and product d i s t r i b u t i o n 
p r o f i l e s are r e q u i r e d . T r a d i t i o n a l end-group ana
l y s i s can be used t o a l i m i t e d e x t e n t i n the f i r s t 
two a r e a s , but w i l l not p r o v i d e i n f o r m a t i o n about 
the l a s t important s u b j e c t . Hence, SEC p r o f i l e s 
can p r o v i d e s u f f i c i e n t i n s i g h t i n t o the mechanism 
o f s t a r c h d e g r a d a t i o n . 

E f f e c t o f Temperature on R e a c t i o n Rate. The 
i n i t i a l r a t e of s t a r c h h y d r o l y s i s was i n v e s t i g a t e d 
at f i v e temperatures (40°C, 57.5°C, 67.5°C, 80°C 
and 95°C) u s i n g t h r e e d i f f e r e n t s u b s t r a t e concen
t r a t i o n s (0.44%, 0.88%, and 1.76% w t / v o l ) by 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 3. C-P calibration curve of SEC column network. 
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m o n i t o r i n g the p r o d u c t i o n of r e d u c i n g sugars 
( d e x t r o s e e q u i v a l e n c e , D.E.). At each i s o t h e r m , 
the i n i t i a l r a t e d a t a were shown to f o l l o w 
M i c h a e l i s - M e n t e n k i n e t i c s (11) c o n s i s t e n t w i t h the 
o b s e r v a t i o n s o f p r e v i o u s r e p o r t s (.16,12)· Hence, 
Lineweaver-Burk p l o t s c o u l d be generated from the 
d a t a y i e l d i n g v a l u e s o f apparent maximum i n i t i a l 
v e l o c i t i e s at each of the temperatures. T h i s 
i n f o r m a t i o n i s p l o t t e d i n F i g u r e 4 w i t h an assumed 
A r r h e n i u s dependency, which f o r t h i s system c l e a r l y 
does not e x i s t . The s a l i e n t f e a t u r e s of t h i s 
study are t h a t t h e r e e x i s t s n e a r l y a t h r e e f o l d 
o r d e r o f magnitude i n c r e a s e i n the apparent maximum 
v e l o c i t y as the s t a r c h s u b s t r a t e i s m o d i f i e d due to 
the g e l a t i n i z a t i o  phenomena  At th  h i g h e s t tem
p e r a t u r e t e s t e d ,
T h i s i s due to therma  enzyme
T h i s l a r g e i n c r e a s e i n the r e a c t i o n r a t e i n d i c a t e s 
t h a t the o v e r r i d i n g e f f e c t i n v o l v e s the p h y s i c a l 
s t a t e of the s t a r c h g r a n u l e . N o n - g e l a t i n i z e d 
s t a r c h i s h i g h l y c r y s t a l l i n e (18) and thus the 
s u s c e p t i b i l i t y of s t a r c h t o be e n z y m a t i c a l l y 
h y d r o l y z e d under these c o n d i t i o n s i s much lower 
than f o r s t a r c h g r a n u l e s t h a t have been d i s r u p t e d 
by h e a t i n g i n aqueous s u s p e n s i o n . Through the 
p rocess of g e l a t i n i z a t i o n , the o r i g i n a l i n t e r n a l 
o r d e r i n g o f the s t a r c h m o l e c u l e s w i t h i n the g r a n u l e s 
i s d i s r u p t e d , the g r a n u l e imbibes l a r g e amounts of 
water and s w e l l s . E v e n t u a l l y due t o combined 
a c t i o n o f s h e a r i n g w i t h i n the r e a c t o r and osmotic 
s w e l l i n g , g r a n u l e i n t e g r i t y i s c o m p l e t e l y l o s t . 
Large s t a r c h m o l e c u l e s may then r e a s s o c i a t e ( r e t r o 
grade) p r o d u c i n g a g e l m a t r i x . I t cannot be 
assumed t h a t the progess o f the r e a c t i o n w i l l f o l l o w 
the same sequence i f the s u b s t r a t e i s i n v a r i o u s 
p h y s i c a l s t a t e s . I t i s t h e r e f o r e of i n t e r e s t to 
f o l l o w the m o l e c u l a r weight d i s t r i b u t i o n p r o f i l e s 
d u r i n g the course of the r e a c t i o n at v a r i o u s s t a t e s 
o f macromolecular a g g r e g a t i o n . The aqueous SEC 
apparatus d e s c r i b e d above was s p e c i f i c a l l y developed 
f o r t h i s purpose. T h i s technique was shown to be 
a p p r o x i m a t e l y 10^ times more a c c u r a t e than r e d u c i n g 
sugar measurements f o r low degree of c o n v e r s i o n 
s t a r c h h y d r o l y s i s r e a c t i o n s ( 1 0 ) . 

E f f e c t of Temperature on H y d r o l y s i s E x t e n t and 
Product D i s t r i b u t i o n . I t was shown above t h a t slow 
i n i t i a l r a t e o f r e a c t i o n i s c h a r a c t e r i s t i c of opera
t i n g at low temperatures (below the g e l a t i n i z a t i o n 
range of s t a r c h ) whereas r a p i d i n i t i a l r a t e s are 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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observed at h i g h temperatures (above the g e l a t i n i z a 
t i o n o f s t a r c h ) . However, the d i s t r i b u t i o n s o f 
macromolecular components d u r i n g h y d r o l y s i s at 
v a r i o u s temperatures have not been r e p o r t e d and are 
thus o f i n t e r e s t . 

SEC p r o f i l e s o f h y d r o l y s i s products o f enzyme-
t r e a t e d s t a r c h as a f u n c t i o n o f r e a c t i o n time at 
60°C and 80°C are shown i n F i g u r e s 5 and 6 r e s p e c 
t i v e l y . In both c a s e s , a common enzyme dose o f 
one ml o f the 1:19 s t o c k Novo Thermamyl s o l u t i o n was 
mixed w i t h a s l u r r y of 15 gms s t a r c h dry b a s i s i n 
75 ml water and added t o the r e a c t o r . The f i n a l 
volume was 1500 ml. 

At 60°C, below the g e l a t i n i z a t i o n ( m e l t i n g ) 
range of the g r a n u l e s  d i s t r i b u t i o  i
e x t r e m e l y non-rando
the i n i t i a l s tage y s i g n i f i c a n
amount o f i n t e r m e d i a t e m o l e c u l a r s i z e p roducts 
( i . e . , between hydrodynamic volume 10^ and 10^ 
dl/mole) d e t e c t e d . Throughout the time course of 
l i q u e f a c t i o n , the m a j o r i t y o f the m o l e c u l a r s p e c i e s 
present are e i t h e r v e r y h i g h i n m o l e c u l a r weight 
( e x c l u d e d from the SEC column) or low m o l e c u l a r 
weight end p r o d u c t s . Low m o l e c u l a r weight product s 
c o n t i n u o u s l y accumulate w h i l e h i g h m o l e c u l a r weight 
m a t e r i a l s d i s a p p e a r w i t h o u t d e t e c t i o n of any s i g n i 
f i c a n t amount of i n t e r m e d i a t e m o l e c u l a r weight 
m a t e r i a l . T h i s s i t u a t i o n c o u l d r e s u l t i f the enzyme 
i s a l l o w e d t o a c t o n l y on r e l a t i v e l y s h o r t , exposed 
c h a i n s of s t a r c h present i n the c r y s t a l l i n e m a t r i x 
of the g r a n u l e , o r i f l o n g e r c h a i n molecules f r e e d 
from the g r a n u l e are more s u s c e p t i b l e t o enzyme 
h y d r o l y s i s than the molecules a s s o c i a t e d w i t h the 
g r a n u l e and are t h e r e f o r e p r e f e r e n t i a l l y degraded. 
A l t e r n a t i v e l y t h i s s i t u a t i o n c o u l d a l s o a r i s e i f the 
a v a i l a b l e s t a r c h i s s i m p l y o v e r l o a d e d w i t h enzyme. 
Other authors suggest t h a t p r e f e r e n t i a l " p i t t i n g " 
may occur due to d i f f e r i n g degrees i n s u b s t r a t e 
s u s c e p t i b i l i t y . The r e a c t i o n under these c o n d i t i o n s 
does procède to c o m p l e t i o n a l t h o u g h r e q u i r i n g approx
i m a t e l y ten hours f o r the c o n v e r s i o n . 

Above the g e l a t i n i z a t i o n range (80°C, see 
F i g u r e 6) the product d i s t r i b u t i o n d u r i n g r e a c t i o n 
i s c o n s i d e r a b l y d i f f e r e n t than 60°C. A g a i n , the 
d i s t r i b u t i o n of m o l e c u l a r s i z e s i s not random. 
Dur i n g the e a r l y stages of the r e a c t i o n , i n a d d i t i o n 
to the v e r y h i g h m o l e c u l a r weight and low m o l e c u l a r 
weight p r o d u c t s , a l a r g e f r a c t i o n o f i n t e r m e d i a t e 
m o l e c u l a r weight d e x t r i n s (between hydrodynamic 
v a l u e 10^ and 10·* d l / m o l e , see F i g u r e 5) are p r e s e n t . 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



Figure 5. Chromatograms of starch hydrolyzed at 60°C at indicated times during 
reaction. Top curve, 17 min: 26 s. 
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Figure 6. Chromatograms of starch hydrolyzed at 80°C at indicated times during 

reaction. Times indicated as min: s. 
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At one and o n e - h a l f minutes i n t o the r e a c t i o n , two 
d i s c r e t e i n t e r m e d i a t e m o l e c u l a r weight peaks are 
d e t e c t e d at K A V v a l u e s of 0.25 and 0.60. These 
v a l u e s correspond t o approximate m o l e c u l a r weights 
of 5 χ 10^ and 10^ r e s p e c t i v e l y (9). Throughout 
the r e m a i n i n g time course o f the r e a c t i o n these 
peaks p e r s i s t , though t h e i r K A V v a l u e s i n c r e a s e 
s l i g h t l y ( t o 0.275 and 0.65 r e s p e c t i v e l y ) w i t h 
i n c r e a s i n g time c h a r a c t e r i s t i c of a r e d u c t i o n i n 
t h e i r m o l e c u l a r weight v a l u e s . T h i s i s a p p a r e n t l y 
due to g r a d u a l end-wise d e p o l y m e r i z a t i o n of these 
i n t e r m e d i a t e s . T h i s i n d i c a t e s t h a t under these 
r e a c t i o n c o n d i t i o n s , c e r t a i n i n t e r m e d i a t e products 
are more r e s i s t a n t to enzymatic a t t a c k , and t h e r e 
f o r e appear as d i s c r e t e chromatographic peaks
D i s c r e t e peaks c o u l
s i z e s t a r c h m olecule
produced (as by - p r o d u c t s ) or are r e s i s t a n t t o 
enzymatic a t t a c k , and t h e r e f o r e appear as d i s c r e t e 
chromatographic peaks. P r e v i o u s r e p o r t s o f such 
i n t e r m e d i a t e s d u r i n g s t a r c h l i q u e f a c t i o n have not 
been found. 

No f u r t h e r changes i n the chromatographic 
t r a c i n g s are seen beyond e l e v e n and o n e - h a l f minutes 
at 80°C, which shows t h a t thermal d e a c t i v a t i o n of 
the enzyme has stopped the p r o g r e s s of the r e a c t i o n . 
The r e a c t i o n does not proceed t o c o m p l e t i o n under 
these c o n d i t i o n s . 

The f i n a l product d i s t r i b u t i o n of a s t a r c h 
s o l u t i o n h y d r o l y z e d at 95°C under the same c o n d i 
t i o n s as the o t h e r two isotherms was determined and 
i s shown t o g e t h e r w i t h the s i m i l a r d a t a a t 80°C, 
65°C, and 60°C i n F i g u r e 7. Four d i s t i n c t peaks 
are observed: one a t the low m o l e c u l a r weight l i m i t , 
and two i n t e r m e d i a t e m o l e c u l a r weight peaks at K^y 
v a l u e s of 0.2 and 0.6 r e s p e c t i v e l y . T h i s i s the 
same type o f chromatographic b e h a v i o r observed 
d u r i n g the i n i t i a l stages o f r e a c t i o n a t 80°C. 
Under a l l thermal s t a t e s t e s t e d , a non-random 
d i s t r i b u t i o n e x i s t s . 

E f f e c t o f S t a r c h R e c r y s t a l l i z a t i o n on Hydro
l y s i s E x t e n t , Product D i s t r i b u t i o n , and R e a c t i o n 
Rates. S i n c e r e t r o g r a d e d ( r e c r y s t a l l i z e d ) s t a r c h 
i s thought to be more r e s i s t a n t t o enzymatic d e p o l y 
m e r i z a t i o n than u n r e t r o g r a d e d s t a r c h (.22,22), i t i s 
of i n t e r e s t to compare the h y d r o l y s i s o f r e t r o g r a d e d 
s t a r c h to n o n - r e t r o g r a d e d s t a r c h . E x t r e m e l y r e t r o 
graded s t a r c h was prepared by f r e e z e - d r y i n g p r e g e l a -
t i n i z e d s t a r c h , and b a l l - m i l l i n g t h i s m a t e r i a l to a 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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Figure 7. Comparison of final product distribution of starch hydrolyzed at 95°C, 
80°C, 65°C, and60°C. 
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f i n e powder. T h i s m a t e r i a l was e n z y m a t i c a l l y 
h y d r o l y z e d at 80°C, and the m o l e c u l a r s i z e d i s t r i 
b u t i o n was determined by s i z e e x c l u s i o n chromato
graphy. The chromatographic p r o f i l e s are shown 
i n F i g u r e 8. The chromatographic p r o f i l e of 
u n r e a c t e d , p r e g e l a t i n i z e d , f r e e z e - d r i e d , b a l l -
m i l l e d s t a r c h ("0" time chromatogram) shows t h a t 
s i g n i f i c a n t d e p o l y m e r i z a t i o n o c c u r r e d d u r i n g the 
b a l l - m i l l i n g o p e r a t i o n . D u r i n g the course of 
enzymatic d e p o l y m e r i z a t i o n of t h i s r e c r y s t a l l i z e d 
s t a r c h , f o u r d i s t i n c t peaks are p r e s e n t : one near 
the e x c l u s i o n l i m i t o f the column s e t , one at the 
end p r o d u c t s , and two i n t e r m e d i a t e peaks. These 
i n t e r m e d i a t e peaks are d e t e c t a b l e as e a r l y as two 
and o n e - h a l f minutes i n t o the r e a c t i o n  The peaks 
appeared at K A y v a l u e
0.6, the same v a l u e
s t a r c h was r e a c t e d at 80°C. These v a l u e s f o r 
the two i n t e r m e d i a t e peaks i n c r e a s e d s l i g h t l y w i t h 
i n c r e a s i n g r e a c t i o n t i m e , a g a i n c o n s i s t e n t w i t h the 
r e s u l t s shown at 80°C f o r n o n - p r e g e l a t i n i z e d s t a r c h . 
Thus the r e s i s t a n t , i n t e r m e d i a t e m o l e c u l a r s i z e 
s t a r c h products formed a f t e r severe rétrogradation 
d u r i n g f r e e z i n g are q u i t e s i m i l a r t o the groups 
formed when a n o n - p r e g e l a t i n i z e d s t a r c h i s enzyma
t i c a l l y d e p olymerized under the same c o n d i t i o n s . 
No change i n the chromatographic p r o f i l e s i s 
d e t e c t e d a f t e r e l e v e n minutes and the r e a c t i o n does 
not proceed t o c o m p l e t i o n . 

C o n c l u s i o n 

The p r e s e n t i n v e s t i g a t i o n has p r o v i d e d new 
i n s i g h t i n t o the p h y s i c a l events o c c u r r i n g d u r i n g 
enzymatic s t a r c h d e p o l y m e r i z a t i o n . D e g r a d a t i o n of 
s t a r c h under the c o n d i t i o n s t e s t e d does not proceed 
by a random p r o c e s s . Granule s t r u c t u r e a f f e c t s the 
m o l e c u l a r weight d i s t r i b u t i o n p r o f i l e s of the s t a r c h 
h y d r o l y s a t e s . S t a r c h h y d r o l y s a t e s produced at 
temperatures below the g e l a t i n i z a t i o n range o f the 
s u b s t r a t e are composed m a i n l y o f h i g h m o l e c u l a r 
weight m a t e r i a l o r low m o l e c u l a r weight end p r o d u c t s . 
At 80°C, above the m e l t i n g range of the g r a n u l e s , a 
l a r g e amount of i n t e r m e d i a t e m o l e c u l a r s i z e compon
ents e x i s t i n a d d i t i o n t o the h i g h and low m o l e c u l a r 
weight groups. These i n t e r m e d i a t e p r o d u c t s are 
a p p r o x i m a t e l y 5 χ 10^ and 10^ i n m o l e c u l a r weight 
and are the same s i z e components seen i n the hydro
l y s i s o f h i g h l y r e c r y s t a l l i z e d s t a r c h r e a c t e d at the 
same i s o t h e r m . T h i s suggests t h a t the r e c r y s t a l l i -
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Figure 8. Chromatograms of pregelatinized starch hydrolyzed at 80°C at indicated 
times (min: s) during reaction. 
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z a t i o n process w i l l o ccur even at h i g h temperature 
o p e r a t i o n . 

A lthough the i n i t i a l r a t e o f the r e a c t i o n i s 
g r e a t e s t at temperatures above the g e l a t i n i z a t i o n 
range of the s u b s t r a t e , the f i n a l e x t e n t of con
v e r s i o n i s g r e a t e s t at low temperature o p e r a t i o n 
f o r a common amount of enzyme l o a d i n g . T h i s 
s i t u a t i o n e x i s t s due to thermal d e a c t i v a t i o n o f the 
c a t a l y s t . Optimal o p e r a t i o n of a s t a r c h l i q u e 
f a c t i o n o p e r a t i o n must account f o r both the r a t e of 
i n c r e a s e d s u b s t r a t e s u s c e p t i b i l i t y caused by the 
d i s r u p t i o n of the i n t e r n a l macromolecular o r d e r i n g 
w i t h i n the g r a n u l e and the l o s s of enzymatic 
a c t i v i t y due to thermal d e a c t i v a t i o n . 

A p h y s i c a l model f s t a r c h g e l a t i n i z a t i o n
rétrogradation, an
from these r e s u l t s
r e c r y s t a l l i z a t i o n v i a rétrogradation process w i l l 
o ccur q u i t e r a p i d l y f o r p r e g e l a t i n i z e d s t a r c h . I t 
i s t h e r e f o r e not p o s s i b l e to study the enzymatic 
h y d r o l y s i s of s t a r c h w i t h o u t c o n s i d e r i n g r e t r o -
g r a d a t i o n e f f e c t s . The p h y s i c a l p i c t u r e f o r the 
o v e r a l l process i s summarized i n F i g u r e 9. The 
i n i t i a l p o p u l a t i o n of s t a r c h g r a n u l e s i s suspended 
i n aqueous s o l u t i o n . When s u b j e c t e d f o r a p e r i o d 
of time at or above the g e l a t i n i z a t i o n temperature 
range of the m a t e r i a l , some of the s t a r c h g r a n u l e s 
m e l t . The m o l e c u l a r components o f the g r a n u l e 
w i l l then r e a s s o c i a t e t o form c r y s t a l l i n e b o d i e s , 
some o f which may be more or l e s s r e s i s t a n t t o 
enzymatic h y d r o l y s i s than o t h e r c r y s t a l t y p e s . The 
enzyme w i l l h y d r o l y z e s u s c e p t i b l e bond l i n k a g e s to 
low m o l e c u l a r weight o l i g o s a c c h a r i d e s as a f u n c t i o n 
of time and c o n c e n t r a t i o n . 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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22 
Thermochemical Optimization of Microbial 
Biomass-Production and Metabolite-Excretion 
Rates 

ALICIAN V. QUINLAN 
Massachusetts Institute of Technology, Department of Mechanical Engineering, 
Cambridge, MA 02139 

The temperatur
many microbial processe
composition. As a result, the operating temperature 
of b i o l o g i c a l reactors should be varied to keep such 
process rates maximal as their chemical milieux vary. 
The laws relat i n g optimum operating temperature to 
medium composition are not well known. This relation 
was theoretically investigated for processes whose 
rates saturate in substrate concentration. The 
Michaelis-Menten reaction mechanism was modified to 
describe microbial biomass production and metabolite 
excretion i n both batch and continuous reactors. 
Monod rate laws whose macro-coefficients depend on 
d i l u t i o n rate as well as temperature were derived. 
Conditions for which these coefficients may fall, 
fall, or show a minimum with rising temperature and 
d i l u t i o n rate were enumerated. The optimum tempera
ture was shown to vary with both substrate concentra
tion and d i l u t i o n rate. The pattern of variation was 
explained in terms of the thermal sensitivities of 
the c o e f f i c i e n t s . The validity of the theoretical 
results was discussed r e l a t i v e to published data and 
found promising but i n need of experimental testing. 

The r a t e s o f m i c r o b i a l l y mediated p r o c e s s e s t y p i c a l l y show 
a s i n g l e r a t e maximum as temperature r i s e s ( 1 - 7 ) . Changes i n a 
microorganism's c h e m i c a l environment can s h i f t t he temperature 
a t which the thermal r a t e maximum o c c u r s (3-7)· As a consequence, 
g i v e n the c h e m i c a l l y changing m i l i e u x o f b i o l o g i c a l r e a c t o r s , t h e i r 
o p e r a t i n g temperatures would have t o be v a r i e d t o o p t i m i z e p r o c e s s 
r a t e s ( 8 , 9 ) . I n b i o l o g i c a l r e a c t o r s , s u b s t r a t e c o n c e n t r a t i o n i s 
the most im p o r t a n t c h e m i c a l v a r i a b l e . So, i t ' s most d e s i r a b l e 
to know how the optimum o p e r a t i n g temperature depends on s u b s t r a t e 
c o n c e n t r a t i o n . 

0097-6156/83/0207-0463$07.25/0 
© 1983 American Chemical Society 
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Q u i n l a n (8-10) has a n a l y z e d how changes i n s u b s t r a t e con
c e n t r a t i o n a f f e c t the optimum temperature o f p r o c e s s e s t h a t s a t u 
r a t e i n s u b s t r a t e c o n c e n t r a t i o n a c c o r d i n g t o a g e n e r i c M i c h a e l i s -
Menten r e a c t i o n mechanism. For such p r o c e s s e s , the optimum tem
p e r a t u r e was shown t o v a r y l i n e a r l y w i t h the l o g a r i t h m of sub
s t r a t e c o n c e n t r a t i o n . T h i s l o g a r i t h m i c r e l a t i o n r e s u l t s when 
both the maximum-velocity and h a l f - s a t u r a t i o n c o e f f i c i e n t s show 
A r r h e n i u s temperature dependencies, w i t h the l a t t e r ' s f a l l i n g 
f a s t e r . Such dependencies a r e commonly seen i n b a t c h r e a c t o r s 
(11-14), but not always (13,14). 

A l t h o u g h a p p l i c a b l e t o many p r o c e s s e s , t h i s a n a l y s i s (8-10) 
i s not g e n e r a l l y a p p l i c a b l e t o m i c r o b i a l l y mediated p r o c e s s e s . 
I t ' s r e s t r i c t e d to b a t c h r e a c t o r s and can't account f o r the i n 
f l u e n c e o f mass i n f l o w and o u t f l o w i n c o n t i n u o u s r e a c t o r s . I t 
a l s o c a n ' t e x p l a i n why som
c o e f f i c i e n t s determine
A r r h e n i u s temperature dependencies (15-19) and why o t h e r s seem 
to v a r y w i t h d i l u t i o n r a t e (20,21). 

I n t h i s paper, the M i c h a e l i s - M e n t e n r e a c t i o n mechanism w i l l 
be m o d i f i e d t o e l i m i n a t e these and o t h e r s h o r t f a l l s . The m o d i f i e d 
r e a c t i o n mechanism w i l l then be used t o e x p l o r e the i n f l u e n c e o f 
s u b s t r a t e c o n c e n t r a t i o n on t h e optimum temperature o f biomass-
p r o d u c t i o n and m e t a b o l i t e - e x c r e t i o n r a t e s . The i n f l u e n c e o f 
d i l u t i o n r a t e w i l l a l s o be examined. The scope o f a n a l y s i s w i l l 
s t i l l be c o n f i n e d t o p r o c e s s e s whose r a t e s s a t u r a t e i n s u b s t r a t e 
c o n c e n t r a t i o n . 

R e a c t i o n Mechanism 

The M i c h a e l i s - M e n t e n r e a c t i o n mechanism d e s c r i b e s the enzyme-
c a t a l y z e d c o n v e r s i o n o f s u b s t r a t e i n t o p roduct as f o l l o w s (2, 22-
24): 

k j k 3 

Ε + S ^ ES • Ε + Ρ 

T h i s r e a c t i o n mechanism assumes one m o l e c u l e each o f s u b s t r a t e 
(S) and f r e e enzyme (E) r e v e r s i b l y combine 0 ^ = k 2 / k j ) to form 
( k 3 ) product (P) w i t h a concomitant r e c y c l i n g o f f r e e enzyme. 

I n b i o l o g i c a l r e a c t o r s , m i c r o b i a l biomass p l a y s a r o l e a n a l o 
gous to the enzyme's r o l e . L e t Y be t h e average number o f sub
s t r a t e consumption s i t e s p er m i c roorganism. Then, 

Ύ Ξ C/N (1) 

where C i s the c o n c e n t r a t i o n o f consumption s i t e s i n t h e m i c r o b i a l 
p o p u l a t i o n and Ν i s the c o n c e n t r a t i o n o f microorganisms i n t h e 
p o p u l a t i o n . S i m i l a r l y , l e t β be the average biomass p e r m i c r o 
organism, w i t h 

β Ξ Β/Ν (2) 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



22. QUINLAN Thermochemical Optimization 465 

where Β i s the biomass c o n c e n t r a t i o n o f the p o p u l a t i o n . S o l v i n g 
e q u a t i o n s (1) and (2) f o r Ν and e q u a t i n g the r e s u l t i n g e x p r e s s i o n s 
y i e l d s 

Β = (0/Y)C (3) 

E q u a t i o n (3) s t a t e s t h a t t he biomass c o n c e n t r a t i o n o f a m i c r o b i a l 
p o p u l a t i o n i s d i r e c t l y p r o p o r t i o n a l to the c o n c e n t r a t i o n o f sub
s t r a t e consumption s i t e s i n the p o p u l a t i o n . 

As f o r the enzyme, the s u b s t r a t e consumption s i t e s may be 
p a r t i t i o n e d i n t o two p o r t i o n s : those capable o f consuming sub
s t r a t e (C c ) and those not capable ( C n ) . An e q u i v a l e n t biomass 
may be a s s i g n e d t o each p o r t i o n through e q u a t i o n ( 3 ) : 

B  = (6/Y )C  (4a) 

B  = (B/Y )C  (4b) 

The t o t a l biomass o f a m i c r o b i a l p o p u l a t i o n can then a l s o be 
p a r t i t i o n e d i n t o two p o r t i o n s so t h a t 

Β = B c + B n (5) 

I n t h i s c o n t e x t , B c p l a y s a r o l e analogous t o f r e e enzyme, and 
B n , to enzyme-substrate complex. 

I n conformance w i t h t h i s i n t e r p r e t a t i o n o f B c , s u b s t r a t e i s 
assumed t o be consumed a t a r a t e j o i n t l y p r o p o r t i o n a l to i t s con
c e n t r a t i o n S and B c, i . e . , a t a mass f l o w r a t e c S B c . S i m i l a r l y , 
the m e t a b o l i t e o f i n t e r e s t i s assumed t o be e x c r e t e d a t a r a t e 
p r o p o r t i o n a l o n l y to B n, i . e . , a t a mass f l o w r a t e e B n. I n t h i s 
c a s e , the m i c r o s c o p i c r a t e c o e f f i c i e n t s c and e p l a y r o l e s a n a l o 
gous t o those o f k x and k 2 > . r e s p e c t i v e l y . 

Furthermore, s a t u r a t e d and u n s a t u r a t e d consumption s i t e s a r e 
assumed to c y c l e as complexed and f r e e enzyme do, but w i t h no 
concomitant r e l e a s e o f s u b s t r a t e o r m e t a b o l i t e i n t o the medium. 
S a t u r a t e d s i t e s a r e assumed to u n s a t u r a t e a t a r a t e p r o p o r t i o n a l 
o n l y t o t h e i r own c o n c e n t r a t i o n , i . e . , a t a mass f l o w r a t e u B n. 
On the o t h e r hand, u n s a t u r a t e d s i t e s a r e assumed t o s a t u r a t e a t 
a r a t e j o i n t l y p r o p o r t i o n a l t o s u b s t r a t e c o n c e n t r a t i o n and t h e i r 
own, i . e . , a t a mass f l o w r a t e s S B c . I f each consumption s i t e 
becomes s a t u r a t e d when one s u b s t r a t e m o l e c u l e o c c u p i e s i t , then 
the m i c r o s c o p i c s a t u r a t i o n and consumption c o e f f i c i e n t s a r e e q u a l . 
T h i s i s the case assumed by the M i c h a e l i s - M e n t e n r e a c t i o n mech
anism. However, i f η m o l e c u l e s a r e r e q u i r e d f o r s a t u r a t i o n o f 
one s i t e , then s = ( l / n ) c . 

The m o d i f i e d r e a c t i o n mechanism must a l s o account f o r biomass 
wastage (and the concomitant l o s s o f consumption s i t e s ) through 
r e s p i r a t i o n , e x c r e t i o n , d e a t h , e t c . Biomass wastage i s assumed 
to take p l a c e at a r a t e p r o p o r t i o n a l t o t h e biomass c o n c e n t r a t i o n 
o f the p o p u l a t i o n , i . e . , a t a mass f l o w r a t e wB = wB c + wB n. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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F i n a l l y , s u b s t r a t e i s added t o a c o n t i n u o u s r e a c t o r a t a 
mass f l o w r a t e d S Q , where S 0 i s t h e c o n c e n t r a t i o n o f i n f l o w i n g 
s u b s t r a t e and d i s a d i l u t i o n r a t e e q u a l t o the r a t i o o f the 
v o l u m e t r i c i n f l o w r a t e to t h e volume o f f l u i d i n the r e a c t o r . 
For a c o n s t a n t f l u i d volume, i n f l o w i n g s u b s t r a t e a l s o d i s p l a c e s 
s u b s t r a t e , biomass, and m e t a b o l i t e a t mass f l o w r a t e s e q u a l , 
r e s p e c t i v e l y , t o dS, dB - d B c + d B n , and dM. 

At t h i s p o i n t , a l l t h e ne c e s s a r y mass c o n c e n t r a t i o n s and 
f l o w s have been d e f i n e d . The r e s u l t i n g r e a c t i o n mechanism i s 
schematized i n F i g u r e 1. The s o l i d l i n e s r e p r e s e n t the mass 
f l o w s , and the dashed l i n e s show which c o n c e n t r a t i o n s i n f l u e n c e 
t h e i r r a t e s . A y i e l d c o e f f i c i e n t Y must be i n t r o d u c e d to make 
the u n i t s o f S and M c o m p a t i b l e w i t h those o f B c and Bn. Each 
u n i t o f S consumed i s assumed t o produce Y u n i t s o f B. S i m i l a r 
l y , each u n i t o f M e x c r e t e  i  u n i t

Rate Laws 

The r a t e o f change o f each c o n c e n t r a t i o n shown i n F i g u r e 1 
may be o b t a i n e d by summing a l l i t s mass i n f l o w s and o u t f l o w s : 

dS/dt • 
Ξ S = d ( S 0 - S) - cSB c/Y (6) 

d B c / d t = B c - (c - s ) S B c + u B n - (w + d ) B c (7) 

dB /dt η = s S B c - (u + w + d ) B n (8) 

dM/dt = M = eB n/Y - dM. (9) 

A l s o , e q u a t i o n s (7) and (8) may be added t o g e t h e r t o y i e l d : 

dB/dt = Β = c S B c - (w + d)B (10) 

The r a t e s of biomass p r o d u c t i o n and m e t a b o l i t e e x c r e t i o n 
can be shown t o s a t u r a t e i n s u b s t r a t e c o n c e n t r a t i o n i f B c i s 
assumed t o a d j u s t much more s l o w l y t o changes i n S than B n does. 
So, on the time s c a l e o f changes i n B c , B n 2 0, and from e q u a t i o n 
( 8 ) : 

Β s SB C/K ( H a ) η 

where Κ = (u + w + d ) / s ( l i b ) 

Now, from e q u a t i o n s (5) and (11a): 

B c Z BK/(K + S) 

B n ζ BS/(K + S) 

(12a) 

(12b) 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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Figure 1. Reaction mechanism assumed to govern the rates of microbial biomass 
production and metabolite excretion in batch (a = 0) and continuous (a > 0) 

reactors. Symbols defined in text and in legend of symbols. B = BC + Bn. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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S u b s t r a t e D e p l e t i o n . S u b s t i t u t i o n o f e q u a t i o n (12a) i n t o 
(6) y i e l d s the f a m i l i a r c o n t i n u o u s - c u l t u r e e q u a t i o n f o r s u b s t r a t e 
d e p l e t i o n (17,18): 

S Ζ d ( S Q - S) - ^ ( B / Y j S / f K + S) (13a) 

where y = cK (13b) m 
The second term i n e q u a t i o n (13a) r e p r e s e n t s the r a t e of s u b s t r a t e 
consumption, o r n u t r i e n t uptake. I t s a t u r a t e s i n s u b s t r a t e con
c e n t r a t i o n a c c o r d i n g to a Monod r a t e law where b o t h Κ and y m/Y 
are known t o v a r y w i t h temperature and d i l u t i o n r a t e (11-21). 

Biomass P r o d u c t i o n . S i m i l a r l y , s u b s t i t u t i o n o f e q u a t i o n 
(12a) i n t o (10) y i e l d s th
l y used f o r c o n t i n u o u s c u l t u r

Β/Β ζ y S/(Κ + S) - (w + d) (14) m 

The f i r s t term i n e q u a t i o n ( 1 4 ) , r e p r e s e n t i n g t h e gr o s s r a t e o f 
biomass p r o d u c t i o n , i s i d e n t i c a l w i t h t he f u n c t i o n Monod (25) 
o r i g i n a l l y adopted " t o express c o n v e n i e n t l y the r e l a t i o n between 
e x p o n e n t i a l growth r a t e and c o n c e n t r a t i o n o f an e s s e n t i a l n u t r i e n t . 
Such a r e c t a n g u l a r h y p e r b o l i c f u n c t i o n has been d e r i v e d many times 
from v a r i o u s r e a c t i o n mechanisms (26-30), but none has addressed 
the p r e s e n t case o f co n t i n u o u s c u l t u r e systems where y m and Κ 
have been observed t o v a r y w i t h temperature and d i l u t i o n r a t e . 
Now, through e q u a t i o n s ( l i b ) and (13b), the temperature v a r i a t i o n 
o f y m and Κ i s a t t r i b u t a b l e t o t h e m i c r o s c o p i c r a t e c o e f f i c i e n t s 
c,s,u,w, and t h e i r v a r i a t i o n w i t h d i l u t i o n r a t e i s e x p l i c i t . 

To e s t i m a t e the v a l u e s o f the m i c r o - c o e f f i c i e n t s c,s,u,w as 
f u n c t i o n s o f temperature, e q u a t i o n (14) can be r e w r i t t e n as 

Β/Β Ζ V B ( S - S T ) / ( S + K) (15a) 

where V. Ξ y - (w + d) (15b) 
Β m 

= (c - s) Κ + u (15c) 

S T Ξ (w + d)K/V B (15d) 

E q u a t i o n (15a) r e p r e s e n t s a Monod r a t e law w i t h a t h r e s h o l d sub
s t r a t e c o n c e n t r a t i o n S-j ( F i g u r e 2 ) . I t can be l i n e a r i z e d t o a 
g e n e r a l i z e d E a d i e - A u g u s t i n s s o n e q u a t i o n (31-33): 

ν ζ V B - K(v/S) - V B S T ( 1 / S ) (16) 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 2. Properties of the rate law for net biomass production in batch (a = 0) 
and continuous (d > 0) reactors. Symbols defined in text and in legend of 

symbols. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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where ν i s the s p e c i f i c net biomass p r o d u c t i o n r a t e B/B measured 
i n the r e a c t o r a t p a r t i c u l a r v a l u e s o f s u b s t r a t e c o n c e n t r a t i o n , 
temperature, and d i l u t i o n r a t e . A l i n e a r r e g r e s s i o n o f ν v e r s u s 
v/S and 1/S w i l l y i e l d v a l u e s f o r the m a c r o - c o e f f i c i e n t s Vg, K, 
and S- as f u n c t i o n s o f temperature and d i l u t i o n r a t e . The v a l u e s 
o f the m i c r o - c o e f f i c i e n t s as f u n c t i o n s o f temperature can then be 
e s t i m a t e d from e q u a t i o n s ( l i b ) , ( 1 5 c ) , and (15d) assuming c = s. 

M e t a b o l i t e E x c r e t i o n . S u b s t i t u t i o n o f e q u a t i o n (12b) i n t o 
(9) y i e l d s a pure Monod r a t e law f o r m e t a b o l i t e e x c r e t i o n : 

(M + dM)/(B/Y) Ζ V MS/(S + K) (17a) 

where V = e (17b) 
m 

Thermal S e n s i t i v i t y o f

Temperature i n f l u e n c e s t h e m a c r o - c o e f f i c i e n t s (K,y m,Vg,V m, 
S.j0 through the temperature dependencies o f the m i c r o - c o e f f i c i e n t s 
(c,e,s,u,w). Each o f the m i c r o - c o e f f i c i e n t s i s assumed t o obey 
an A r r h e n i u s temperature law o f the form (34): 

k = A exp (-E A/RT K) (18) 

where k = a p o s i t i v e l y - v a l u e d m i c r o 
s c o p i c r a t e c o e f f i c i e n t 

A = a p o s i t i v e l y - v a l u e d c o e f f i c i e n t 
t h a t i s p r a c t i c a l l y independent 
o f temperature 

E^ Ξ a p o s i t i v e l y - v a l u e d apparent 
a c t i v a t i o n energy ( c a l . mol l ) 

R Ξ the eas c o n s t a n t (1.987 c a l . 
m o l - Y K- 1) 

T R = degrees K e l v i n 

W i t h i n the temperature range 0 - 50°C, e q u a t i o n (18) may be 
approximated as f o l l o w s ( 1 0 ) : 

k ζ a exp (Τ/Θ α) (19a) 

α Ξ A exp (-1.843 χ 1 0 * 3 E^) (19b) 

Τ = degrees C e l s i u s 

θ „ Ξ 1.481 χ 1 0 5 / E A α A (19c) 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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T h i s a p p r o x i m a t i o n c o n s i d e r a b l y s i m p l i f i e s t h e i n v e s t i g a t i o n o f 
thermo-chemical r a t e - o p t i m i z a t i o n c o n d i t i o n s . 

To i l l u s t r a t e some i n t e r e s t i n g a s p e c t s o f the t h e r m a l sen
s i t i v i t y o f the m a c r o - e f f i c i e n t s , s p e c i f i c temperature depend
e n c i e s were assumed f o r the f i v e m i c r o - c o e f f i c i e n t s . The assumed 
dependencies a r e shown i n F i g u r e 3. The parameter v a l u e s were 
chosen so i n b a t c h c u l t u r e (d = 0) a l l f i v e m a c r o - c o e f f i c i e n t s 
would always r i s e w i t h temperature ( F i g u r e s 4-6) and Κ would 
r i s e more r a p i d l y w i t h temperature than Vg and i n the tempera
t u r e range 20-30°C. T h i s t h e r m a l s e n s i t i v i t y p a t t e r n i s o f t e n 
seen i n b a t c h c u l t u r e ( e . g., 11-14). 

H a l f - S a t u r a t i o n C o e f f i c i e n t K. For b a t c h c u l t u r e , e q u a t i o n 
( l i b ) reduces t o : 

K|

I f s r i s e s more r a p i d l y w i t h temperature than b o t h numerator terms, 
then the b a t c h - c u l t u r e h a l f - s a t u r a t i o n c o e f f i c i e n t s h o u l d always 
decrease as temperature i n c r e a s e s . I f s r i s e s more r a p i d l y than 
the numerator term dominant a t low temperatures but more s l o w l y 
than the term dominant a t h i g h temperatures, i t s h o u l d show a 
temperature minimum. I f s r i s e s more s l o w l y than both numerator 
terms ( F i g u r e 3 ) , i t s h o u l d always r i s e w i t h temperature ( F i g u r e 4, 
d = 0) 

The thermal s e n s i t i v i t i e s o f the b a t c h - c u l t u r e h a l f - s a t u r a t i o n 
c o e f f i c i e n t s f o r s e v e r a l m i c r o b i a l p r o c e s s e s (11-14) have been 
observed to resemble the l i n e a r p o r t i o n o f the d = 0 curve i n 
F i g u r e 4. However, a few d e v i a t i o n s from t h i s p a t t e r n have been 
seen where the h a l f - s a t u r a t i o n c o e f f i c i e n t s showed e i t h e r a 
n e g a t i v e s l o p e o r a maximum (13). Only the t h e r m a l maximum 
i s i n c o n s i s t e n t w i t h e q u a t i o n s (18) - ( 2 0 ) . 

For c o n t i n u o u s c u l t u r e , 

K | d > ο - K | d = ο + ( 1 / s ) d ( 2 1 ) 

A c c o r d i n g t o e q u a t i o n ( 2 1 ) , t h e c o n t i n u o u s - c u l t u r e h a l f - s a t u r a t i o n 
c o e f f i c i e n t e q u a l s the b a t c h - c u l t u r e h a l f - s a t u r a t i o n c o e f f i c i e n t 
augmented by a term t h a t i n c r e a s e s l i n e a r l y w i t h d i l u t i o n r a t e . 
However, the magnitude o f t h i s term s h o u l d decrease e x p o n e n t i a l l y 
w i t h i n c r e a s i n g temperature because o f the f a c t o r 1/s. Thus, a t 
low temperatures where the d i l u t i o n term may dominate the b a t c h -
c u l t u r e h a l f - s a t u r a t i o n c o e f f i c i e n t , the c o n t i n u o u s - c u l t u r e h a l f -
s a t u r a t i o n c o e f f i c i e n t may d e c l i n e w i t h i n c r e a s i n g temperature. 
I t s h o u l d grow w i t h temperature o n l y when the b a t c h - c u l t u r e h a l f -
s a t u r a t i o n c o e f f i c i e n t has a p o s i t i v e s l o p e and dominates the 
d i l u t i o n term. I n t h i s c a s e , i t may have a thermal minimum 
( F i g u r e 4, d > 0 ) . Moreover, f o r t h e range o f d i l u t i o n r a t e s 
where the l o c u s of minima (dashed l i n e , F i g u r e 4) p a r a l l e l s the 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 3. Temperature dependencies assumed for the five microscopic rate coeffi
cients defined in Figure 1. The microcoefficients c and s have units (ppm element 

Khr'1, e, u, and w have units Khr'K 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 4. Theoretical thermal sensitivity of the half-saturation coefficient in batch 
(a = 0) and continuous (a > 0) culture with the parameter values specified in 

Figure 3. Dashed line, locus of thermal minima ( O). 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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d - 0 c u r v e , the temperature t h a t m i n i m i z e s the h a l f - s a t u r a t i o n 
c o e f f i c i e n t r i s e s l i n e a r l y w i t h the l o g a r i t h m o f t h e d i l u t i o n 
r a t e . 

I n c o n t i n u o u s c u l t u r e , t h e h a l f - s a t u r a t i o n c o e f f i c i e n t has 
been observed to respond t o r i s i n g temperatures by d e c l i n i n g 
m o n o t o n i c a l l y (15-17) and by showing a minimum (18,19). Both 
cases a r e c o n s i s t e n t w i t h the d > 0 c u r v e s i n F i g u r e 4. 

In c o n t r a s t , experiments p r o b i n g i t s response t o r i s i n g 
d i l u t i o n r a t e s haven't shown c l e a r - c u t t r e n d s because o f extreme
l y l a r g e measurement u n c e r t a i n t i e s (20,21). I n one i n s t a n c e , no 
t r e n d c o u l d be d e t e c t e d ( 2 0 ) . I n a n o t h e r , the mean v a l u e s showed 
a maximum, but l i n e a r and s a t u r a t i o n c u r v e s c o u l d a l s o be drawn 
through the + o n e - s t a n d a r d - d e v i a t i o n u n c e r t a i n t y ranges f o r each 
mean v a l u e ( 2 1 ) . B e t t e r d ata are c l e a r l y needed t o t e s t the 
l i n e a r dependence on d i l u t i o  p r e d i c t e d b  e q u a t i o n  ( l i b ) 
and 2 1 ) . 

Maximum-Specific-Growth-Rate C o e f f i c i e n t V^. I n batch c u l t u r e , 
e q u a t i o n s ( l i b ) and (13b) combine to y i e l d : 

w«|d = 0 = c u / s + c w / s ( 2 2 ) 

The b a t c h - c u l t u r e maximum-specific-growth-rate c o e f f i c i e n t s h o u l d 
f a l l w i t h i n c r e a s i n g temperature i f s r i s e s more r a p i d l y than b o t h 
cu and cw. I t s h o u l d show a minimum i f s r i s e s more r a p i d l y than 
the numerator o f the term dominant a t low temperatures but l e s s 
r a p i d l y than the o t h e r term. I t s h o u l d always i n c r e a s e i f s r i s e s 
l e s s r a p i d l y than the numerators o f b o t h terms. When c = s, i t 
a l s o s h o u l d always i n c r e a s e ( F i g u r e 5, d = 0 ) . 

The d a t a (11-14) a v a i l a b l e t o t e s t t h e p r e d i c t e d t h e r m a l s e n 
s i t i v i t y o f the b a t c h - c u l t u r e maximum-specific-growth-rate co
e f f i c i e n t were o b t a i n e d from s u b s t r a t e consumption experiments. 
From e q u a t i o n (13a), the maximum-velocity c o e f f i c i e n t f o r sub
s t r a t e consumption i s V^/Y. Data p r e s e n t e d i n t h i s form must be 
m u l t i p l i e d by a y i e l d c o e f f i c i e n t Y t o c o n v e r t to y m« I f the 
y i e l d c o e f f i c i e n t i s assumed t o be p r a c t i c a l l y c o n s t a n t , then 
y m/Y s h o u l d show the same t h e r m a l s e n s i t i v i t y p a t t e r n as y m . 
The t h e r m a l s e n s i t i v i t y o f y m/Y i n b a t c h c u l t u r e i s w e l l d e s c r i b e d 
by the l i n e a r p o r t i o n o f t h e d = 0 curve i n F i g u r e 5, and so i s 
t h a t o f y m as l o n g as Y i s n e a r l y c o n s t a n t . 

I n c o n t i n u o u s c u l t u r e , the maximum-specific-growth-rate co
e f f i c i e n t i s a c c o r d i n g t o e q u a t i o n s ( l i b ) , (13b), and ( 2 2 ) : 

\ | d > ο • " J d = ο + ( c / 8 ) d ( 2 3 ) 

The c o n t i n u o u s - c u l t u r e y m s h o u l d i n c r e a s e l i n e a r l y w i t h d i l u t i o n 
r a t e , and the i n f l u e n c e o f the d i l u t i o n term s h o u l d grow w i t h 
r i s i n g temperature i f s r i s e s more s l o w l y than c. I f c = s, the 
c o n t i n u o u s - c u l t u r e y m s h o u l d a s y m p t o t i c a l l y approach the d i l u t i o n 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 5. Theoretical thermal sensitivity of the maximum specific growth-rate 
coefficient in batch (d = 0) and continuous (d > 0) culture with the parameter 

values specified in Figure 3. 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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r a t e as temperature f a l l s and the b a t c h c u l t u r e p m as temperature 
r i s e s ( F i g u r e 5, d > 0 ) . 

The l i n e a r p o r t i o n s o f t h e d > 0 curves i n F i g u r e 5 resemble 
the t h ermal s e n s i t i v i t i e s observed f o r y m (17,18) and y m/Y (15,16, 
19) i n c o n t i n u o u s c u l t u r e . Moreover, i n agreement w i t h e q u a t i o n 
(23) y m/Y has been observed t o i n c r e a s e l i n e a r l y w i t h d i l u t i o n 
r a t e ( 2 0 ) . I t has a l s o been seen to decrease s l i g h t l y w i t h i n 
c r e a s i n g d i l u t i o n r a t e ( 2 1 ) , which d i s a g r e e s w i t h e q u a t i o n ( 2 3 ) . 

Maximum-Velocity C o e f f i c i e n t s Vft t V^. A c c o r d i n g to e q u a t i o n s 
( l i b ) and ( 1 5 c ) , the maximum-velocity c o e f f i c i e n t f o r biomass p r o 
d u c t i o n depends on the m i c r o s c o p i c r a t e c o e f f i c i e n t s as f o l l o w s : 

V B = (1/s) [ ( c - s) w + cu] + [ ( c - s ) / s ] d (24) 

I n g e n e r a l , depending e s p e c i a l l
t h i s maximum-velocity c o e f f i c i e n t may v a r y i n a c o m p l i c a t e d f a s h i o n 
w i t h b o t h temperature and d i l u t i o n r a t e . However, as c approaches 
s i n v a l u e , the i n f l u e n c e o f a l l the m i c r o - c o e f f i c i e n t s but u 
v a n i s h e s , and i n the l i m i t o f c = s, 

V B = u (25) 

I n t h i s s p e c i a l case o n l y , the maximum-velocity c o e f f i c i e n t f o r 
biomass p r o d u c t i o n would show the same e x p o n e n t i a l temperature 
dependence i n continuous c u l t u r e as i t does i n b a t c h c u l t u r e . 

The maximum-velocity c o e f f i c i e n t f o r m e t a b o l i t e e x c r e t i o n 
as g i v e n by e q u a t i o n (17b) i s i d e n t i c a l l y e qual t o e. As a 
r e s u l t , i t s h o u l d g e n e r a l l y r i s e e x p o n e n t i a l l y w i t h temperature 
and be i n s e n s i t i v e t o d i l u t i o n r a t e . Thus, the maximum-velocity 
c o e f f i c i e n t f o r m e t a b o l i t e e x c r e t i o n i n b a t c h c u l t u r e s h o u l d 
a l s o be i d e n t i c a l t o t h a t seen i n c o n t i n u o u s c u l t u r e . 

No thermal s e n s i t i v i t y d a t a c o u l d be found f o r Vg o r 
So, the v a l i d i t y o f e q u a t i o n s (17b), ( 2 4 ) , and (25) a w a i t s t e s t 
i n g . 

T h r e s h o l d C o e f f i c i e n t ST* For b a t c h c u l t u r e and the s p e c i a l 
case c = s, the t h e r m a l s e n s i t i v i t y o f the t h r e s h o l d c o e f f i c i e n t 
i s determined as f o l l o w s by e q u a t i o n s (15d), ( 2 0 ) , and ( 2 5 ) : 

S T | d m 0 = (w/s) + (w/u) (w/s) (26) 

At temperatures where u dominates w, the b a t c h - c u l t u r e t h r e s h o l d 
c o e f f i c i e n t s h o u l d f a l l e x p o n e n t i a l l y w i t h temperature i f s r i s e s 
more r a p i d l y w i t h temperature than w. At temperatures where w 
dominates u, i t s h o u l d a l s o f a l l e x p o n e n t i a l l y w i t h r i s i n g tem
p e r a t u r e i f su r i s e s more r a p i d l y than w 2. I f b o t h terms de
c r e a s e as temperature r i s e s , i t s h o u l d always d i m i n i s h as tem
p e r a t u r e r i s e s . I f the term dominant a t low temperatures f a l l s 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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w i t h r i s i n g temperature and the o t h e r term i n c r e a s e s , i t s h o u l d 
have a thermal minimum. I f bot h terms r i s e w i t h temperature, i t 
s h o u l d always r i s e w i t h temperature ( F i g u r e 6, d = 0 ) . 

None o f the b a t c h - c u l t u r e t h e r m a l s e n s i t i v i t y experiments 
r e p o r t e d any v a l u e s f o r S^, so the v a l i d i t y o f e q u a t i o n (26) 
and the d = 0 cu r v e i n F i g u r e 6 can ' t be judged now. 

For c o ntinuous c u l t u r e and the s p e c i a l case c = s, equ a t i o n s 
( l i b ) , (15d), and (26) determine the ther m a l s e n s i t i v i t y o f the 
t h r e s h o l d c o e f f i c i e n t as f o l l o w s : 

S T | d > 0 - S T | d m 0 + (1/s) [ 1 + 2 (w/u)] d + ( l / s u ) d 2 (27) 

A c c o r d i n g to e q u a t i o n ( 2 7 ) , the c o n t i n u o u s - c u l t u r e t h r e s h o l d co
e f f i c i e n t i s a q u a d r a t i c f u n c t i o n o f d i l u t i o n r a t e when c = s; 
however, the magnitude o
t i a l l y w i t h r i s i n g temperatur
l i n e a r term w i l l v a n i s h too i f su r i s e s more r a p i d l y w i t h tem
p e r a t u r e than w does. The c o n t i n u o u s - c u l t u r e t h r e s h o l d co
e f f i c i e n t s h o u l d i n c r e a s e when the b a t c h c u l t u r e t h r e s h o l d 
c o e f f i c i e n t r i s e s w i t h temperature and dominates the d i l u t i o n 
terms. I t s h o u l d have a ther m a l minimum i f a d e c l i n i n g term 
dominates a t low temperature and an i n c r e a s i n g term dominates 
a t h i g h temperature ( F i g u r e 6, d > 0)· The temperature a t 
which t h i s minimum o c c u r s r i s e s almost l i n e a r l y w i t h the l o g 
a r i t h m o f t h e d i l u t i o n r a t e as l o n g as the l o c u s o f minima 
(dashed l i n e , F i g u r e 6) p a r a l l e l s the d = 0 c u r v e . 

In c o n t i n u o u s r e a c t o r s , the t h r e s h o l d c o e f f i c i e n t i s i d e n t i 
c a l w i t h the stead y s t a t e s u b s t r a t e c o n c e n t r a t i o n (17,18). For 
i n c r e a s i n g t emperatures, i t has been observed t o f a l l (17,18) 
and show a minimum ( 1 8 ) . These responses a r e c o n s i s t e n t w i t h 
the d > 0 c u r v e s shown i n F i g u r e 6. I t has a l s o been observed 
to i n c r e a s e n o n l i n e a r l y w i t h d i l u t i o n r a t e u n t i l washout o c c u r r e d 
(17,18). I n bo t h i n s t a n c e s , the s l o p e a t low d i l u t i o n r a t e s de
cr e a s e d w i t h r i s i n g temperature. The observed responses to i n 
c r e a s i n g d i l u t i o n r a t e a r e a l s o c o n s i s t e n t w i t h e q u a t i o n ( 2 7 ) . 

At t h i s p o i n t , i t would appear t h a t one can account f o r most 
o f the observed e f f e c t s o f temperature and d i l u t i o n r a t e on the 
m a c r o - c o e f f i c i e n t s by s i m p l y assuming temperature dependencies 
such as those shown i n F i g u r e 3 f o r the m i c r o - c o e f f i c i e n t s i n 
e q u a t i o n s (20) - (2 7 ) . These e q u a t i o n s w i t h the parameter v a l u e s 
s p e c i f i e d i n F i g u r e 3 w i l l now be used t o a n a l y z e the ther m a l 
s e n s i t i v i t y o f the net biomass p r o d u c t i o n and m e t a b o l i t e e x c r e t i o n 
r a t e s . 

Thermal S e n s i t i v i t y o f P r o c e s s Rates 

Rate Isotherms. Depending on s u b s t r a t e c o n c e n t r a t i o n , t h r e e 
t h e r m a l s e n s i t i v i t y p a t t e r n s may be seen i n b o t h b a t c h and con
t i n u o u s r e a c t o r s when the n e t biomass p r o d u c t i o n r a t e (as s p e c i f i e d 
by e q u a t i o n s ( l i b ) and (15) and F i g u r e s 3, 4, and 6) i s p l o t t e d 
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VARIATION OF 

THRESHOLD SUBSTRATE CONCENTRATION 
WITH 

_ TEMPERATURE AND DILUTION RATE _ 

T(°C) 

Figure 6. Theoretical thermal sensitivity of the threshold coefficient in batch (à 
= 0) and continuous (à > 0) culture with the parameter values specified in Figure 

3. Dashed line, locus of thermal minima (O). 
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v e r s u s s u b s t r a t e c o n c e n t r a t i o n w i t h temperature as a parameter 
( F i g u r e 7 ) . At low s u b s t r a t e c o n c e n t r a t i o n s (S < 1.2), the r a t e 
d i m i n i s h e s as temperature r i s e s and hence shows a n e g a t i v e t h e r m a l 
s e n s i t i v i t y ; whereas, a t h i g h s u b s t r a t e c o n c e n t r a t i o n s (S > 4·4), 
the r a t e i n c r e a s e s w i t h temperature and thus has a p o s i t i v e t h e r m a l 
s e n s i t i v i t y . At i n t e r m e d i a t e s u b s t r a t e c o n c e n t r a t i o n s (1.2 < S < 
4.4), the r a t e f i r s t r i s e s and then f a l l s w i t h i n c r e a s i n g tem
p e r a t u r e . I n o t h e r words, a t moderate s u b s t r a t e c o n c e n t r a t i o n s , 
the t h e r m a l s e n s i t i v i t y s w i t c h e s s i g n from p o s i t i v e to n e g a t i v e , 
w h i c h means the r a t e goes through a maximum as temperature r i s e s . 
Moreover, the maximum r a t e i s determined by a h i g h e r temperature 
i s o t h e r m as s u b s t r a t e c o n c e n t r a t i o n i n c r e a s e s . As a consequence, 
the optimum temperature s h o u l d r i s e when s u b s t r a t e c o n c e n t r a t i o n 
i n c r e a s e s . 

The r a t e i s o t h e r m s f o  m e t a b o l i t  e x c r e t i o  (a  s p e c i f i e d b
e q u a t i o n s ( l i b ) and (17
thermal s e n s i t i v i t y p a t t e r n
i s o t h e r m s . Thus, the r a t e o f m e t a b o l i t e e x c r e t i o n may a l s o have 
an optimum temperature t h a t s h i f t s t o h i g h e r v a l u e s as s u b s t r a t e 
c o n c e n t r a t i o n r i s e s . 

Rate I s o c o n c e n t r a t e s . The i n c r e a s e o f optimum temperature 
w i t h i n c r e a s i n g s u b s t r a t e c o n c e n t r a t i o n i s p l a i n l y seen by p l o t t i n g 
r a t e v e r s u s temperature w i t h s u b s t r a t e c o n c e n t r a t i o n as a p a r a 
meter ( F i g u r e s 8 and 9 ) . The f a m i l i e s o f r a t e i s o c o n c e n t r a t e s 
f o r net biomass p r o d u c t i o n and m e t a b o l i t e e x c r e t i o n a l s o appear 
q u a l i t a t i v e l y s i m i l a r . However, the maxima o f c o r r e s p o n d i n g i s o 
c o n c e n t r a t e s o c c u r a t q u i t e d i f f e r e n t temperatures. For example, 
when S = 1 ppm, the optimum temperature f o r t h e net biomass p r o 
d u c t i o n r a t e would be about 16°C ( F i g u r e 8) and t h a t f o r the 
m e t a b o l i t e e x c r e t i o n r a t e would be about 28°C ( F i g u r e 9 ) . Note 
t h a t i f the o p e r a t i n g temperature o f t h e r e a c t o r were s e t a t t h e 
optimum temperature f o r the m e t a b o l i t e e x c r e t i o n r a t e , the net 
biomass p r o d u c t i o n r a t e would be s e v e r e l y s u b o p t i m a l ( F i g u r e 8 ) . 
But i f i t were s e t a t the optimum temperature f o r t h e net biomass 
p r o d u c t i o n r a t e , the m e t a b o l i t e e x c r e t i o n r a t e would be o n l y 
s l i g h t l y s u b o p t i m a l ( F i g u r e 9 ) . 

S h i f t o f Optimum Temperature. F i g u r e 10 shows how the tem
p e r a t u r e t h a t maximizes the r a t e o f each p r o c e s s v a r i e s w i t h b o t h 
s u b s t r a t e c o n c e n t r a t i o n and d i l u t i o n r a t e . I n t h i s r e g a r d , the 
t h e r m a l s e n s i t i v i t i e s o f t h e two p r o c e s s e s d i f f e r s u b s t a n t i a l l y . 

The optimum o p e r a t i n g temperature f o r the net biomass p r o 
d u c t i o n r a t e i s n e a r l y i n s e n s i t i v e t o d i l u t i o n r a t e , but i n 
c r e a s e s almost l i n e a r l y w i t h the l o g a r i t h m o f s u b s t r a t e con
c e n t r a t i o n when t h i s c o n c e n t r a t i o n exceeds the minimum v a l u e 
o f the t h r e s h o l d c o e f f i c i e n t ( F i g u r e 6 ) . 

I n c o n t r a s t , the optimum o p e r a t i n g temperature f o r the 
m e t a b o l i t e e x c r e t i o n r a t e i s s t r o n g l y a f f e c t e d by b o t h d i l u t i o n 
r a t e and s u b s t r a t e c o n c e n t r a t i o n . As s u b s t r a t e c o n c e n t r a t i o n 
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Figure 7. Predicted influence of substrate concentration on the rate of net biomass 
production, with temperature as a parameter. Parameter values correspond to 
Figures 3-6. Note shift of optimum temperature to higher values with increasing 

substrate concentration. 
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τ 1 1 1 τ — 
NET BIOMASS PRODUCTION 

THEORETICAL RATE ISOCONCENTRATES 

Τ C O 

Figure 8. Predicted influence of temperature on the rate of net biomass production 
with substrate concentration as a parameter. Parameter values correspond to 
Figures 3-7. Dashed line, locus of thermal rate maxima (O). Note shift of optimum 

temperature to higher values as substrate concentration rises. 
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Figure 9. Predicted influence of temperature on the rate of metabolite excretion 
with substrate concentration as a parameter. Solid lines, curves generated from 
Equations lib and 17 with the parameter values given in Figures 3 and 4. Dashed 

line, locus of thermal rate maxima (O). 
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Figure 10. Predicted influence of substrate concentration and dilution rate on the 
temperature that maximizes the rates of net biomass production and metabolite 

excretion in batch (a = 0) and continuous (a > 0) culture. 
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becomes v e r y low, t h e optimum temperature a s y m p t o t i c a l l y approach
es a minimum v a l u e c h a r a c t e r i s t i c o f each d i l u t i o n r a t e . The 
minimum optimum temperature i s t h e temperature a t which the s l o p e 
o f the h a l f - s a t u r a t i o n c o e f f i c i e n t ( F i g u r e 4) e q u a l s t h a t o f the 
maximum-velocity c o e f f i c i e n t , namely, the m i c r o s c o p i c e x c r e t i o n 
r a t e c o e f f i c i e n t e. As s u b s t r a t e c o n c e n t r a t i o n i n c r e a s e s , the 
i n f l u e n c e o f the d i l u t i o n r a t e p r o g r e s s i v e l y d i m i n i s h e s , and the 
optimum temperature c u r v e s converge. At h i g h s u b s t r a t e con
c e n t r a t i o n s , t h e optimum temperature i n c r e a s e s almost l i n e a r l y 
w i t h the l o g a r i t h m o f s u b s t r a t e c o n c e n t r a t i o n . 

Thermo-Chemical O p t i m i z a t i o n o f P r o c e s s Rates 

At t h i s p o i n t , t h e g o a l o f t h i s paper has been a c h i e v e d . 
The two f a m i l i e s o f curves shown i n F i g u r e 10 c o n s t i t u t e thermo
c h e m i c a l r a t e - o p t i m i z a t i o
t u r e , s u b s t r a t e c o n c e n t r a t i o n
of these t h r e e v a r i a b l e s a r e f i x e d , each f a m i l y s p e c i f i e s what 
v a l u e the t h i r d must have to maximize i t s r a t e . The s e p a r a t i o n 
o f the two f a m i l i e s means t h a t both r a t e s cannot be s i m u l t a n e 
o u s l y maximized. As a r e s u l t , an o p t i m i z a t i o n s t r a t e g y may be 
needed, such as o p e r a t i n g a t t h e optimum temperature o f the 
p r o c e s s whose r a t e i s most s e n s i t i v e t o temperature. 

Summary and C o n c l u s i o n s 

T h i s paper showed how changes i n s u b s t r a t e c o n c e n t r a t i o n 
and d i l u t i o n r a t e may s h i f t the optimum temperature o f m i c r o b i a l 
p r o c e s s e s whose r a t e s s a t u r a t e i n s u b s t r a t e c o n c e n t r a t i o n a c c o r d 
i n g t o Monod r a t e l a w s . The optimum temperature s h i f t was a t t r i b u 
ted t o t h e e f f e c t s o f temperature and d i l u t i o n r a t e on the macro-
c o e f f i c i e n t s i n the Monod r a t e laws. E q u a t i o n s d e s c r i b i n g these 
e f f e c t s were d e r i v e d from a s u i t a b l y m o d i f i e d M i c h a e l i s - M e n t e n 
r e a c t i o n mechanism. With o n l y a few e x c e p t i o n s , these e q u a t i o n s 
agreed w i t h p u b l i s h e d d a t a when A r r h e n i u s temperature dependencies 
were assumed f o r the m i c r o - c o e f f i c i e n t s i n t h e r e a c t i o n mechanism. 
As a consequence, these e q u a t i o n s and the optimum temperature 
curves may be c o n s i d e r e d as p l a u s i b l e , e x p e r i m e n t a l l y t e s t a b l e 
hypotheses. They deserve c a r e f u l q u a n t i t a t i v e t e s t i n g because 
they promise t o u n i f y h e r e t o f o r e fragmentary and seemingly con
t r a d i c t o r y b a t c h and c o n t i n u o u s c u l t u r e d a t a . Such u n i f i c a t i o n 
i s needed t o develop a r a t i o n a l methodology f o r o p t i m i z i n g the 
d e s i g n and o p e r a t i o n o f b i o l o g i c a l r e a c t o r s i n which s u b s t r a t e 
c o n c e n t r a t i o n , temperature, and d i l u t i o n r a t e a r e e c o n o m i c a l l y 
i m p o r t a n t v a r i a b l e s . 
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Legend o f Symbols 

A = p r e - e x p o n e n t i a l f a c t o r i n A r r h e n i u s temperature law; 
same u n i t s as k. 

Β Ξ t o t a l biomass c o n c e n t r a t i o n i n r e a c t o r ; e q u a l s sum o f 
B c p l u s B n ; mg d r y weight p e r l i t e r . 

B c = biomass c o n c e n t r a t i o n a s s o c i a t e d w i t h s u b s t r a t e con
sumption s i t e s c a p a b l e o f consuming s u b s t r a t e ; mg 
dr y weight p e r l i t e r . 

B n = biomass c o n c e n t r a t i o n a s s o c i a t e d w i t h s u b s t r a t e con
sumption s i t e s not ca p a b l e o f consuming s u b s t r a t e ; 
mg dry weight p e  l i t e r

C Ξ t o t a l c o n c e n t r a t i o  consumptio
i n m i c r o b i a l p o p u l a t i o n ; e q u a l s sum of C c p l u s C^; 
number o f s i t e s per l i t e r . 

C c = c o n c e n t r a t i o n o f s u b s t r a t e consumption s i t e s c a p a b l e 
o f consuming s u b s t r a t e ; number o f s i t e s per l i t e r . 

C n = c o n c e n t r a t i o n o f s u b s t r a t e consumption s i t e s n o t 
capable o f consuming s u b s t r a t e ; number o f s i t e s 
per l i t e r . 

Ε = c o n c e n t r a t i o n of f r e e enzyme. 

= apparent a c t i v a t i o n energy; c a l . / m o l . 

ES = c o n c e n t r a t i o n o f enzyme-substrate complex. 

Κ = h a l f - s a t u r a t i o n c o e f f i c i e n t ; same u n i t s as S. 

KJJJ Ξ t h e M i c h a e l i s - M e n t e n h a l f - s a t u r a t i o n c o e f f i c i e n t . 

Μ Ξ c o n c e n t r a t i o n o f m e t a b o l i t e of i n t e r e s t ; same u n i t s as S. 

Ν Ξ c o n c e n t r a t i o n o f microorganisms i n r e a c t o r ; number of 
organisms per l i t e r . 

Ρ = c o n c e n t r a t i o n o f p r o d u c t ( s ) . 

R Ξ gas c o n s t a n t = 1.987 c a l . m o l " 1 Κ" 1. 

S = s u b s t r a t e c o n c e n t r a t i o n i n r e a c t o r ; ppm of an element. 

S Q = i n l e t s u b s t r a t e c o n c e n t r a t i o n ; same u n i t s as S. 

Continued on next page 
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t h r e s h o l d c o e f f i c i e n t ; s t e a d y - s t a t e s u b s t r a t e c o n c e n t r a 
t i o n t h a t must be exceeded f o r a p o s i t i v e net biomass 
p r o d u c t i o n r a t e ; same u n i t s as S. 

temperature; °C. 

temperature; °K. 

maximum p o s s i b l e s p e c i f i c r a t e o f net biomass p r o d u c t i o n 
i n the r e a c t o r ; t i m e " 1 (e.g., K h r " 1 ) . 

maximum p o s s i b l e r a t e of gro s s m e t a b o l i t e f o r m a t i o n ; 
t i m e " 1 (e.g., K h r " 1 ) . 

y i e l d c o e f f i c i e n t ; ppm dry weight produced p e r ppm 
element consumed

m i c r o s c o p i c s u b s t r a t e - c o n s u m p t i o n r a t e c o e f f i c i e n t ; 
(ppm e l e m e n t ) " 1 t i m e " 1 . 

d i l u t i o n r a t e (flow/volume); r a t e a t which s u b s t r a t e , 
biomass, and m e t a b o l i t e d i s p l a c e d from c u l t u r e v e s s e l ; 
t i m e " 1 . 

m i c r o s c o p i c m e t a b o l i t e - e x c r e t i o n r a t e c o e f f i c i e n t ; t i m e " 1 . 

g e n e r i c m i c r o s c o p i c r a t e c o e f f i c i e n t , e.g., c,f,s,u,w. 

m i c r o s c o p i c r a t e c o e f f i c i e n t f o r f o r m a t i o n o f enzyme-
s u b s t r a t e complex. 

m i c r o s c o p i c r a t e c o e f f i c i e n t f o r d i s a s s o c i a t i o n of 
enzyme-substrate complex. 

m i c r o s c o p i c r a t e c o e f f i c i e n t f o r f o r m a t i o n o f p r o d u c t . 

number o f s u b s t r a t e m o l e c u l e s needed t o f i l l a s u b s t r a t e 
consumption s i t e . 

m i c r o s c o p i c s u b s t r a t e - s a t u r a t i o n r a t e c o e f f i c i e n t ; 
(ppm e l e m e n t ) " 1 t i m e " 1 . 

m i c r o s c o p i c u n s a t u r a t i o n r a t e c o e f f i c i e n t ; time *. 

m i c r o s c o p i c wastage r a t e c o e f f i c i e n t ; t i m e " 1 . 

v a l u e o f g e n e r i c m i c r o s c o p i c r a t e c o e f f i c i e n t a t 0°C; 
same u n i t s as k. 
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3 = average biomass p e r microorganism; mg d r y weight p e r 
organism. 

Ύ = average number o f s u b s t r a t e consumption s i t e s per 
organism; number o f s i t e s p e r organism. 

PJJJ = maximum s p e c i f i c growth r a t e c o e f f i c i e n t ; time"" 1. 

θ = r e t a r d a t i o n temperature; °C. 
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Kinetics of Yeast Growth and Metabolism 
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Institut National Polytechnique de Lorraine, Laboratoire des Sciences du Génie 
Chimque, CNRS-ENSIC, Nancy 54042 France 
MANFRED MOLL and BRUNO DUTEURTRE 
Centre de Recherche TEPRAL, Champigneulles 54250 France 

An experimental and theoretical k i n e t i c study of 
yeast growth and
uptake, ethanol,
during beer fermentation is presented. Cellular growth, 
and consequently amino acids uptake and some metabo
lites production, stops after about 100 hours of fer
mentation. Yeast flocculation, which starts when gluco
se is totally removed from the medium, then becomes a 
predominant phenomenon. Fermentable sugars are sequen
tially taken up, maltose and maltotriose being repres
sed by glucose. Ethanol and CO2 production rate remain 
essentially proportional to the t o t a l rate of sugar 
uptake both during the growth and flocculation phase. 
The increase with temperature of substrate uptake, 
yeast growth and flocculation, and metabolite produc
tion rate is simply described by Arrhenius type of 
relationships. 

The conversion by yeast of sugars and amino acids i n t o aro
matic compounds represents a cen t r a l process i n brewing. A quanti
t a t i v e understanding of the microbial events taking place during 
the transformation of wort i n t o beer i s e s s e n t i a l when considering 
the automatic co n t r o l of t h i s fermentation. 

A f i r s t k i n e t i c modeling of yeast growth, sugar and amino 
acid uptake and aromatic metabolite production was previously 
proposed (1,2). On the basis of recent experimental r e s u l t s we 
propose a new model which takes i n t o account the evolution of the 
yeast v i a b i l i t y during the fermentation, and describes i n greater 
d e t a i l the f l o c c u l a t i o n phase and the production of CO2. The kine
t i c study i s s p e c i a l l y aimed at es t a b l i s h i n g relationsphips bet
ween the wort i n i t i a l composition, the f i n a l beer q u a l i t y and 
various process parameters, such as temperature, pressure and ino-
cculum s i z e . 
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EXPERIMENTAL 

The experimental part of t h i s work was performed at the 
TEPRAL Beer Research Center i n Champigneulles, France. Beer pro
duction was c a r r i e d out e i t h e r i n laboratory tubular fermentors, 
1,80 m height and 4,5 cm inner diameter, containing 2 l i t e r s of 
medium, or i n 1000 l i t e r s c y l i n d r o - c o n i c a l p i l o t plant fermentors 
without mechanical a g i t a t i o n . Standart i n d u s t r i a l wort and yeast 
Saccharomyces uvarum 0019 were used. The i n i t i a l dissolved oxygen 
concentration i n the wort was f i x e d at 8 ppm. The temperature was 
maintained constant at either 10° C or 14° C during the whole f e r 
mentation. The overhead pressure was 1 atm with the laboratory 
fermentor and 2,2 atm with the p i l o t plant. 

Samples of 80 cm^ and 4 l i t e r s were p e r i o d i c a l l y withdrawn 
from the laboratory and p i l o t v essel  r e s p e c t i v e l y  Yeast
t r a t i o n was determined ei t h e
ter counter. The variou  sugars, glucose, , ,
charose, maltotriose were analyzed by high pressure l i q u i d chroma
tography. The concentration of the twenty amino acids were deter
mined by ion exchange chromatography. Ethanol was assayed by micro-
calorimetry and other metabolites by gas chromatography.(3) 

THE KINETIC MODEL 

In conventional fermentation models the c e n t r a l equation 
usually expresses c e l l u l a r growth as a function of substrate, pro
duct and c e l l u l a r concentration i n the medium. Product formation i s 
then related to c e l l growth or c e l l u l a r concentration, whereas 
substrate uptake rate may include several contributions from c e l l u 
l a r growth, maintenance and product formation. Moreover, these mo
dels most often are based on constant y i e l d s . 

In view of the experimental r e s u l t s (4) i t i s c l e a r that the 
conventional approach cannot be used to model beer fermentation. 
F i r s t , the fermentation medium contains several sugars which are 
assimilated at d i f f e r e n t rates. The uptake of each sugar may be l i 
mited by i t s own concentration and i n h i b i t e d by the presence of 
others. Second, the investigated beer fermentation from a k i n e t i c 
point of view i s complicated by yeast f l o c c u l a t i o n which becomes 
predominant during the second stage of the process, and which i s 
affected by one of the fermentable sugars, namely glucose. Third, 
the various y i e l d s between fermentable sugars uptake, yeast growth, 
ethanol and CÛ2 formation are not constant during the course of the 
fermentation. F i n a l l y , the rate of aromas production i s related to 
eit h e r yeast growth rate or sugars uptake rate. 

In order to describe the influence of the i n i t i a l wort compo
s i t i o n on the fermentation process the proposed model i s based on 
separate rate equations for the various sugars uptake. Production 
of yeast, ethanol and carbon dioxide i s then related to the t o t a l 
uptake of fermentable sugars with variable y i e l d s . The rate of 
amino acids uptake and other metabolites production i s expressed 
as a function of growth rate or sugars uptake rate with constant 
or variable y i e l d s . 
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Yeast growth and f l o c c u l a t i o n . D i s t i n c t i o n i s made between 
the t o t a l y e a s t produced d u r i n g the growth phase and the suspended 
y e a s t c o n c e n t r a t i o n i n the f e r m e n t a t i o n medium. The i n c r e a s e i n 
t o t a l y e a s t c o n c e n t r a t i o n i n the fermentor i s d i r e c t l y r e l a t e d t o 
the t o t a l r a t e o f fermentable sugar consumption. 

d ( X T ) 
d t = - R 

d(TFS) 
X/S d t (1) 

(Xy) b e i n g the t o t a l y e a s t c o n c e n t r a t i o n 
(TFS) the t o t a l f ermentable sugar c o n c e n t r a t i o n 
R X/S the y e a s t t o sugar y i e l d 

The e x p e r i m e n t a l l y observed decrease o f Rx / s d u r i n g the f e r 
mentation has p r e v i o u s l
c e l l u l a r s t e r o l c o n c e n t r a t i o
absence o f oxygen. We found i t most c o n v e n i e n t t o m a t h e m a t i c a l l y 
r e l a t e the decrease o f Rx/s t o the i n c r e a s e o f the e t h a n o l concen
t r a t i o n i n the medium, ( E t h ) , as : 

R X/S = YX/S 
1 + ( E t h )

4 

(2) 

w i t h Y ^ g the i n i t i a l y e a s t t o sugar y i e l d 
the e t h a n o l i n h i b i t i o n c o n s t a n t . 

Yeast f l o c c u l a t i o n , an e s s e n t i a l phenomenon i n beer fermenta
t i o n , i s i n f l u e n c e d by the medium c o m p o s i t i o n , e s p e c i a l l y by the 
gl u c o s e c o n c e n t r a t i o n , and i s del a y e d by the m i x i n g e f f e c t o f CO2 
p r o d u c t i o n . The time v a r i a t i o n o f the suspended y e a s t c o n c e n t r a 
t i o n i s thus taken as the d i f f e r e n c e between the growth and f l o c 
c u l a t i o n r a t e as : 

d t 
d ( X T ) 
d t 

KG1 

- k CO, ( x s ) (3) 

w i t h ( X 5 ) the suspended y e a s t c o n c e n t r a t i o n 
k f the y e a s t f l o c c u l a t i o n c o n s t a n t 
( G l ) the g l u c o s e c o n c e n t r a t i o n 

KG1 the i n h i b i t i o n c o n s t a n t o f f l o c c u l a t i o n by g l u c o s e 
k 
m 

the m i x i n g c o n s t a n t by CO^ 
d 

r c o 2 

the r a t e o f CO^ d e s o r p t i o n 
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Sugars consumption. Saccharose i s f i r s t hydrolysed i n t o g l u 
cose and fructose at the c e l l surface, then the four fermentable 
sugars, glucose, fructose, maltose and maltotriose are assimilated 
at d i f f e r e n t rates depending on the medium composition. Glucose i s 
taken up the faste s t as the maltose, maltotriose and fructose i n t r a 
c e l l u l a r transports are i n h i b i t e d by glucose. Assuming that the 
substrates are mainly consumed by the suspended yeasts, the f o l l o 
wing rate expressions are proposed to describe the time v a r i a t i o n 
of fermentable sugars : 

d(Gl) _ (Gl) , γ χ 180 d(Sac) m 

dt " " VG1 K G 1 + (Gl) U S ; " 342 dt K J 

d(Mal) _ (Mal) 1 ,  χ , n 
dt " " VMal K M a l + (Mal

KG1 

dt " * k s a c ( S a c ) ( V ( 6 ) 

d(Sac) 
dt 

d(Mlt) . (Mit) 1 , γ χ m 

"dt - - v M i t K Z T W I :—(cry ( v ( 7 ) Mit V , , J- W 1 + 
K 1 
KG1 

d(Fr) _ (Fr) 1 , Y . 180 d(Sac) 
~dF~~ " * V F r K r + (Fr) ~ (GÎT ( V " 342 "dt W Fr 1 + - p r -

KG1 

with ( G l ) , (Mal), (Sac), ( M i t ) , (Fr) the glucose, maltose, saccha
rose, maltotriose and fructose concentration. 
^ G l ' ^Mal* ^Mlt' V r ̂ n e m a x ^ m a ^ r a ^ e °^ glucose, maltose, malto
t r i o s e and fructose consumption. 

i i f i " ^Gl ' ^Gl ' ̂ Gl 9 ^ u c o s e i n h i b i t i o n constants 
k s a c ' KG1' KMal' K M l t ' K F r k i n e t i c c o n s t a n t s -

The time v a r i a t i o n of the t o t a l fermentable sugar concentra
t i o n i s calculated by adding the previously defined rates of v a r i a 
t i o n of the concentration of the i n d i v i d u a l sugars. 

Amino acids consumption. Two rate expressions were used. For 
threonine, serine, methionine, i s o l e u c i n e , leucine, l y s i n e , the 
rate of consumption i s proportional to the rate of yeast growth, 
but can be l i m i t e d by the amino acid concentration 
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(AA) being the amino acid concentration i n the medium 
the maximal rate of amino acid consumption 
a k i n e t i c constant. 
For other amino acids, such as aspartic a c i d , glutamic a c i d , 

alanine, v a l i n e , tyrosine, phenylalanine, h i s t i d i n e , arginine, an 
additionnai i n h i b i t o r y e f f e c t of threonine demonstrated by expe
riments with threonine enriched wort, i s considered 

d(AA) (AA) 1 d ( V n n ) 

dt AA Κ Δ + (AA) ~ TThrT dt v J 

Thr 

with K.^ the i n h i b i t i o n constant by threonine
Ethanol production

related to the t o t a l rate of fermentable sugar consumption 

Φ* - - Vs <"> 
The ethanol to sugar y i e l d , R£/s , was found to s l i g h t l y i n 

crease during the fermentation as a r e s u l t of the decrease of the 
growth y i e l d . Based on a carbon balance of the sugar conversion 
int o yeast, ethanol and CO2, the v a r i a t i o n of R^/s can be related 
to the previously expressed v a r i a t i o n of Rx / s as 

RE/S = YE/S 
1 , ° > 4 3 ( Y x / s - R x / s } 

+ 0 , 5 2 Y E / s + 0 , 2 7 Y C Q 2 / S 

(12) 

with Yçyg and Yfjg^/s a s ^ n e i n i t i a l ethanol to sugar and CO2 to 
sugar y i e l d , r espectively. 

Other metabolite production. The rate of production of aro
matic coumpounds - higher alcohols, esters, ethers, acids - i s 
assumed proportional to the rate of yeast growth. Some, l i k e dike-
tones, are reassimilated or chemically transformed a f t e r excretion, 
so that the following general equation was used : 

Μ . γ Î Î V . k ( M ) ( 1 3 ) 

dt " YM/X dt kM W 

with (M) the metabolite concentration 
YM/X a P r o P o r t i o n a l i t y constant between metabolite and yeast 

production 
k^ a f i r s t order transformation constant. 
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C02 production. The rate of carbon dioxide production i s 
taken proportional to the t o t a l rate of sugar consumption. Produ
ced CO2 i s either dissolved, or transformed into bicarbonate, or 
i s desorbed into the gas phase uhen the dissolved concentration 
exceeds the saturation concentration. The desorption of CO2 i s en
hanced by the natural convection r e s u l t i n g from the r i s i n g of CO2 
bubbles. I t i s thus assumed that the desorption rate i s propor
t i o n a l to the rate of CO2 production, i . e . approximately to the 
rate of fermentable sugar uptake. Consequently the rate of v a r i a 
t i o n of dissolved CO2 i s written as : 

d ( C t W ρ diTFS) d< H C°3") = — Κ dt 
d(TFS) q ^ H U U 3 ; Π ) ( wld(TFS) ( . 

c o y s ~6t~ " St + k d [ ( C 0 2 d ) - ( C 0 2 ) j^t^ ( } 

with (CÔ çj) the dissolve
(CO2)* the saturation CO2 concentration 
(HCO^") the bicarbonate concentration 
k^ the desorption constant 

The CO2 to sugar y i e l d , Rc02/S> w a s observed to s l i g h t l y increase 
during the fermentation. As previously for the variable ethanol to 
sugar y i e l d , the value of Rc02/S c a n be related to the i n i t i a l CO2 
to sugar y i e l d , Yc02/S a n c* the variable yeast to sugar y i e l d as 

RC0 2/S = YC02/S 1 + ° > 4 3 ( Y x/s - RX/S } 

0,52 Y E / 5 + 0,27 Y C 0 2 / S 

(15) 

Bicarbonate i s considered i n equilibrium with dissolved CO2, with 
the pH decreasing from 5 to 4.2 during the fermentation. Desorbed 
CO2 leaves the fermentor when the overhead pressure reaches the 
maximal tank pressure. Under these conditions 

ν = -^[ ( ϋν- εν*]^- ( 1 6 ) 

^CÛ2 ^ Θ* η9 the CO2 flow rate leaving the fermentor. 
The r e s u l t i n g set of d i f f e r e n t i a l equations i s numerically 

integrated by standart Runge Kutta procedure. The d i f f e r e n t para
meters of the model are determined to obtain the best agreement 
between the theory and the experimental r e s u l t s . 

RESULTS AND DISCUSSION 
Experiments were f i r s t performed i n laboratory tube fermentors 

to study the yeast growth phase. The time change of t o t a l fermen
table sugar concentration, t o t a l and suspended yeast concentration 
during beer fermentation i s shown i n Figure 1. As seen, despite a 
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high l e v e l of fermentable sugars, yeast growth considerably slows 
down and f l o c c u l a t i o n becomes a predominant phenomenon a f t e r 80 
hours of fermentation. When the i n i t i a l wort i s enriched i n g l u 
cose, one observes i n Figure 2, that yeast growth rate i s not 
influenced, but f l o c c u l a t i o n i s delayed u n t i l glucose consumption 
i s completed, which confirms previously reported dependence of 
f l o c c u l a t i o n on glucose concentration (5). 

Figure 3 shows the experimentally determined and the c a l c u l a 
ted time v a r i a t i o n of suspended yeast concentration i n p i l o t plant 
fermentor at two d i f f e r e n t temperatures. As seen, decreasing the 
temperature decreases the i n i t i a l growth rate, delays the onset of 
f l o c c u l a t i o n and decreases the rate of f l o c c u l a t i o n . A s a t i s f a c t o 
ry modeling i s provided by equations 1 to 3 using a yeast to sugar 
y i e l d decreasing from 0,065 to 0,018 with increasing ethanol con
centration, and an Arrheniu  typ f temperatur  dependenc f th
maximal rates of sugar consumptio

The experimentally
time of the f i v e fermentable sugars at 14° C i n the p i l o t plant 
fermentor are represented i n Figure 4. As expected, glucose, sac
charose, fructose, maltose and maltotriose are removed at d i f f e 
rent rates from the medium. Glucose, which i s p a r t l y produced by 
the saccharose hy d r o l y s i s , i s taken up the f a s t e s t , the i n i t i a l 
a s s i m i l a t i o n of maltose and maltotriose being repressed by the 
presence of glucose. 

Figure 5, which represents the experimental and t h e o r e t i c a l 
r e s u l t s obtained for four of the twenty considered amino acids, 
shows that amino acids present i n the wort are consumed at very 
d i f f e r e n t rates. Proline i s p r a c t i c a l l y not taken up, whereas 
threonine i s t o t a l l y consumed a f t e r 70 hours of fermentation. 
Others, l i k e leucine and v a l i n e , are p a r t i a l l y assimilated during 
the yeast growth phase. I t has been v e r i f i e d that amino acids are 
not l i m i t i n g at the end of the growth phase. 

Ethanol production, which i s shown i n Figure 6 at 10° C and 
14° C, i s adequately related to the fermentable sugars consumption 
by equations 11 and 12, with an ethanol to sugar y i e l d increasing 
s l i g h t l y from 0,46 to 0,485. The time v a r i a t i o n of two of the 
other investigated metabolites, acetolactate and phenyl ethanol, 
as experimentally observed and calculated from equation 13, i s 
represented i n Figure 7. 

F i n a l l y Figure 8 shows the measured change with time of d i s 
solved CO2 concentration, fermentor overhead pressure, and CO2 
o u t l e t fow rate at 14° C i n the p i l o t plant. As demonstrated by 
the good agreement between the experimental points and the calcu
lated curves, equations 14 to 16 provide an adequate modeling of 
CO2 production, d i s s o l u t i o n and desorption. 

CONCLUSIONS 

The experimental and t h e o r e t i c a l r e s u l t s of t h i s study are 
expected to improve the quantitative understanding of beer fermen-
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TIME, h 

Figure 1. Time variation of total yeast, suspended yeast, and total fermentable 
sugar concentrations in a laboratory scale fermentation. Key: O , total yeast; ·, 

suspended yeast; +, total fermentable sugar. 

Figure 2. Time variation of glucose and 
suspended yeast concentration with stand
ard and glucose-enriched (+20 g/L) 

wort. 

Figure 3. Experimental and theoretical 
yeast growth and flocculation kinetics at 

14°C (%) and 10°C (O). 
300 
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Figure 5. Experimental and theoretical kinetics of uptake of amino acids at 14°C. 
Key: A , threonine; • , valine; |, leucine; O , proline; ·, total amino acids. 
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Figure 6. Experimental and theoretical kinetics of ethanol production f | and •,) 
and total fermentable sugar consumption ( · and O) at 14°C and 10°C. Open 

symbols, 10°C; solid symbols, 14°C. 

100 200 
TIME, h 

300 

100 200 300 
TIME, h 

Figure 7. Experimental and theoretical time variation of acetolactate and phenyl-
ethanol concentration at 10°C (O) and 14°C (Φ). 
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^ 8h 
τ Γ τ Γ 

ο 
g Ι" € + * ^ ι ο γ ϊ : ·. · 
^ 4h/ saturation^ 
ο 

100 200 
TIME, h 

300 Figure 8. Experimental and theoretical 
time variation of dissolved C02, overhead 
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t a t i o n . An e s s e n t i a l f i n d i n g o f both l a b o r a t o r y and p i l o t p l a n t 
experiments i s the decrease i n c e l l u l a r growth a c t i v i t y d u r i n g the 
course o f the f e r m e n t a t i o n , the growth phase ending a f t e r about 
100 hours o f f e r m e n t a t i o n . T h i s f a l l i n c e l l u l a r v i a b i l i t y i s not 
caused by sugar or amino a c i d s l i m i t a t i o n s . I t may p a r t l y r e s u l t 
from e t h a n o l a c c u m u l a t i o n i n the medium, or as suggested by o t h e r 
s t u d i e s ( 6 ) , from l i m i t a t i o n s i n i n t r a c e l l u l a r s t e r o l s which are 
no l o n g e r s y n t h e s i z e d under a n a e r o b i c c o n d i t i o n s . A c c o r d i n g t o 
our r e s u l t s , the r a t e o f sugar uptake i s d i r e c t l y p r o p o r t i o n a l t o 
the suspended y e a s t c o n c e n t r a t i o n , the r a t e o f amino a c i d s uptake 
and o f some ar o m a t i c m e t a b o l i t e s p r o d u c t i o n i s d i r e c t l y r e l a t e d 
t o the y e a s t growth r a t e , whereas e t h a n o l and C02 p r o d u c t i o n i s 
e s s e n t i a l l y p r o p o r t i o n a l t o the t o t a l r a t e o f sugar consumption. 

As demonstrated by the good agreement between experiments 
and t h e o r y , the time v a r i a t i o f th  d i f f e r e n t s p e c i e  i  th
f e r m e n t a t i o n medium ca
s i m p l e model based on y e a s  p h y s i c a  p r o c e s s e
o f y e a s t f l o c c u l a t i o n , CO2 d e s o r p t i o n and CO2 m i x i n g . E s s e n t i a l 
i n the model i s the i n t r o d u c t i o n o f a y e a s t t o sugar y i e l d depen
d i n g on the measurable e t h a n o l c o n c e n t r a t i o n t o r e p r e s e n t the l o s s 
o f c e l l u l a r v i a b i l i t y . 

F u r t h e r e x p e r i m e n t a l and t h e o r e t i c a l i n v e s t i g a t i o n s are b e i n g 
done t o study i n g r e a t e r d e t a i l the p o s s i b l e i n f l u e n c e o f o t h e r 
key p r o c e s s parameters, p i t c h i n g r a t e , p r e s s u r e , wort a e r a t i o n , on 
the f e r m e n t a t i o n p r o c e s s and the f i n a l beer q u a l i t y . 

LITERATURE CITED 

1. Tepper, P. ; Marc, I. ; Engasser, J.M. ; Moll, M. ; Duteurtre, 
B. in Current Developments in Yeast Research (G. Stewart and 
I. Russel, eds) 1981, p. 129, Pergamon Press, Toronto 

2. Engasser, J.M. ; Marc, I. ; Moll, M. ; Duteurtre, B. 
Proc. 18 th Eur. Brew. Conv. 1981, p. 579 

3. Lehuede, J.M. ; Flayeux, R. ; Moll, M. ; 9 th Technicon Inter
national Symposium, Paris, 1979, p. 1 

4. Marc, I. , Thesis Nancy, 1982 
5. Amri, M.A. ; Bonaly, R. ; Duteurtre, B. ; Moll, M. 

Eur. J. Appl. Microbiol. 1979, 7, 227-234 
6. Haukeli, A.D. ; Lie, S. 

Proc. 17 th Eur. Brew. Conv. 1979, p. 35. 

RECEIVED June 29, 1982 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



24 
Growth Inhibition Kinetics for the Acetone— 
Butanol Fermentation 

JEANINE M. COSTA and ANTONIO R. MOREIRA1 

Colorado State University, Department of Agricultural and Chemical Engineering, 
Fort Collins, CO 80523 

The inhibitory e f f e c t of each fermentation 
product on the cell
of product formatio
butanol fermentation with Clostridium acetobutylicum 
ATCC 824. Inhibition of cell growth was studied by 
challenging cultures with varying concentrations of 
each product. There was a threshold concentration 
which must be reached before growth i n h i b i t i o n 
occurred. This concentration was found to vary with 
each i n h i b i t o r . Above the threshold concentration, 
there was a linear decrease of the growth rate with 
an increase in product concentration. 

Due t o the r i s i n g c o s t s a s s o c i a t e d w i t h p r o d u c i n g c h e m i c a l s 
from f o s s i l f u e l s , a l c o h o l f e r m e n t a t i o n s based on renewable 
r e s o u r c e s a r e becoming more and more a t t r a c t i v e as an a l t e r n a t i v e 
r o u t e f o r o b t a i n i n g commodity c h e m i c a l s . However, a problem 
common t o many o f these f e r m e n t a t i o n s i s the r e l a t i v e l y low con
c e n t r a t i o n o f the d e s i r e d p r o d u c t i n t h e f i n a l fermented b r o t h . 
B a c t e r i a l e t h a n o l f e r m e n t a t i o n s s t o p a t a l c o h o l l e v e l s i n the 
range o f 5-8 weight p e r c e n t Cl). A more d r a m a t i c t o x i c e f f e c t i s 
observed i n the a c e t o n e - b u t a n o l f e r m e n t a t i o n . The t o t a l s o l v e n t s 
c o n c e n t r a t i o n i s 2-3 weight p e r c e n t a t the p o i n t where s o l v e n t 
l e v e l s a r e t o x i c t o the p r o d u c i n g C l o s t r i d i u m (2). B u t a n o l , 
b u t y r i c a c i d , and a c e t i c a c i d are the most t o x i c p r o d u c t s o f t h e 
a c e t o n e - b u t a n o l f e r m e n t a t i o n . I t has been p r e v i o u s l y shown (3) 
t h a t a t b u t a n o l c o n c e n t r a t i o n s i n the range o f 0.10-0.15 M, 50% 
i n h i b i t i o n i s observed s i m u l t a n e o u s l y f o r the maximum s p e c i f i c 
growth r a t e , the n u t r i e n t uptake r a t e , and the membrane-bound 
ATPase a c t i v i t y . T h i s end-product t o x i c i t y r e s u l t s i n l a r g e 
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energy e x p e n d i t u r e s f o r p r o d u c t r e c o v e r y as w e l l as i n l a r g e 
c a p i t a l i n v e s t m e n t s due t o the l a r g e s i z e equipment r e q u i r e d t o 
re a c h an e c o n o m i c a l l y a t t r a c t i v e s c a l e o f p r o d u c t i o n . Conse
q u e n t l y , k i n e t i c d a t a i s needed t o develop a b a s i c u n d e r s t a n d i n g 
of t h e s e f e r m e n t a t i o n p r o c e s s e s and t o p e r m i t an o p t i m a l d e s i g n 
f o r the fermentor systems t o be used f o r the p r o d u c t i o n o f these 
c h e m i c a l s . T h i s paper addresses the k i n e t i c s o f end-product 
i n h i b i t i o n o f c e l l growth i n the a c e t o n e - b u t a n o l f e r m e n t a t i o n . 

M a t e r i a l s and Methods 

M i c r o o r g a n i s m and C u l t u r e C o n d i t i o n s . C l o s t r i d i u m a c e t o -
b u t y l i c u m s t r a i n ATCC 824 was used i n t h i s s t u d y . Maintenance 
c u l t u r e s were grown i n c o r n mash medium f o r 72 hours a t 37 C and 
then r e f r i g e r a t e d a t 4 t  5 C Th h mediu  c o n s i s t e d f 
5% (w/v) c o r n meal w i t
a n a e r o b i c c o n d i t i o n s . Th  a p p r o p r i a t
volume o f d i s t i l l e d water f o r one hour. The mash was then d i s 
t r i b u t e d i n t o screw cap tubes (16 χ 125 mm) and a u t o c l a v e d f o r 15 
minutes a t 121 C. 

The microorganism was r o u t i n e l y t r a n s f e r r e d a n a e r o b i c a l l y i n 
screw cap tubes w i t h 10 ml o f medium comprised o f 50% (v/v) t h i o -
g l y c o l l a t e 135C medium ( D i f c o L a b o r a t o r i e s , D e t r o i t , Michigan) and 
50% (v/v) s o l u b l e medium c o n t a i n i n g the f o l l o w i n g components i n 
g/1: KH 2P0 4, 0.75; Κ 2 Η Ρ Ο 4 , 0.75; MgS04, 0.20; MnS0 4.H 20, 0.01; 
FeS04.7H20, 0.01; NaCI, 1.00; c y s t e i n e , 0.50; y e a s t e x t r a c t , 5.00; 
g l u c o s e , 60; asparagine.H20, 2.00; (NH4) 2S04, 2.00. 

Growth C h a l l e n g e S t u d i e s . The e f f e c t o f the f e r m e n t a t i o n 
p r o d u c t s on the growth r a t e o f C I . a c e t o b u t y l i c u m was determined 
by the f o l l o w i n g p r o c e d u r e . A 24-hour o l d c u l t u r e was used as a 
5% inoculum t o f l a s k s c o n t a i n i n g 200 ml o f 2% (w/v) g l u c o s e 
s o l u b l e medium. A f t e r 10-12 ho u r s , t h e s e c e l l s were used as a 20% 
(v/v) inoculum f o r f l a s k s c o n t a i n i n g s o l u b l e media w i t h 2% (w/v) 
g l u c o s e . A f t e r a l a g phase o f 30-45 minutes, the c u l t u r e s were 
c h a l l e n g e d w i t h v a r i o u s c o n c e n t r a t i o n s o f e t h a n o l , b u t a n o l , and 
acetone. Growth was mon i t o r e d by h o u r l y measurements o f o p t i c a l 
d e n s i t y a t 560 nm. 

The procedure f o r d e t e r m i n a t i o n o f growth r a t e s i n the 
presence o f a c e t i c and b u t y r i c a c i d was m o d i f i e d as f o l l o w s . The 
inoculum was p r e p a r e d by u s i n g c e l l s from a c o r n tube as a 10% 
(v/v) inoculum f o r t h i o g l y c o l l a t e / s o l u b l e medium c o n t a i n i n g 20 g/1 
MES b u f f e r (2-[N-morpholino] e t h a n e s u l f o n i c a c i d ) , (Sigma Chemi
c a l Co., S t . L o u i s , MO). A f t e r 10-12 h o u r s , t h e s e c e l l s were 
used as a 20% (v/v) inoculum f o r f l a s k s c o n t a i n i n g s o l u b l e media 
(20 g/1 g l u c o s e + 20 g/1 MES b u f f e r ) . A f t e r a l a g phase o f 30-45 
minutes, the c e l l s were c h a l l e n g e d w i t h v a r i o u s c o n c e n t r a t i o n s o f 
a c e t i c and b u t y r i c a c i d . 
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pH C o n t r o l l e d F e r m e n t a t i o n . A 7 - l i t e r New Brunswick M i c r o -
ferm fermentor (New Brunswick s c i e n t i f i c , E d i s o n , NJ) w i t h a 
w orking volume o f 4 l i t e r s was used i n t h i s s t u d y . The a g i t a t i o n 
speed was m a i n t a i n e d a t 2 0 0 rpm d u r i n g t h e f e r m e n t a t i o n . The pH 
o f t h e f e r m e n t a t i o n s t a r t e d a t 6.2 and was a l l o w e d t o f a l l t o pH 
5.0. The pH was t h e r e a f t e r m a i n t a i n e d a t 5.0 by the a d d i t i o n o f 
1 Ν NaOH on a demand b a s i s . The temperature was c o n t r o l l e d a t 
37 C 

A n a l y s i s . The c e l l d e n s i t y was measured a t 560 nm u s i n g a 
Bausch and Lomb S p e c t r o n i c 2 0 spectrophotometer. 

F e r m e n t a t i o n samples were c o l l e c t e d and c e n t r i f u g e d immedi
a t e l y under r e f r i g e r a t i o n a t 15,000 rpm f o r 1 0 minutes. The 
s u p e r n a t a n t s were s t o r e d i n p l a s t i c v i a l s and i m m e d i ately f r o z e n 
f o r subsequent a n a l y s i s
d i s t i l l e d water. The c e l l
water and p l a c e d i n t a r e d c o n t a i n e r s . The c e l l d r y w e i g ht was 
determined a f t e r d r y i n g f o r 24 hours a t 80 C. 

The c o n c e n t r a t i o n o f p r o d u c t s i n t h e s u p e r n a t a n t s was 
determined on a V a r i a n model 2400 gas chromatograph equipped w i t h 
a flame i o n i z a t i o n d e t e c t o r . The chromatograph had i n s t a l l e d a 
6 f t χ 1/8 i n s t a i n l e s s s t e e l t e f l o n l i n e d column packed w i t h 
Chromosorb W-AW c o a t e d w i t h 1 0 % A T - 1 0 0 0 . The temperature o f t h e 
column was programmed from 1 0 0 C t o 180 C a t a r a t e o f 2 0 C/min. 
Helium was used as the c a r r i e r gas a t a f l o w r a t e o f 30 ml/min. 
The flame i o n i z a t i o n d e t e c t o r temperature was 230 C. A 1 0 % (w/w) 
n-propanol s o l u t i o n c o n t a i n i n g 4% (w/w) H2SO4 was used as an 
i n t e r n a l s t a n d a r d . 

The g l u c o s e c o n c e n t r a t i o n o f the f e r m e n t a t i o n samples was 
measured by the DNSA ( d i n i t r o s a l i c y l i c a c i d ) method (4) u s i n g 
g l u c o s e as a s t a n d a r d . Samples were d i l u t e d t o c o n t a i n l e s s than 
1 g/1 g l u c o s e . 

R e s u l t s and D i s c u s s i o n 

P r o d u c t C h a l l e n g e d Growth S t u d i e s . To study the i n h i b i t o r y 
f a c t o r s o f the a c e t o n e - b u t a n o l f e r m e n t a t i o n , the growth r a t e s o f 
C I . a c e t o b u t y l i c u m i n the presence o f each f e r m e n t a t i o n p r o d u c t 
were determined. The end p r o d u c t s used i n t h i s s t udy i n c l u d e d 
e t h a n o l , b u t a n o l , acetone, a c e t i c a c i d , and b u t y r i c a c i d . From 
the s l o p e s o f the l e a s t squares r e g r e s s i o n l i n e s o f o p t i c a l 
d e n s i t y v s . time d a t a , the maximum s p e c i f i c growth r a t e s i n t h e 
presence o f v a r y i n g c o n c e n t r a t i o n s o f each i n h i b i t o r ( y m ) were 
determined. The r e s u l t s f o r each f e r m e n t a t i o n p r o d u c t are shown 
i n F i g u r e s 1 - 3. There appears t o be a t h r e s h o l d c o n c e n t r a 
t i o n which must be reached b e f o r e growth i n h i b i t i o n o c c u r s . T h i s 
c o n c e n t r a t i o n was found t o v a r y w i t h each i n h i b i t o r s t u d i e d . 
Above the t h r e s h o l d c o n c e n t r a t i o n , the growth i n h i b i t i o n can be 
d e s c r i b e d by a l i n e a r r e l a t i o n s h i p o f the form: 

In Foundations of Biochemical Engineering; Blanch, H., et al.; 
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BUTYRIC ACID CONCENTRATION (9/1) 

Figure 3. Maximum specific growth rate of CI. acetobutylicum when challenged 
with various concentrations of butyric acid. 
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μ 1 = μ [1 - (Ρ - Ρ )] f o r Ρ > Ρ C m m κ ο = ο Ρ 
C o n c e n t r a t i o n s c a u s i n g a 50% r e d u c t i o n i n growth r a t e were a l s o 
determined. A summary o f t h e i n h i b i t i o n d a t a o b t a i n e d i s g i v e n 
i n Table I . 

Table I . Summary o f Growth I n h i b i t i o n Data 

P r o d u c t K p (M) Ρ (M) ο — Cone, a t which growth was 
i n h i b i t e d by 50% 

M 2/1 
B u t y r i c A c i d 0.07 
B u t a n o l 0.15 0.06 0.15 11.0 
A c e t i c A c i d 0.19 0.05 0.13 8.0 
Acetone 0.98 0.26 0.88 43.5 
E t h a n o l 1.01 0.26 1.10 51.0 

The i n h i b i t i o n c o n s t a n t Kp f o r each p r o d u c t was c a l c u l a t e d 
from the s l o p e o f the l e a s t squares r e g r e s s i o n l i n e o f y ^ / V ^ v s . 
Ρ d a t a . The i n h i b i t i o n c o n s t a n t s f o r e t h a n o l and acetone a r e 
a p p r o x i m a t e l y t e n times g r e a t e r than t h a t f o r b u t a n o l , a c e t i c 
a c i d , and b u t y r i c a c i d . T h i s i s i n d i c a t i v e o f the r e l a t i v e l y low 
t o x i c i t y o f acetone and e t h a n o l as compared w i t h the o t h e r f e r 
m e n t a t i o n p r o d u c t s . 

F o r each f e r m e n t a t i o n p r o d u c t , the P Q v a l u e was p l o t t e d 
a g a i n s t the Kp v a l u e as shown i n F i g u r e 4. The t h r e s h o l d con
c e n t r a t i o n was found t o i n c r e a s e l i n e a r l y w i t h an i n c r e a s i n g Kp 
v a l u e . The e q u a t i o n o f t h i s l i n e was determined t o be: 

Κ = 3.94 Ρ - 0.03 (2) Ρ ο 
by a l e a s t squares r e g r e s s i o n a n a l y s i s . The c o r r e l a t i o n c o e f f i 
c i e n t was found t o be 0.997. 

S i m i l a r growth c h a l l e n g e experiments were performed u s i n g 
t e r t - b u t y l a l c o h o l and n-hexanol. A l t h o u g h t e r t - b u t y l a l c o h o l 
and n-hexanol a r e not p r o d u c t s o f t h i s f e r m e n t a t i o n , the Kp and 
P 0 v a l u e s o b t a i n e d f o r these two a l c o h o l s were found t o l i e on 
the s t r a i g h t l i n e shown i n F i g u r e 4. Li n d e n e t a l . (3) have 
shown t h a t the end p r o d u c t t o x i c i t y i n t h e a c e t o n e - b u t a n o l f e r 
m e n t a t i o n o c c u r s by a l t e r i n g membrane f u n c t i o n a l i t y . The l i n e a r 
r e l a t i o n s h i p between Kp and P Q may i n d i c a t e t h a t the i n h i b i t i o n 
o f each o f these v a r i o u s compounds o c c u r s by the same mechanism. 

The r e s u l t s o f a 39-hour b a t c h f e r m e n t a t i o n a r e shown i n 
F i g u r e 5. The l e v e l s o f acetone and e t h a n o l t y p i c a l l y observed 
d u r i n g a f e r m e n t a t i o n (5 g/1 and 1.5 g/1 r e s p e c t i v e l y ) were 
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Figure 4. Relationship between K p and ?0 from the product inhibition studies. 
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found t o be n o n i n h i b i t o r y t o c e l l growth. The h i g h e s t c o n c e n t r a 
t i o n s o f b u t y r i c a c i d and a c e t i c a c i d which have been observed 
d u r i n g f e r m e n t a t i o n a r e i n the range o f 3.5 t o 4.0 g/1. These 
l e v e l s o f a c i d s approach those c a u s i n g 50% i n h i b i t i o n o f growth. 
T y p i c a l b u t a n o l c o n c e n t r a t i o n s observed d u r i n g a f e r m e n t a t i o n a r e 
11-12 g/1. B u t a n o l i s t h e o n l y p r o d u c t t h a t reaches l e v e l s 
a c t u a l l y c a u s i n g 50% growth i n h i b i t i o n . 

Recent r e s u l t s r e p o r t e d by Leung and Wang (5) show a c e t i c 
and b u t y r i c a c i d c o n c e n t r a t i o n s c a u s i n g 50% i n h i b i t i o n o f growth, 
which are about t w i c e t h e l e v e l s o b t a i n e d i n t h i s work. The 
apparent disagreement between the two s e t s o f d a t a c o u l d be due 
t o t h e d i f f e r e n t methods used i n each case t o s t a b i l i z e t h e pH o f 
the f e r m e n t a t i o n media d u r i n g an a c i d c h a l l e n g e . 

The methodology used i n t h i s study i n v o l v e d t h e use o f a 
b i o l o g i c a l b u f f e r , MES (2-[N-morpholino] e t h a n e s u l f o n i  a c i d )
s t a b i l i z e the pH. C e l l
t a i n i n g MES b u f f e r and th
d i f f e r e n c e i n growth r a t e s . T h i s i n d i c a t e s t h a t MES has no 
e f f e c t on t h e growth r a t e o f the organism. 

The methodology t o s t a b i l i z e the pH o f the f e r m e n t a t i o n 
media r e p o r t e d by Leung and Wang (5) i n v o l v e d t h e p r e p a r a t i o n o f 
200 g/1 s o l u t i o n s o f a c e t a t e and b u t y r a t e by t i t r a t i o n w i t h NaOH. 
In t h i s manner, the c e l l s were exposed t o Na+ c o n c e n t r a t i o n s i n 
the range o f 2-7 g/1. The h i g h c o n c e n t r a t i o n s o f Na+ may have an 
osmotic o r membrane s t a b i l i z i n g e f f e c t which may account f o r the 
h i g h e r t o l e r a n c e t o a c i d s . However, i n s p i t e o f t h e s e d i s c r e p a n 
c i e s , t h i s i n v e s t i g a t i o n s u p p o r t s the c o n c l u s i o n t h a t t h e con
c e n t r a t i o n o f b u t a n o l i s an i m p o r t a n t parameter i n t h e acetone-
b u t a n o l f e r m e n t a t i o n . 

Attempts t o model the c e l l growth curve d u r i n g a b a t c h f e r 
m e n t a t i o n by c o n s i d e r i n g the i n h i b i t i o n due t o each p r o d u c t 
s e p a r a t e l y r e s u l t e d i n much h i g h e r growth r a t e s than were a c t u a l l y 
observed. Two f a c t o r s c o u l d c o n t r i b u t e t o t h i s d i s c r e p a n c y . On 
the one hand, the p r o d u c t i n h i b i t i o n experiments were c a r r i e d out 
u s i n g each f e r m e n t a t i o n p r o d u c t s e p a r a t e l y . However, i n an a c t u a l 
f e r m e n t a t i o n the p r o d u c t s are p r e s e n t t o g e t h e r . T h i r t e e n hours 
i n t o the f e r m e n t a t i o n , as shown i n F i g u r e 5, the c o n c e n t r a t i o n o f 
each p r o d u c t i s below the t h r e s h o l d c o n c e n t r a t i o n when growth 
i n h i b i t i o n was determined t o o c c u r . T h i s i n d i c a t e s t h a t no growth 
i n h i b i t i o n s h o u l d be observed. However, the c e l l growth r a t e a t 
t h i s time was determined t o be o n e - h a l f o f t h e maximum s p e c i f i c 
c e l l growth r a t e . T h i s i n d i c a t e s t h a t some synergi s m o c c u r s 
among the s e v e r a l f e r m e n t a t i o n p r o d u c t s and i t i s p r o b a b l y the 
t o t a l c o n c e n t r a t i o n o f p r o d u c t s which i s i m p o r t a n t i n d e t e r m i n i n g 
the t o x i c e f f e c t on growth r a t e . 

The o t h e r f a c t o r c o u l d be t h e d i f f e r e n c e i n t o x i c e f f e c t s o f 
produced s o l v e n t s as opposed t o added s o l v e n t s . Novak e t a l . (6) 
have shown t h a t e t h a n o l produced d u r i n g a b a t c h f e r m e n t a t i o n o f 
Saccharomyces c e r e v i s i a e i s more i n h i b i t o r y than e t h a n o l added t o 
the f e r m e n t a t i o n . T h e r e f o r e , i t i s p o s s i b l e t h a t the i n h i b i t i o n 
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parameters determined i n t h i s s t u d y , based on added s o l v e n t s , 
might be l e s s severe than the a c t u a l v a l u e s due t o the s o l v e n t s 
produced d u r i n g the f e r m e n t a t i o n . 

C o n c l u s i o n s 

From these s t u d i e s o f growth i n h i b i t i o n and f e r m e n t a t i o n 
k i n e t i c s i n t h e a c e t o n e - b u t a n o l f e r m e n t a t i o n , t h e f o l l o w i n g 
c o n c l u s i o n s may be made: 

1. A t l e v e l s n o r m a l l y observed d u r i n g f e r m e n t a t i o n 
a. B u t a n o l , a c e t i c a c i d , and b u t y r i c a c i d a r e i n h i b i t o r y t o 

c e l l growth. 
b. Acetone and e t h a n o l show no i n h i b i t i o n e f f e c t s . 

2. F o r each f e r m e n t a t i o
t i o n below which n  growt
a l i n e a r decrease i n growth r a t e i s observed w i t h an i n c r e a s e 
i n p r o d u c t c o n c e n t r a t i o n . 

3. There i s a l i n e a r r e l a t i o n s h i p between the t h r e s h o l d concen
t r a t i o n ( P Q) and the i n h i b i t i o n c o n s t a n t (Kp) f o r each 
f e r m e n t a t i o n p r o d u c t . 

4. P r e l i m i n a r y o b s e r v a t i o n s seem t o i n d i c a t e t h a t the growth 
i n h i b i t i o n caused by s o l v e n t s produced d u r i n g f e r m e n t a t i o n 
i s d i f f e r e n t from the i n h i b i t i o n caused by e x t e r n a l l y added 
s o l v e n t s . 

Legend o f Symbols 

Κ i n h i b i t i o n c o n s t a n t (M) 
Ρ — 

Ρ p r o d u c t c o n c e n t r a t i o n (M) 
P^ t h r e s h o l d p r o d u c t c o n c e n t r a t i o n (M) 
μ maximum s p e c i f i c growth r a t e ( h r ~ l ) m 
μί maximum s p e c i f i c growth r a t e i n presence o f 

i n h i b i t o r ( h r " 1 ) 
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A 

Acetone-butanol fermentation, growth 
inhibition kinetics 

experimental methods 502, 503 
growth challenge experiments ... 503-508 
pH controlled 509,510/ 

Activator mechanisms of gene 
regulation 10

Aerobic growth without product 
formation, thermodynamic 
theory 304-311 

Agrobacterium tumejaciens, as 
example of demand theory 22 

Airlift columns—See Reactor equip
ment performance, systems with 
stationary internals 

Allosteric inhibitors 74 
Amensalism 

mixed cultures 209 
scheme for 211/ 

Anaerobic growth, thermodynamic 
theory 314 

Antagonism in mixed cultures 209 
Antibiotics 

optimizing fermentation processes 53-67 
production, penicillin 65 

Antiterminator mechanisms of 
gene regulation 11/ 

Β 
Bacillus brevis 

optimization of fermentation 
processes 53-67 

in vivo inactivation of enzymes in . 55 
Bacillus cereus, competition in mixed 

cultures 208 
Bacteria, enteric, as example of 

demand theory 15 
Baker's yeast—See Saccharomyces 

cerevisiae 
"Bang-bang" policy 168 
Beer fermentation 

comparison of kinetic theory 
and experiment 494-500 

kinetic analysis 490-494 
kinetics of yeast growth and 

metabolism 489-500 

Biocatalysts—See Immobilized cell 
catalysts 

Biochemical engineering—See 
Biotechnology 

Biomass production 
rate equations 468-469/ 
thermochemical optimization ... 463-488 

Biotechnology 
functional hierarchies 355-357/ 
history 3 
structural hierarchies 355-357/ 

Bubble columns 
mass transfer 345, 346 
performance as bioreactor 345, 346 

Butanol-acetone fermentation—See 
Acetone-butanol fermentation 

C 

Candida tropicalis, competition in 
mixed cultures 208 

Carbon source management in 
optimizing fermentations 180-198 

Catalysts—See Immobilized cell 
catalysts 

Cell control system, cybernetic 
perspective 165-176 

Cell cycle, models 137 
Cell division cycle, Saccharomyces 

cerevisiae 151, 152/ 
Cell mass production, optimization 180-186 
Cell, as control system 165-176 
Cellulase production by solid 

state fermentation 421-442 
Cellulose, hydrolysis of, kinetic 

analysis of enzyme reaction 37 
Chaetomium cellulolyticum, growth 

on corn stover 429-432 
Chemiosmotic coupling 324, 325/ 

See also Ion pumps 
Chemiosmotic hypothesis of 

oxidative phosphorylation 324 
Chemosensory movement properties— 

See Chemotaxis 
Chemotactic responses of various 

species 268,269/ 
Chemotaxis 265, 266 
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Chemotaxis— 
Continued 

and competition in mixed cultures 276/ 
Chromatography, size exclusion, 

procedure 445-449 
Clostridium acetobutylicim, acetone-

butanol fermentation 501-512 
Clumping, mass transfer in viscous 

systems with microbial network 
structure 351 

Colpoda steinii, feeding behavior 
in mixed cultures 215, 216, 219 

Commensalism, in mixed cultures 210-212 
Competition in mixed cultures 205-209 

effect of cell motility 286-289 
mathematical models 206-209 

Continuous culture 
Hansenula polymorpha 187, 188/ 
single-cell protein productio

Continuous reactors 
rate laws 466, 468 
reaction mechanism 464-467/ 

Control 
See also Regulation 
of reactor in reactor design 370-373/ 

Cooper-Helmstetter model 137, 138, 140 
Cornell model 100-102/, 114-121/ 

predictions 116-121/ 
Crowding in mixed cultures 222, 223 
Cybernetic approach, diauxic growth 164 
Cybernetic perspective 

cell control system 165-176 
microbial growth 161-178 

Cytometry, flow 135, 139/ 

D 
Demand theory 

Agrobacterium tumefaciens as 
example 22 

enteric bacteria as example 15 
gene regulation 3, 7 

development 13 
and physiology 16/ 

Depolymerization of cell wall, kinetic 
analysis of enzyme reaction 35 

Design—See Reactor design 
Diauxic growth 

dissolved oxygen as indicator 171/ 
example of cybernetic approach .... 164 

Dictoystelium discoideum 
feeding behavior in mixed cultures 215 
predator for Escherichia coli 254 

Didinum nasutum, feeding behavior 
in mixed cultures 214,215 

D N A synthesis in bacteria 140 

Ε 

Eccrinolysis in mixed cultures 214 
Ecology, and demand theory of 

gene regulation 15 
Ecosystems, effects of cell motility 

on populations 265-293 
Efficiency 

energetic, of ion pumps 326 
ion pumps 323, 326 
thermodynamic, for non-

equilibrium 300-304 
Electrodes, enzyme 46, 48, 50/ 
Electrogenic pumps—See Ion pumps 
Enteric bacteria 

demand theory 15 
gene regulation 15, 18/-21/ 
and demand theory of gene 

Enzymatic hydrolysis of starch 443-461 
effect of starch recrystallization 457, 458/ 
effect of temperature 448 

Enzyme activity 
mechanisms of regulation 73/ 
physiological patterns affecting 71,72/ 

Enzyme amount 
mechanisms of regulation 77-83 
physiological mechanisms of 

regulation 75 
physiological patterns of 

regulation 76, 77 
Enzyme electrodes 46, 48, 50/ 
Enzyme inactivation in vivo 55, 57 
Enzvme systems, kinetics 27-52 

Henri equation 27-32 
Enzyme-catalyzed reactions, kinetics 

immobilized enzymes 38 
particulate substrates 32-37 
soluble substrates 27-32 

Enzymes 
See also specific enzymes 
degradation of insoluble substrates, 

mass transfer 345 
immobilized cells as catalysts—See 

also Immobilized cells 
preparation and reaction 

performance 377-392 
comparison of kinetics, with 

soluble enzymes 40/, 42/, 43 
kinetics 38-48, 343, 345 

production, strategies for 
optimization 189-191 

production of heparinase by 
Flavobacterium heparinum 191-192/ 

strategies for optimization 191-192/ 
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Enzymes—Continued 
production of maltase by 

Saccharomyces italicus 189-191 
production optimization 186-192 
reducing in vivo inactivation 53-67 

Escherichia coli 
immobilized in epoxide beads, as 

immobilized cell catalyst 384-388/ 
mathematical models 98, 99 

transient response 123 
mechanisms of enzyme regulation 80, 82 
mechanisms of regulation of 

enzyme activity 74 
model of single-cell kinetics 138-143 
in mixed cultures 209 
and parasitism in mixed cultures 221 
physiological patterns in enzyme 

regulation 76, 77 
population, mathematical growt

model 138-14
as prey for Dictyostelium 

discoideum 254 
regulation of enzyme activity in 73/ 
structural genes 84 

F 

Feeding 
See also Prédation 
in mixed cultures 214-220 

mathematical model 219 
Fermentation—See Solid state 

fermentation 
Fermentation processes, 

optimization 179-198 
through control of in vivo inactiva

tion of biosynthetic enzymes 53-67 
Flavobacterium heparinum 

optimization of production 191, 192/ 
Flow cytometry 

cell division of Schizosaccharomyces 
pombe 144, 146, 147/ 

and frequency function 137, 139/ 
measurement and analysis 155 

Flow in reactors, effect on interparticle 
mass transfer rates 339-342 

Frequency function, experimental 
determination 137, 139/ 

Fungal growth, mechanism in solid 
state fermentation 426-437 

G 
Gene control models 3-25 

Gene regulation 
in enteric bacteria 15, 18/-21/ 
demand theory 3, 7 

Gene regulation mechanisms 
activator 10/ 
antiterminator 11/ 
negative 14/, 80 
positive 14/, 80 
proterminator 12/ 
repressor 9/ 

Generalist microorganism, 
Thiobacillus A2 
as example 232, 234/, 235/ 

Generalists in microbial population 
interactions 229-251 

Generalists and specialists—See 
Specialists and generalists 

Glucose oxidation, as example of 

factors affecting inactivation 57-61 
inactivation in vivo 55, 56/, 59, 60 

mechanism 62, 63/ 
kinetics of inactivation 57, 58/ 

Growth inhibition—See Kinetics, 
growth inhibition 

Growth of microorganisms in solid 
state fermentation of lignocel-
luloses for protein and cellulase 
production 421-442 

Growth in multiple substrate 
systems 166-176 

Growth patterns of Phycomyces 
sporangiophores 403-420 

measurement 406-407 
Growth 

mathematical models of 
single cells 93-133 

and product formation 179-198 
microbial, cybernetic 

perspective 161-178 
and product formation 179-198 

organisms with rigid 
exoskeletons 415-417 

H 

Halobium, measurement of potential 
changes in membrane 329 

Hansenula polymorpha 
continuous culture 187, 188/ 
single-cell protein source 187, 188/ 
strategy for optimization of 

growth 187, 188/ 
Henri equation, enzyme conversion 

of soluble substrates 27-32 
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Heparinase, optimization of 
production 191-192/ 

Heat transfer in reactor design 368, 369 
History 

biotechnology 3 
enzyme kinetics 28 
mathematical models of 

cell population 94-96 
solid state fermentation 421-423 

Hydrodynamics in reactor design 358-359 
Hydrolysis of cellulose, kinetic 

analysis of enzyme reaction 37 
Hydrolysis of particulate substrate, 

kinetic analysis of enzyme 
reaction 32 

Hydrolysis of starches by amylase, 
kinetic analysis of enzyme 
reaction 36 

Hyphomicrobiwn, and Pseudomonas 
interactions in mixed culture

I 
Immobilized cell catalysts 

deactivation 390, 391 
effectiveness and Thiele 

modulus 383-386 
effectiveness, cleavage of peni

cillin G by Escherichia 
coli 384-388/ 

operational stability 390, 391 
preparation entrapment 

in polymeric carriers by iono-
tropic gelation of poly-
electrolytes 379/, 380, 381/ 

in polymeric carriers by polycon-
densation of epoxy 
resins 380-382/ 

Immobilized enzymes 
enzyme electrode as example 46, 48, 50/ 
kinetics 38-48, 343, 345 

comparison with soluble 
enzymes 39-43 

pancreatic lipase 43 
optimization 386 

Immobilized cell catalysts, prepa
ration and reaction 
performance 377-392 

Inhibition of product—See 
Acetone-butanol fermentation 

Interfacial phenomena, effect in 
reactor design 338-340/ 

Interparticle mass transfer rates 342 
Intraparticle bioreaction rates 342 
Ion pumps 

coupling models 327 
energy transducers 323-331 

Ion pumps—Continued 
measurement of potential changes 

by light absorption 329 
Isoleucine, pathway for formation 85/, 86/ 
Isosteric inhibitors 74 

Κ 

Kinetic(s) 
in biological reactor design 335-354 
of enzyme systems 27-52 

Henri equation 27-32 
expeditiousness of ion pumps 323-331 
growth inhibition, acetone-

butanol fermentation 501-512 
experimental methods 502, 503 
growth challenge experiments 503-508 
pH controlled 509,510/ 

of yeast growth and metabolism 
in beer fermentation 489-500 

Kinetic analysis 
biological systems by power-

law formalism 4-7 
derivation 5-7 
evidence 6 

complex biological systems 4 
enzyme reactions 

hydrolysis of cellulose 37 
hydrolysis of particulate 

substrate 32 
hydrolysis of starch by amylase . 36 

general methods 3-25 
Klebsiella aerogenes 

physiological patterns of 
enzyme regulation 76, 77 

as prey for Tetrahymena 
pyrijormis 254 

Lactobacillus plantarum, commensal 
interaction in mixed cultures 

Lignocelluloses, fermentation—See 
Solid state fermentation 

212 

M 

Maltase, optimization of production 189-191 
Mass transfer 

See also Transport, Transfer 
in reactor design 359-365 

with reaction 360, 361/ 
effect of viscosity 365-367/ 
gas phase phenomena 326 
interfacial coefficients 360 
intraparticle 362 
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Mass transfer in reactor 
design—Continued 
volumetric coefficient 363, 364/ 

Mathematical models 
of beer fermentation kinetics 490-494 

comparison with experiment 494-500 
cell motility 265 
of cell population 

Cornell model 123, 125/ 
description and history 94-96 

of commensalism in mixed 
cultures 212 

of competition in mixed 
cultures 206-209 

of competition of Thiobacillus 
A2, T. neapolitanus and 
Spirillum G7 243/-245/ 

comparison with experimen
Cornell single-cell model 

examples of ideal model 96-99 
predictions 116-121/ 
transient response 118, 122-125 
rationale 93,94,96 
metabolism 135-158 

of Escherichia coli 98, 99 
effect of cell motility on popu

lation 277-289 
of feeding behavior in mixed 

cultures 219 
of growth of single cells 93-133 
of interactions of mixed 

cultures 201-227 
of population growth, Escherichia 

coli 138-143 
predator-prey dynamics 253-254 

Mechanisms of gene regulation 
activator 10/ 
antiterminator 11/ 
proterminator 12/ 
repressor 9/ 

Medium conservation equations 135 
Metabolic models, single-cell 135-158 
Metabolite excretion rates 

equations 470 
thermochemical optimization 463-488 

Metabolite flow 
enzymic mechanisms of 

regulation 73/ 
physiological patterns of 

regulation 72 
Metabolite production 

optimization 186-192 
penicillin by Pénicillium 

chrysogenum 193-196 

Metabolite production— 
Continued 

strategies for optimization 193-196 
Microbial growth 

cybernetic perspective 161-178 
and product formation, 

optimizing 179-198 
Microbial populations 135-158 
Microbial regulatory mechanisms 71-92 
Micrococcus lysodeikticus 

comparison of immobilized and 
soluble enzymes in lysis 42 

kinetic analysis of enzymatic lysis . 35 
Microorganisms as energy 

transducer 297/ 
Mixed cultures 

competition of chemotactic 
strains 276/ 

effect of motility on compe
tition 286-289 

interactions 201-227 
interactions of specialists and 

generalists 229-251 
predator-prey dynamics 253-254 
Thiobacillus A2 and Spirillum Gl 237 
Thiobacillus A2 with T. neapoli

tanus, Spirillum G7, or 
both 230-249 

Mixing in reactors 
See also Reactor equipment per

formance, mechanically 
stirred tanks 

effect on interparticle mass 
transfer rates 342 

Models 
See also Mathematical models 
cell cycle 137 
gene function 3-25 
stochastic, of Phycomyces 

sporangiophores 407-415 
Molecular size distribution of 

starch during enzymatic 
hydrolysis 443-461 

Motility 
chemotactic responses of various 

species 268, 269/ 
effect in mixed cultures 265-293 
experimental observations 270-276/ 
mathematical model 277-289 
peritrichously flagellated 

bacteria 266,267/ 
Multiple substrate systems, 

growth 166-176 
Mutation 

Escherichia coli strains as immo
bilized cell catalysts 386, 388/ 
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Mutation—Continued 
and parasitism in mixed cultures .. 221 
Saccharomyces italicus 189, 191/ 
scheme for producing strain of 

Serratia marcescens 87-90 
as tool for biochemical engineer 83-90 

Mutualism in mixed cultures 213-214 

Ν 
Negative mechanisms of gene 

expression regulation 13 

Ο 
Optimal strategy in micro

organisms 161-178 
Optimization 

immobilized cell catalyst, Aceto
bacter simplex 386

microbial growth and product 
formation 178-198 

of cell mass 186-192 
of enzymes 186-192 
of metabolites 186-192 

thermochemical, of microbial 
biomass-production and 
metabolite-excretion rates 463-488 

and in vivo inactivation of bio-
synthetic enzymes 53-67 

Optimum temperature for biological 
processes, relation to substrate 
concentration 463-488 

Osmotic processes—See Chemios
motic coupling 

Oxidation, glucose, immobilized 
enzyme reaction 45,47/ 

Oxygen transfer in mold pellets 343, 344/ 
Oxygen, dissolved 

contours in Pseudomonas ovalis 
colonies 395-401 

as indicator in diauxic growth 171/ 

Ρ 
Pancreatic lipase, comparison of 

kinetics of immobilized and 
soluble enzymes 43 

Paramecium and Didinum nasutum 
in mixed cultures 214,215 

Parasitism in mixed cultures 221 
Penicillin G, cleavage by Escherichia 

coli, immobilized cell 
catalyst 384-388/ 

Penicillin production 
computer control 193-196 

Penicillin production— 
Continued 

strategies for optimization 193-196 
Phosphorylation, chemiosmotic 

hypothesis of oxidative 324, 325/ 
Phycomyces sporangiophores 

growth patterns 403-420 
sensory apparatus 403-420 

Physiology and demand theory 16/ 
Polyporus versicolor, destruction 

of wood 428-429 
Population(s) 

dissolved oxygen in Pseudo
monas ovalis colonies 395-401 

interactions in mixed culture 201-227 
classification 202 

of mixed specialists and 
generalists 229-251 

metabolic models 135-158 
Population balance 

equations 135, 136, 146 
Poria monticola, destruction of 

wood 428 
Positive mechanisms of gene 

expression regulation 13 
Power-law formalism, for kinetic 
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