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Abstract The development of continuous culture tech-
niques 60 years ago and the subsequent formulation of
theory and the diversification of experimental systems
revolutionised microbiology and heralded a unique period
of innovative research. Then, progressively, molecular
biology and thence genomics and related high-information-
density omics technologies took centre stage and microbial
growth physiology in general faded from educational pro-
grammes and research funding priorities alike. However,
there has been a gathering appreciation over the past dec-
ade that if the claims of systems biology are going to be
realised, they will have to be based on rigorously con-
trolled and reproducible microbial and cell growth plat-
forms. This revival of continuous culture will be long
lasting because its recognition as the growth system of
choice is firmly established. The purpose of this review,
therefore, is to remind microbiologists, particularly those
new to continuous culture approaches, of the legacy of
what I call the first age of continuous culture, and to
explore a selection of researches that are using these
techniques in this post-genomics age. The review looks at
the impact of continuous culture across a comprehensive
range of microbiological research and development. The
ability to establish (quasi-) steady state conditions is a
frequently stated advantage of continuous cultures thereby
allowing environmental parameters to be manipulated
without causing concomitant changes in the specific
growth rate. However, the use of continuous cultures also
enables the critical study of specified transition states and
chemical, physical or biological perturbations. Such
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dynamic analyses enhance our understanding of microbial
ecology and microbial pathology for example, and offer a
wider scope for innovative drug discovery; they also can
inform the optimization of batch and fed-batch operations
that are characterized by sequential transitions states.
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Introduction

“The study of the growth of bacterial cultures does not
constitute a specialised subject or a branch of research: it is
the basic method of microbiology” (Jacques Monod [132]).
Twenty-five years after this salutary message I opined [26]
that the principles of microbial growth often still received
only cursory attention, a practice that inevitably compro-
mised the study of all aspects of microbial behaviour. With
the gradual adoption of continuous cultures (strictly con-
tinuous-flow cultures) in the 1960s and 1970s, well-defined
cultivation conditions could be imposed such that the
effects of environmental parameters on growth and
behaviour could be distinguished unequivocally. During
this period research blossomed in such fields as phenotypic
variation, metabolic control, dynamics of microbial com-
munities and microbial evolution, while the perceived
benefits of continuous cultures were explored for industrial
production and processing.

Essentially there are two basic modes of culturing
organisms and cells: (1) batch cultures during which no
addition or removal of materials occur with time (gas
exchange being the exception) and which approximate to
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closed systems; (2) continuous cultures that receive a
constant feed of fresh nutrients while spent medium, met-
abolic products and biomass are removed at the same rate,
and are referred to as open systems. There are several
variants of these culture types, the applications of some of
which will be discussed later. The unique feature of con-
tinuous cultures that has made them so attractive as a
research tool is that time-independent steady states can be
established, in contrast to the time-dependent changes that
characterise batch cultures. As we shall discover later, the
concept of steady state in this context requires some
qualification.

A very wide range of organisms (e.g. bacteria, fungi,
algae, protozoa), cells and tissues (animal, plant) can be
grown in one form or another of continuous culture.
Strictly the biomass should be homogeneous and well
mixed and for a time microbiologists considered that fila-
mentous organisms (e.g. some fungi, actinobacteria, algae)
neither grew exponentially, nor with a homogeneous
morphology; reliable means for avoiding pellet or other
heterogeneous growth of these organisms now are well
documented in the literature.

Continuous culture became the method of choice for
microbiologists exploring the interplay of environment and
behaviour but the level of interest—as in growth physiol-
ogy in general—faded in the latter part of the last century.
Science like other human endeavours is not immune to
fashion and thus the excitement heralded at that time by
molecular science and thence genomics came to dominate
biological research. While the achievements of such
reductionist approaches have been truly revolutionary,
entry into a post-genomics era is driving a return to greater
holistic enquiry and the emergence of what has become
known as systems biology—what van der Greef refers to as
“mapping patterns of relationships” [190]. Systems biol-
ogy approaches will only be as good as the technology
platform on which they are based. The workflow advocated
by van der Greef comprises a comprehensive technology
platform (e.g. genomics, transcriptomics, proteomics, and
metabolomics), from which the resulting data are inte-
grated into a master dataset that in turn can be subject to a
wide range of statistical and computational interrogations
in order to generate a meaningful model of the system
under study. Critically the technology platform also needs
to incorporate a means of growing organisms and cells
under strictly defined and controlled conditions so that data
collection is reproducible and that the data obtained are
referable specifically to the physico-chemical-biological
environment imposed on the population. Continuous cul-
ture techniques, especially chemostat cultures (see below),
provide the best means of achieving these aims and are
being used increasingly in this post-genomic era although
theory and practice do not always appear to be fully
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appreciated by contemporary users. The purpose of this
article is several fold: to present briefly the historical
background, the types of continuous culture and aspects of
theory; to appraise major discoveries in the first age of
continuous culture; to highlight recent theoretical and
technical developments; and, principally, to demonstrate
the appropriateness of continuous culture applications
during its renaissance.

Historical background

The practical and theoretical basis of continuous culture
was established simultaneously by Monod [133] at the
Institut Pasteur in Paris, and by Novick and Szilard [140] at
the University of Chicago (but see “Pathology” below).
Novick and Szilard developed their chemostat in order to
follow spontaneous mutations in bacteria over long periods
of cultivation, what they referred to as the “manifestation
of ‘evolution’ in the chemostat”. In an understatement that
was only eclipsed by Watson and Crick in their 1953 paper,
Novick and Szilard suggested that studies using the che-
mostat promised “to yield information of some value on
metabolism, regulatory processes, adaptation and muta-
tion” [141]. The bactogene, on the other hand, evolved out
of Monod’s earlier work on the kinetics of bacterial pop-
ulation growth that established the relationship between its
specific growth rate and the concentration of a single
growth rate-limiting nutrient [132]. Notably, 30 years
earlier M’Kendrick and Pai [128] had published a paper
deserving of much greater recognition that anticipated the
later and more precise definitions of nutrient-limited
growth, growth yield and even maintenance energy
requirements, from a series of simple, elegant experiments
when M’Kendrick was serving in India; he later became
director of the Pasteur Institute in Kasauli. Nevertheless,
chemostat was the term adopted by the microbiology
community to describe continuous culture of the type
defined by Monod.

Significantly the subsequent intensive exploitation of
continuous culture occurred in England, at the Microbio-
logical Research Establishment, Porton Down, and in
Czechoslovakia, at the Institute of Microbiology, Prague, a
key feature of which was the publication of a defining
paper by Denis Herbert and colleagues describing how a
simple mathematical theory of continuous culture could be
derived from the basic features of batch cultures estab-
lished by Monod [88]. Two years later, under the guidance
of Academician Ivan Malek, the first of a series of seminal
international symposia on the continuous cultivation of
microorganisms was convened in Prague. In total eight
such symposia were organized over the next 26 years in
Czechoslovakia and England, the contributions to which
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Table 1 Fundamental equations of continuous culture

(1) Inx = Inxy + ut

Q) = fmax X 5/Ks +5

(3) dx/dt = (u — D)x

when zero, p = D

(4 De = fax X SR/ (Ks + 5r)

(5) 5= K,(D/K, — 5)

(6) X = Ylsg — K (D/tipay — D))
(MHu=[1-RD

(8) ¥ = Yy/s X sg/(1 = R)
®g=m+ wYs

(10) dx/dr = px — ax

(11) gate = 1/ Yatp = p/ Y35 +m
(12) X = DYgg(sr — 5)/ (D + mYeg)

Basic growth equation [y, h™"]
Growth-limiting substrate equation
Steady state equation for a simple chemostat

Equation for the critical dilution rate; when sg > K, D¢ & [«

Steady state equation for the concentration of growth-limiting substrate in a simple chemostat
Steady state equation for the concentration of biomass in a simple chemostat

Specific growth rate equation in a recycle chemostat

Steady state biomass concentration in a recycle chemostat

Equation defining maintenance coefficient

Equation defining maintenance rate

Equation for the energy of maintenance

Steady state equation for a simple chemostat corrected for maintenance energy requirement

% and 5 [g L™'] define steady state values; sg is the reservoir concentration of the growth rate-limiting substrate fed to the culture; Kj is the
saturation constant for the growth-limiting substrate; Y (=Yy/) is the growth yield = dx/ds; R, the recycle ratio, producing a biomass concen-
tration effect of 1/[1 — R]; g is the specific metabolic rate; garp is the specific rate of ATP production [mol ATP produced gf1 dry biomass h'];
Yarp is the growth yield per mol ATP; Yxtp is the growth yield per mol ATP corrected for the maintenance energy requirement; m is the
maintenance coefficient [mol ATP consumed g71 dry biomass h™']; a is the specific maintenance rate [h™1]; Ygg is the true growth yield when

s is the energy source and m = 0

For fuller explanations and derivations of the equations see Herbert et al. [88], Pirt [148], Bull and Young [31]

form the bedrock of a substantial part of twentieth century
microbiology (see Sect. “The renaissance”). That gather-
ings of microbiologists from the Soviet Union, Czecho-
slovakia, and the USA could convene in a British defence
establishment’ at the height of the Cold War to discuss
continuous culture almost defies belief, but it happened and
to very great effect. The innovative applications made by
Czechoslovak scientists in this field are recorded in the
classic text of Malek and Fencl [124].

Members of the Porton group including S. John Pirt,
John R. Postgate and David W. Tempest played a major
role in expanding continuous culture research into British
and other European universities and, in turn, promoting the
next generation of scientists in this experimental approach
to studying microbial behaviour. My own induction
occurred in the 1960s as a young faculty member in the
exhilarating research atmosphere of John Pirt’s department
in the University of London.

Types and features of continuous cultures

Although the chemostat is the most familiar and widely
used form of continuous culture (cited in ca. 90% of pub-
lications in the past 5 years on continuous culture), several
other types have been developed each offering particular
advantages for research and industrial processes. Continu-
ous culture cognoscenti may wish to skip this section but

! MRE, Porton Down, Wiltshire 1967.

for those new to the subject and anticipating its use, it is
hoped that the following synopsis of options will prove
helpful. The operating principles and the advantages of the
main types of continuous culture are as follows, while
some of the defining equations are given in Table 1.

Chemostat

The flow rate (F) of fresh medium to a culture of volume
V is set externally and the specific growth rate (u) is
controlled by the rate of supply of a growth-limiting
substrate (s). When steady state conditions are established
1 becomes equivalent to the dilution rate D (=F/V). Note
that when D approaches the maximum specific growth rate
of an organism the system becomes unstable and if
D exceeds a critical value (D.) washout of the culture
occurs. Under ideal conditions mixing in the culture
should be perfect, i.e. the time for distributing a small
volume of incoming medium should be as short as pos-
sible compared with the culture replacement time (V/F),
and the biomass should be homogeneous and not adhering
to vessel walls or to probes. The chemostat can be oper-
ated at very low dilution rates to those approaching the
maximum value of u of the organism under the nutritional
and environmental conditions set by the experimenter.
Advantages comprise the ability to: (1) vary p without
changing medium composition or operating conditions
such as temperature, pH; (2) fix p in order to evaluate the
specific effects of environmental parameters; (3) establish
unique conditions by changing the nature of the
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growth-limiting substrate, e.g. C-, N-, PO4-, Mg-limited
growth; and (4) allow analysis of steady state and defined
transient state cultures, the latter providing a useful means
of investigating metabolic regulation.

At this point the issue of steady state as applied to
continuous cultures in general needs to be examined. As
emphasized by Ferenci [60] nutrient-limited growth indu-
ces strong selection pressure for mutational changes that
rapidly sweep microbial populations, the very objective
sought by Novick and Szilard [140, 141]. Ferenci also
argues that no true steady state can exist in chemostats
because the residual concentration of the limiting nutrient
continues to drop for hundreds of hours in a culture.
Therefore, a qualified interpretation of steady state needs to
be taken by continuous culturists whether in the context of
“the estimations of supposed constants, like Kj, (that) are
subject to complex environmental effects and changes in
populations”, or, adopting “chemostat studies to provide
reproducible conditions for global regulation” [60]. One
practical but not foolproof precaution is to return to the
initial conditions of a continuous culture experiment and
remeasure the values of a number of extensible variables to
check against unacceptable shifts in the population. How-
ever, studies of Trichothecium reesei continuous-flow
cultures reveal that such checks are not invariably sound
measures of a good steady state [153]. Thus, perturbations
to the steady state were always evident at the transcrip-
tional level, even when they were not measurable as
changes in biomass or product concentrations. Both unin-
tentional and intentional perturbations of the steady state
demonstrated that a number of genes involved in growth,
protein production and secretion are sensitive markers for
culture disturbances.

Turbidostat and other auxostats

The turbidostat is an example of a continuous culture
whereby a growth-associated parameter (e.g. partial pres-
sure of CO,, bioluminescence) is held constant by auto-
matic adjustment of the dilution rate. This general type of
continuous culture is called an auxostat and, in the case of
the turbidostat, the feedback parameter is culture density
that is controlled by photoelectric or laser devices. The
specific growth rate in turbidostats is maximized due to the
excess of all substrates and, because it is not fixed, selec-
tion of faster growing mutants occurs.

The pH auxostat is one in which the pH is the feedback
parameter. The power of this type of continuous culture
was demonstrated recently by Groeneveld et al. [71] in
selecting for increased specific growth rate of the yeast
Kluyveromyces marxianus. Other applications include the
investigation of sulphate reduction under acidic conditions
favourable for metal bioleaching [17].
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Multistage continuous culture

Linking chemostats together in series provides opportuni-
ties for imposing different conditions at each stage. Mul-
tistage systems can enable physiology to be investigated at
specific growth rates close to or at zero, or, at fiyax, and
also to study the effects of growth-inhibitory substrates and
other inhibitory conditions, enzyme inducers, and the
synthesis of secondary metabolites. The important feature
in all of these cases is that a stable population can be
maintained in the 2nd (to nth) stage that would not be
possible in a single stage chemostat.

An interesting elaboration of multistage continuous
culture is that of operating a bidirectional flow of materials,
one such type being the gradostat [115] in which linear
gradients (e.g. substrates, dissolved oxygen, pH) are
established between sources and sinks. Such bidirectional
systems are particularly useful in modelling ecosystem
determinants (an early example being estuarine salinity
gradients [41]) and resource competition among microbial
communities [40].

Recycle continuous culture

Chemostats can be operated such that a fraction of the bio-
mass is fed back to the culture vessel and can be achieved
practically by external feedback via a separator in order to
generate a concentrated biomass stream, or internally via a
filtration device to generate a diluted biomass outflow
stream. The effect of recycle is to greatly extend the range of
dilution rates over which the system can be operated
(notably values of D > p,.x) [149] and thence increase the
output of biomass and growth associated products (e.g.
lactic acid [121]); and to study behaviour at very low specific
growth rates which may be difficult or impossible to achieve
in simple chemostats (see [176] for details). Biomass recycle
also is particularly appropriate in circumstances where the
metabolism of the growth-limiting substrate produces
inhibitory compounds, where the growth-limiting substrate
is very dilute (and preset) or poorly soluble, and where a
product is non-growth associated (e.g. sevenfold increase in
vancomycin production rate [127]).

The first age of continuous culture

My intension here is to show how the adoption of contin-
uous culture during the first age of its history, that for
convenience coincides with the period spanning the first
and last continuous culture symposia (1958-1984), brought
about radical new understanding across microbiology. The
crux of this argument is the fact that the growth of
organisms under a range of environmental constraints,
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including defined nutrient limitations, induces the expres-
sion of properties not, or only fleetingly, expressed when
grown in batch cultures. Chemostat applications par
excellence revealed a remarkable phenotypic plasticity in
microorganisms, provided insights into metabolic switches
provoked by the environment, opened up new approaches
to the study of microbial ecology and microbial pathoge-
nicity, and provided tractable experimental systems for
probing genetic stability and aspects of microbial evolu-
tion. Moreover, continuous culture technology was devel-
oped or refined for a variety of industrial processes. During
this period continuous culture theory also progressed as
exemplified by the definition of maintenance energy
requirements to sustain metabolic turnover and ionic
homeostasis, for example.

Landmark impacts of continuous culture in this first age
are summarized in Table 2. The selection of discoveries and
developments is a personal one and not exhaustive, and,
where possible, reference is given to comprehensive reviews
rather than to primary sources. While the outcome of most of
this research is now firmly embedded in the microbiologist’s
experience, lessons learned from one area of continuous
culture exploitation, namely large-scale industrial process-
ing, often go unnoticed. Advantages of continuous versus
batch operations were recognized early on in industry and
regarding fermentation processes, increased productivity,
higher processes rates and the general diseconomies of non-
continuous processing were deemed to be particularly
important. Moreover, continuous culture techniques proved
to be very effective in process optimization, for example in
defining conditions for (1) optimum product yield and
quality and strain stability in xanthan gum production, and
(2) removal of biological oxygen demand, phosphate and
nitrate in activated sludge digesters [27]. Brief reference
here to a selection of industrial-scale continuous cultures
developed through the 1960s and 1980s reveals highly
innovative microbiological and engineering that was
required to resolve a variety of process constraints.

The prospect of a world shortage of protein-rich foods
catalyzed a great upsurge of interest during the 1960s in
single cell protein (SCP; microbial protein) and using the
then considered abundance of fossil hydrocarbons as sub-
strates. In 1965 Shell initiated a research programme that
targeted methane as a substrate [82] and, against most
industrial practice and perceived wisdom, opted for
reconstituted mixed cultures as the source of protein. The
mixed culture strategy was shown to promote higher spe-
cific growth rates, biomass yields and greater process sta-
bility than conventional monocultures, while additional
benefits included greater resistance to contamination and
reduced foaming [113]. On the other hand ICI developed a
monoculture SCP process based on methanol (the company
was a world leader in its production) as a source of

high-protein animal feed. Crucial problems to be solved in
the development of this massive process (eventual scale
150,000 L continuous culture) were oxygen transfer and
heat removal, both of which are significantly greater than
carbohydrate-based processes, and mixing. The solution
was achieved by the development of a novel pressure cycle
fermenter and a monoculture of an obligate methylotroph,
Methylophilus methylotrophus [169]. Stable, uncontami-
nated continuous production runs of several months were
operated and the product, Pruteen, proved to be an excel-
lent feed additive for fish and livestock. The innovative
technology notwithstanding, the process became non-
competitive in face of soya meal and was abandoned.
However, the large-scale continuous culture technology
established for Pruteen subsequently was used to produce a
successful high-value food rather than low-value animal
feed. Rank Hovis McDougall decided in the 1960s to
develop a carbohydrate-based (initially starch but finally
glucose) continuous process for a protein-rich food. Part-
nership with ICI enabled the latter’s pressure cycle reactor
technology to be deployed in the production of fungal
protein (ex. Fusarium graminearum) initially at a scale of
40,000 L and eventually at 140,000 L. The product,
Quorn®, was first commercialized in the UK in 1985 as a
‘healthy food’ and now is available worldwide in several
foods. A major problem requiring solution in this process
was the gradual takeover of the culture by highly branched
mycelia mutants of F. graminearum that adversely affected
the formulation of Quorn® and resulted in termination of
the run after ca. 6 weeks. Chemostat studies provided
several options for controlling such colonial mutants:
operation at a low D (inevitable reduction in yield),
switching the growth-limiting substrate e.g. glu-
cose — Mg2+—> glucose, and most attractive, the selection
of morphologically stable mutants [186].

My final example of large-scale continuous culture
comes from an entirely different branch of industry and
involves the retrofitting of an established chemical manu-
facturing process. In the production of the wet strength
resin Kymene® epichlorohydrin reacts with poly(aminoa-
mides) with the formation of potentially toxic haloalcohols
(typically ca. 9,000 ppm) that remain in the product. In the
1980s the producer Hercules Inc. assessed several schemes
for removing or preventing the formation of these con-
taminating by-products and finally opted for a bioprocess
to degrade the haloalcohols in situ. The constraints
imposed on this R&D programme were considerable:
removal of haloalcohols to zero or near zero concentra-
tions, no adverse effects on the performance of the resin, a
septic process because the production stream could not be
sterilized, and retrofitting that would be compatible with a
continuous-flow operation. A two-membered consortium of
bacteria comprising Agrobacterium tumefaciens and
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Table 2 Major impacts of
continuous culture during the
first age of application

Physiology

Definition of the ‘physiological state’
Maintenance requirements

Definition of the cell quota model
Stoichiometry of microbial growth

Uncoupled growth and energy-spilling mechanisms

Growth of filamentous fungi

Growth of mixed cultures, utilization of mixed substrates

Metabolism

Regulation of enzyme synthesis
Dual pathways and fluctuating environments

Utilization of mixed homologous substrates

Effects of dissolved oxygen

Phenotypic variation of chemistry and morphology

Effects of inorganic cations on bacterial wall polymers
Lipid transitions in bacterial membranes

Rod-coccus dimorphism in Arthrobacter

Microbial and enzyme evolution

Selection for bacteriophage resistance and other traits
Periodic selection in filamentous fungi

Plasmid and cloning vector stability

Mechanisms of enzyme evolution

Malek [123]
Pirt [147]
Droop [54]
Herbert [87]

Stouthamer [175], Neijssel
and Tempest [137]

Bull and Trinci [30]
Bull [28]

Clarke and Lilly [39]

(e.g. Bull and Brown [29];
glycerol, ammonia)

Harder and Dijkhuisen [78]
Harrison [81]

Tempest [183]
Minnikin et al. [130]
Luscombe and Gray [117]

Kubitschek [107], Sikyta [168]
Wiebe et al. [197]

Primrose et al. [151]

Hall [75]

Microbial pathogenicity
Antibiotic resistance
Virulence determinants
Modelling disease syndromes

Ecophysiology
Mixed culture studies
Enrichment isolation

Competition studies

Simulation of natural ecosystems

Degradation of xenobiotic chemicals

Industrial application
Brewing
Strain selection
Waste treatment
Microbial protein
Exogenous C; compounds
Exogenous carbohydrates

Biopolymers

Process retrofitting (e.g. wet strength resin production)

Dean et al. [47], Lambert [109]
Robinson et al. [155]
Hamilton and Ellwood [77]

Veldkamp and Jannasch [192]
Parkes [142]

Kuenen and Gottschahl [108]
Tempest et al. [184]

Senior et al. [162]

Hospodka [89], Hough et al. [90]
Brown and Oliver [25]
Hamer [76], Nicholls et al. [138]

Harrison et al. [83], Smith [169]
Trinci [186]

Sutherland and Ellwood [177],
Senior [163]

Hardman et al. [79]

Arthrobacter histidinolovorans was selected that remained
in a stable 4:1 ratio for up to 5 months in laboratory-scale
chemostats operating with Kymene® and was very tolerant
of perturbations in haloalcohol concentrations [79]. This
pilot system was scaled and retrofitted as a septic process
into a Kymene® production plant in France in the early
1990s with haloalcohol concentrations reduced to just a
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few parts per million. After initial operation in batch mode
Kymene® was introduced at a ramped flow rate to a final
value of 500 L h™! (hydraulic retention time ca. 7 h); the
flow rate could be modified to meet production require-
ments as long as such a ramping procedure was used. This
continuous bioreactor (3,000 L—the largest ever operated
by the writer!) was subsequently integrated into two plants
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and proved to be robust, reliable, and responsive to man-
ufacturing schedules [79].

The renaissance

The era of genomics opened up access to the sequence of
genes and ultimately to whole genomes that culminated
with that of the gold standard sequence for the human
genome in 2003. Sequence information over the past
30 years or so has accumulated at an exponential rate and
together with the multitude of high-information-density
techniques (omics) has provided “unprecedented means of
collecting data at the deepest molecular level of living
systems” [23]. However, Brenner [23] contends that the
understanding of all this information has lagged far behind
that of its accumulation: for many, systems biology is seen
to be the means of addressing this problem. Systems
biology implies a return to holistic rather than reductionist
approaches in biology, the term entering common parlance
from the turn of the century. The definition presented in the
special issue of Science devoted to systems biology is
worth recalling: “problems of organization, phenomena not
resolvable into local events, dynamic interactions manifest
in the difference of behaviour of parts when isolated or in
higher configuration, etc.”; in short, “systems of various
orders not understandable by investigation of their
respective parts in isolation...integration and application of
mathematics, engineering, physics, and computer science
to understanding a range of complex biological regulatory
systems” [36]. Others claim that rigorous definitions of the
aims and methodology of systems biology are wanting, or,
because “it is so broad and has few recognized bound-
aries...it is attractive to anyone who has ever thought about
life and has some relevant technical expertise” [196].
Similarly, systems biology as a ‘big picture viewpoint’ of
biology is not useful “to the ecologists, physiologists, cli-
nicians, and evolutionary biologists who have had a big
picture approach to biology for decades” [193]. In a typi-
cally trenchant and thought-provoking essay Sydney
Brenner opines that the claims of systems biology will fail
because the modelling of complex systems is an inverse
problem2 that cannot be solved [23].

2 The prediction of observations is a forward problem that has a
unique solution; the use of actual observations to infer properties of a
system is an inverse problem that may not have a unique solution.
“As an example, consider measurements of the gravity field around a
planet: given the distribution of mass inside the planet, we can
uniquely predict the values of the gravity field around the planet
(forward problem), but there are different distributions of mass that
give exactly the same gravity field in the space outside the planet.
Therefore, the inverse problem—of inferring the mass distribution
from observations of the gravity field—has multiple solutions (in fact,
an infinite number)” [180].

Criticisms of these sorts notwithstanding, the global
attraction of post-genomics systems biology is driving a
renewed interest in the use of continuous cultures for
probing microbial physiology in a wide range of situations.
The advantages of working with microorganisms are two-
fold: first, because of their small genomes, modelling of
their physiology is a more tractable problem [126]; second,
data collection can be made under rigorously defined and
regulated conditions, hence the interest in continuous cul-
ture, particularly chemostasis, that offers unique advanta-
ges with regard to reproducibility and experimental design
and increasingly making them the methods of choice for
systems microbiologists.

Before moving to a detailed discussion of post-genomic
deployment of continuous culture I wish to single out a
number of technology developments that bear on some of
the fields of application.

Technology developments

The renaissance of continuous culture in part is occurring
due to its combination with other enabling technologies
prominent among them being devices based on microflui-
dics. The impact of microfabrication techniques on
microbiology is covered in an excellent review by Weibel
et al. [194] while the extraordinary development and
exploitation of this technology is evidenced by the con-
struction and application of a million-well culture chip [65,
92]. Microfluidic continuous cultures are finding applica-
tions in several fields including the exploration of microbial
physiology at the level of single cells, high-throughput
screening of drugs and toxicity testing, and high-throughput
optimization programs. Most early microfluidic bioreactors
were operated in batch mode and used for studying phe-
nomena such as colony growth and bacterial persistence,
and claims for some chemostatic devices are not admissible
e.g. [72]; the use of terms like “batch culture chemostats”
not only is confusing but unwarranted. The device described
by Balagadde et al. [11] comes closer to the reality of a
chemostat. It comprises a growth chamber (V, 16 nL)
formulated as a fluid loop that is operated on a pseudo-
continuous basis (purged periodically with lysis buffer to
remove wall growth) for extended periods (>500 h) at a
range of quasi dilution rates. This microchemostat has been
used to determine the dynamics of Escherichia coli strains
engineered to carry a synthetic population control circuit
that regulates population density via a quorum sensing
feedback mechanism. The authors claim that the ability to
culture and monitor populations as small as 10%-10* reduces
the mutation rate thereby enabling extended analyses of
genetically homogeneous populations that could be
advantageous in drug discovery campaigns. The design and
operation of a genuine microchemostat (V, 150 uL) that
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incorporates on-line measurement of optical density, pH
and dissolved oxygen concentration was reported by Zhang
etal. [199]. Accumulated growth on vessel walls and probes
has long been known to cause deviations in culture
behaviour from chemostat theory. Adherent growth was
reduced in the reactor designed by Zhang and his colleagues
by coating the walls of the chamber with bio-inert co-
polymers thereby enabling prolonged chemostatic operation
over a wide range of dilution rates. A comparable strategy
for preventing adherent growth of filamentous fungi in
chemostats was recommended nearly 40 years ago [157].
Finally, because of difficulties involved in sampling and
assaying at the nanolitre scale, a number of analytical
devices including on-a-chip PCR and RT-PCR, have been
developed for microfluidic platforms [24].

Corruptions of physiological profiles resulting from off-
line sampling and analysis are driving the development of
on-line analytical procedures. Metabolome profiles can be
distorted during even the few seconds required for off-line
sampling, a problem that can be avoided in part by inno-
vations such as the recently described "H-NMR continuous
culture system produced for in situ extracellular meta-
bolomic studies [122]. Among the advantages posited by
these authors is the ability to collect metabolomic data
prior to any off-line transcriptome and proteome analyses
that are less susceptible to sampling artefacts. A useful
guide for optimizing procedures for off-line extraction
required for intracellular metabolomics is provided by
Canalas et al. [34] who used 13C-labelled standards for
determining yeast metabolome recoveries in chemostat
experiments.

Other new developments in continuous culture tech-
nology have been directed at strain improvement. The
cytostat developed by Srienc and colleagues is controlled
and monitored by automated flow cytometer feedback
positioned off-line in a sample loop [98]. In this bioreactor
cell number concentration is defined by Fpey = Fgs —
K(Cysp — Cxm) Where F,, is the new medium feed rate,
F the theoretical equilibrium feed rate at a given substrate
concentration, Cy, the set point cell number concentra-
tion, Cy , the observed cell number concentration, and K.
is a control parameter (ml2 h™! cells™!); thus the feed rate
and thereby the washout rate of cells increase when
Cym > Cysp- The cytostat has been used to select for
mutants (M) that have only small growth advantages over
wild types (WT) within a time frame that is claimed to be
significantly shorter than that obtained in conventional
chemostats [67]. The mutant isolation time is held to be a
function of a total cell number, uwr, M and beneficial
mutation probability and by optimizing total cell number
and pwr a minimum isolation time is achieved. Gilbert
et al. [68] have used the cytostat to select for mutants of
Saccharomyces cerevisiae that are resistant to high
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concentrations of acetate and show increased specific
growth rates under such conditions. Mutants with these
properties are important in producing ethanol from ligno-
cellulosic hydrolysates rich in acetate. Over-expression of
ENA genes encoding P-type ATPase Na* pumps appear to
contribute to acetate tolerance via a gene dosage depen-
dency. A continuous culture device called the Evoluga-
tor™ [48] that can be operated in quasi-chemostat and
turbidostat modes has been developed to circumvent
problems associated with wall growth and, again, to pro-
vide a system for the experimental evolution of microor-
ganisms. An interesting deployment of this continuous
culture was reported recently by de Crécy et al. [49] who
used it to select for thermotolerance in the entomopatho-
genic filamentous fungus Metarhizium anisopliae.

The final example of innovative continuous culture
technology designed to meet the specific needs of field-
based research is that of shipboard systems that enable the
behaviour of natural plankton communities to be analysed
in close to real-time conditions and circumstances. Despite
the acknowledged advantages of continuous cultures they
have been little used in such studies due to problems of
maintaining culture homogeneity, constant flow rates, and
overall robustness. Thus, the recently reported design,
operation and field evaluation of a seagoing continuous
culture by Pickell et al. [145] is a landmark for field-based
ecophysiological research. The system consists of 14
duplicate cylindrical culture vessels mounted horizontally
in rotating cradles that provide good mixing and uniform
illumination. The vessels are fed freshly obtained, filtered
seawater that can be amended as necessary with macro-
and/or micro-elements, and are inoculated with natural
phytoplankton communities taken from the same ocean
locality. Pickell and her colleagues have used their sea-
going platform to assess the effects of nitrate on phyto-
plankton communities and, especially interesting, that of
iron concentration, a factor that is known to be a major
determinant in these communities. Here simulated seago-
ing investigations promise to be important alternatives to
very large scale iron fertilization projects conducted in the
open ocean, and also to progress understanding on how
pCO, and temperature affect phytoplankton trajectories
over predicted long-term global changes.

The post-genomics age

The focus on quantitation is the common theme of systems
biology and of continuous culture. With regard to the
former, quantitation and mathematical modelling aim to
provide predictive and explanatory power such that the
understanding of biology is complete, or as complete as
possible [50, 193]; and with regard to the latter, a timely
reminder that chemostat cultivation was rendered essential
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by the need for quantitative studies of microbial growth. A
further imperative here is the requirement to unravel what
Daran-Lapujade et al. [45] term “context-dependency” of
transcriptional and related responses based on high-infor-
mation-density analytical approaches for which chemostat
cultivation is the sine qua non (see below). Given this
emphasis on quantitative microbiology, a few points on
continuous culture theory advances preface the discussions
of physiology, evolution, ecophysiology, pathology, and
industrial applications. The reader will quickly discern that
such division of the topics is somewhat arbitrary and that
considerable overlap (inter-discipline) characterises the
overall field, nevertheless I hope that this arrangement will
make for easier reading.

Theory

Some cautionary remarks on classic chemostat theory
based on Monod kinetics (see Table 1) were noted above.
Criticisms in particular of the empirical constants K and
Y have been made by Ferenci [59] who remarked on the
lack of attention given to determining the mechanistic
bases for such “supposed constants”. A recent attempt to
address this issue was made by Snoep et al. [171] who
explored the relationship between the saturation constant
and the affinity of the transporter for the growth-limiting
substrate in glucose-limited chemostat cultures of Sac-
charomyces cerevisiae. These authors have developed a
core model and theory based on metabolic control analysis
such that in the chemostat the pump rate controls u via its
effect on the growth-limiting substrate concentration (G3)
where the change in steady state concentration of s is given
by G} = ﬁ = ng’ where R is the response coefficient of

u with respect to s (R‘SL :%)7 g is the elasticity

Kn+S
C is the control coefficient of the transporter on x. From

coefficient for the transporter activity (eg" = Ku ) and

these equations the relationship between K, and K could

i 1+
be established as: Cl! = 5.
L

It follows from the relationship between Kg and K|, that
it is possible to calculate the control of the transporter on
if the residual substrate concentration is known. Thus, for
S. cerevisiae it was estimated that the transporter has 78
and 49% control over specific growth rate at glucose
concentrations of 0.03 and 0.29 mM respectively. The
authors conclude: “The interplay between a good theoret-
ical framework such as metabolic control analysis, mod-
elling and experiment, as used in this study, is illustrative
of the type of approaches that we think will be essential for
addressing systems biology problems”.

Comparable difficulties are met in the quantification of
maintenance (see Table 1), the term originally used by Pirt
[147] to describe energy consumed for functions other than
production of new biomass. van Bodegom [187] points to
four chief reasons why quantification has been compro-
mised: a definition that includes all non-growth compo-
nents without distinguishing those that are physiological in
character; the treatment of maintenance as a constant rather
than a variable; an overlap of concepts—maintenance
coefficient and specific maintenance rate and attempts to
show a constant relationship between them [e.g. m = a/
Yggl; and, the frequent exclusion of cell death from
attempts to model microbial dynamics. A conceptual
model for maintenance that defines an overall maintenance
coefficient, my,, incorporating relative death rate (d), rel-
ative and maximum specific growth rates (i; timax), growth
yield (Yg), and a physiological maintenance requirement
(mp; related to osmoregulation, motility, proof-reading and
internal turnover of nucleic acids and proteins, defence
mechanisms) has been developed by van Bodegom [187]
that shows m,,; not to be a constant but a linear function of

all the variables involved myy = d%(%) Although

max Hr
relevant data are lacking for several of these variables,
sensitivity analyses have allowed relative death rates and
relative growth rates to be identified as dominant ones
affecting variability of the overall maintenance. Two
important considerations derive from this model: first the
need to generate appropriate experimental data; and, sec-
ond because of the variability in m and its nonlinearity, it
should caution experimental microbiologists in fields such
as ecology, biochemical engineering and waste treatment
on the need to question the equations being used to
describe microbial dynamics.

The chemostat-based researches of Tempest and others
(Table 2) strongly postulated that avenues for energy dis-
sipation other than for maintenance operated in at least some
bacteria. It is now recognized that organisms do not always
utilize energy in an efficient manner and that many bacteria
and eukaryotes appear to have energy-spilling reactions, a
phenomenon also referred to as metabolic uncoupling,
spillage, overflow metabolism, and futile cycling (see [158]
for review). In at least some cases, such energy spillage
involves the active transport of protons through the cell
membrane and van Bodegom [187] considers that energy-
spilling reactions of this sort can be incorporated into his
physiological maintenance variable (m,). Also apposite to
these discussions are aspects of overflow metabolism
[135], and the concept that as an organism adapts to
maximize its growth rate, the number of active metabolic
reactions tend to be significantly reduced compared to non-
optimal growth states, both of which have their basis in
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continuous culture investigations. Nishikawa et al. [139]
have argued that the reduced number appears to be constant
for species of bacteria and yeast that they studied and was
only slightly larger than the minimum number required for
the organism to grow. The authors term this response
‘massive spontaneous reaction silencing’ and propose that it
is triggered by the irreversibility of a large fraction of the
metabolic reactions that propagates through the network as
a cascade of inactivity.

Many studies of photosynthetic microorganisms and
phytoplankton communities have been made in continuous
cultures. Growth-limiting nutrients in standard chemostats
are mixed homogeneously but in contrast light in light-
limited chemostats is not so mixed but forms a steep gra-
dient on passage through the liquid medium such that the
photon flux decays exponentially with depth. Moreover,
light is supplied independently of the dilution rate.
Although there have been previous attempts to advance
theories for light-limited growth, the work of Huisman’s
group [91] is especially valuable. These authors have
developed a dynamic chemostat theory that relates popu-
lation density to the light environment, taking account of
primary production and population decline resulting from
culture washout and maintenance requirements; and a
quantitative description of the light gradient dependency on
phytoplankton density. The dynamics of Huisman’s light-
limited chemostat predict steady state population densities
that are related to the background turbidity of the chemo-
stat and the mixing depth (i.e. higher in shallow, lower in
deep culture systems). Full details of theory development
and experimental evaluation are to be found in [91]. These
authors discuss the applications of light-limited chemostats
in the analysis, for example, of species interactions where
competitive advantage is afforded to species having low
critical light intensities, defined as the light penetration at
steady state (see also “Ecophysiology” below).

Finally, in carbon-limited chemostats and in natural
ecosystems simultaneous utilization of several substrates is
frequently observed. Such mixed (auxiliary) substrate uti-
lization may enable growth at enhanced specific rates
compared to that on any of the component substrates. In a
recent review of the auxiliary substrate concept [9] it has
also been shown that it is possible to increase the yield
coefficients and, based on the energetic evaluation of
organic substrate, to predict improvements in carbon con-
version efficiencies. Thus, yield coefficients from glucose
can be increased from about 0.5 to 0.7 g g~ using formate
as the auxiliary substrate while yields from hexadecane are
enhanced from about 0.9 to 1.3 g g~' also by means of
formate. These modulating effects of auxiliary substrates
on u and Y have important consequences for bioprocess
design and in the understanding of competition in micro-
bial communities.
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Physiology/systems biology

The exploration of microbial physiology has continued to
be the major application of continuous culture in the post-
genomics period and has benefited enormously by the
introduction of high-throughput-information platforms.
Over the past 5 years more than 120 papers have been
published that discuss physiology (ca. 80%) and systems
biology (ca. 20%) approaches with the greatest focus being
on Saccharomyces cerevisiae. As Delneri et al. [50] opined
the first systems biology models have been erected for
yeast both for sound technical and conceptual reasons. In
this review a small selection of these studies that reflect the
current interests in the field are noted while a more com-
prehensive range of papers is summarized in Table 3. This
selection is necessarily personal and also to an extent its
categorization arbitrary because of the close interrelated-
ness of the research.

The proponents of chemostats frequently refer to them
as the culture methods of choice because single parameters
can be varied while others are held constant, and hence
steady state conditions maintained over long periods. The
cautionary comments of Ferenci [60] on the definition of
steady state mentioned above are clearly substantiated by
work with Trichoderma reesei. Steady state growth con-
ventionally is assessed on the basis of measuring concen-
trations of biomass or product, culture density, gas
exchange or titrant consumption but even when biomass
and heterologous protein concentrations were constant,
perturbations to perceived steady states of this filamentous
fungus could be detected at the transcriptional level [153].
A transcript analysis with aid of affinity capture method
was used to monitor 31 genes among which a number that
are involved in growth, protein synthesis and secretion
showed up as sensitive markers of unintentional and
intentional perturbations in a large number of chemostat
cultures. Thus compelling evidence is provided for tran-
scriptional monitoring of continuous cultures prior to
embarking on costly systems-wide analyses. Standardiza-
tion of culture systems and experimental procedures is
recognized as de rigueur for achieving the objectives set by
systems biology. Recently a collaboration between the
Dutch Vertical Genomics Consortium, the European Yeast
Systems Biology Network and the Standards for Reporting
Enzymological Data Commission has taken this argument
a stage further by reasoning that data must be representa-
tive of in vivo conditions. Focusing on pathway fluxes this
group proceeded to formulate an enzyme assay medium
that resembled the intracellular conditions in which the
enzymes function [188]. Intracellular elemental composi-
tion was determined for S. cerevisiae growing in aerobic,
glucose-limited chemostats at D = 0.1 h™' from which an
in vivo-like medium was designed. The V.. values of
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Table 3 Recent applications of continuous culture for studying the physiology and systems biology of microorganisms

Systems biology

Transcriptional monitoring of the quality of Trichoderma chemostat cultures

prior to genome-wide analysis

Standardization criteria yeast assay medium for measurements
under in vivo-like conditions

Regulatory systems coordinating growth rate, cell division, and metabolism in yeast

Haploproficient (increased p) and haploinsufficient (reduced )
high flux control genes of yeast

Respiration-related functional genomics of yeast

Global metabolic stability of E. coli in response to genetic
and environmental perturbations

Rautio et al. [153]

van Eunen et al. [188]

Brauer et al. [22]
Delneri et al. [50]

Pir et al. [146]
Ishii et al. [93]

Global transcription regulation of aerobic glucose catabolism by E. coli
Chemostasis the ideal tool for functional genomics investigations (Thermatoga maritima)

Genome-scale metabolic analysis of fermentative behaviour of Lactobacillus plantarum;

Nanchen et al. [136]
Shockley et al. [167]
Teusink et al. [185]

model case for biotechnological/biomedical situations necessitating complex,

nutrient-rich conditions
Physiology: context-dependency

Transcriptional responses of yeast to low temperature and low u

Individual/combined effects of nutrient limitations and oxygen availability

on transcription factor activity in yeast
Proteome expression in Shewanella oneidensis

Physiology: transition state behaviour

Transcript profiling of the anaerobic — aerobic transition in E. coli

Analysis of E. coli subjected to pulsed metabolites
Intracellular metabolomes of glucose-pulsed E. coli

Proteomics of heat-shocked E. coli in 2-stage chemostats

SFP1 and nutrient-dependent regulation of yeast ribosome biogenesis and cell size

Bioenergetics of yeast during glucose — galactose transitions
Metabolic studies

Transcriptional up-regulation and post-transcriptional up-regulation are principal

controls in yeast in response to C- and N-limited growth

Definition of a Zn-specific regulon in yeast involved in storage
carbohydrate metabolism

Dynamics of storage carbohydrate pools in aerobic and anaerobic yeast

Yeast metabolism at near zero u in 100% cell recycle chemostats
Determination of growth-limiting intracellular metabolites in yeast
Transcriptional response to secretion stress by Trichoderma reesei
Polyol production by Aspergillus niger at low O, concentrations

Bacterial responses to nitric oxide and nitrosative stress

Responses of Methanococcus maripaludis to nutrient limitations and u

Thermodynamic analyses of anaerobic, acetogenic sludge mixed cultures

Tai et al. [178]
Knijnenburg et al. [104]

Elias et al. [56]

Partridge et al. [144]
Guebel et al. [74]
Schaub and Reuss [161]
Luders et al. [116]
Cipollina et al. [38]

van der Brink et al. [189]

Daran-Lapujade et al. [44],
Kolkman et al. [106]

De Nicola et al. [52]

Aboka et al. [1], Hazelwood et al. [84]
Boender et al. [19]

Boer et al. [18]

Arvas et al. [5]

Diano et al. [53]

Pullan et al. [152]

Hendrickson et al. [85, 86]
Bastidas-Oyanedel et al. [12]

some enzymes measured in this new medium differed
appreciably from assays made under enzyme-specific
optimal conditions. The authors recognize that a single
assay medium devised in this way will not be universally
appropriate but opine that their strategy presents a further
critical stage in obtaining and integrating realistic experi-
mental data into systems biology models.

In recent years the term ‘context-dependency’ has
appeared in the literature to emphasize the fact that
microbial behaviour (of whatever type being monitored) is

contingent on the experimental conditions imposed; the old
school of continuous culturists will be amused by this
rediscovered maxim! Such context-dependency is demon-
strated in recent cold acclimation studies of S. cerevisiae in
[178]. The results of this study make the point very con-
spicuously that even in well-controlled chemostats it is
impossible to change a single cultivation parameter without
causing impacts on others. Thus profiling transcriptomes at
12 and 30°C, even at the same dilution rate, produces the
inevitable consequence of higher residual glucose
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concentration in the cultures grown at 12°C, a result at least
partly due to a specific growth rate of 0.03 h™"' representing
ca. 75% pmax at 12°C, but only ca. 10% at 30°C. If the
study had been restricted to a comparison of glucose-
limited cultures it would have been compromised by a
“contamination” of temperature-responsive gene sets with
genes whose transcription is influenced by glucose. A
similar caveat applies under ammonium-limited conditions
but Tai and colleagues [178] deployed a combinatorial
experimental design involving both glucose- and ammo-
nium-limited cultures to reduce the impact of these sec-
ondary effects. Thus, transcriptional responses to the
intrinsically linked parameters in batch cultures of low
temperature and low p can be dissected by using chemo-
stat techniques.

This research group adopted the same strategy to reveal
the combinatorial effects of oxygen status and nutrient
limitation regimes on changes in transcription factor
activity S. cerevisiae [104].

Schaub and Reuss [161] have argued the case for me-
tabolome profiling in order to improve pathway design
strategies in metabolic engineering, and for gaining greater
insight into the control and optimization of industrially
relevant processes. Intracellular steady state concentrations
of glycolytic intermediates were measured in E. coli at
different dilution rates (0.1, 0.2, 0.3, and 0.4 h_l) and in
response to glucose pulses. Steady state concentrations
exhibited opposite trends for intermediates of the upper and
lower parts of glycolysis; while metabolic responses to
glucose pulses were shown to differ with respect to relative
concentration changes. The aggregated data demonstrate
the need for growth-rate dependent (dynamic) metabolo-
mics experiments, especially for investigating industrial
fed-batch processes that are characterized by changing
specific growth rates.

Two recent papers illustrate the ingenious use of che-
mostats for investigating microbial physiology. The first
explores microbial behaviour at near-zero specific growth
rates, a physiological state that has direct ecological rele-
vance (e.g. deep biospheres [143]) and may be important in
optimizing growth-dissociated production processes.
Boender et al. [19] have used a recycle chemostat with
100% retention of yeast to develop populations growing at
1t < 0.001 h™' within ca. 3 weeks. It appears that mainte-
nance energy requirements in S. cerevisiae do not sub-
stantially change at near-zero specific growth rates and that
glucose metabolism was directed predominantly towards
alcoholic fermentation to meet maintenance energy
requirements. Partial loss of viability and cessation of the
cell cycle were features of these populations and the
authors suggest that retentostats of this type might be
suitable for distinguishing between ageing and starvation
responses. It is interesting to recall that physiological states
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of this sort were being investigated in the early days of
continuous culture using simple single stage chemostats
[182]; the Porton group established glycerol- and ammo-
nium-limited cultures of Aerobacter (now Enterobacter)
aerogenes achieving a minimum specific growth rate of
0.004 h! (NB this required 1,250 h of chemostat culti-
vation and, thereby, very rigorous instrument reliability).
The second study is of a familiar phenomenon, heat shock
response, but employing temperature up-shifts in the sec-
ond of a two-stage chemostat system enabling, the authors
opine, the study of temperature stress under well-defined
steady state conditions [116]. Proteome analyses revealed
that proteins involved in the defence against oxygen stress,
functional cell envelopes, chaperones, protein and amino
acid biosyntheses, and energy metabolism were differently
expressed at high cultivation temperatures, and that the
patterns (not surprisingly) differed from those when E. coli
was grown under batch conditions.

In concluding this section I refer briefly to recent
developments in systems microbiology that have benefited
from the chemostat experimental platform. Ishii and col-
leagues [93] were concerned to examine the wide-range
robustness of cellular systems and assembled multi-omics
data (transcriptome, proteome, metabolome and fluxome)
for chemostat cultures of E. coli. Their results suggest that
E. coli can actively respond to changes in the concentration
of the growth-limiting substrate by regulating the level of
enzyme expression to maximize growth rate, whereas it
does not respond significantly to the disruption of most
single metabolic genes by regulating other mRNA or pro-
tein levels. In the latter case structural redundancy in the
metabolic network likely provides the necessary robust-
ness, allowing the levels of most metabolites to remain
constant. Also working with chemostats at similarly low
dilution rates Nanchen et al. [136] quantified the control of
a number of global regulators of metabolic fluxes (O,
sensing, catabolite repression, carbohydrate assimilation,
modulation of carbon flux at growth arrest, osmotic regu-
lation, global gene regulation, and chromosome organiza-
tion) in isogenic mutants of E. coli. '*C-based metabolic
flux analysis was used to identify regulation mechanisms
that determined flux distributions and the most relevant
mechanism was found to be cyclic AMP-dependent
catabolite repression of the newly discovered phospho-
enolpyruvate (PEP)-glyoxylate cycle and thus low tricar-
boxylic acid cycle fluxes. These and other flux data from
E. coli batch and glucose-limited chemostat cultures
demonstrated that despite active catabolite repression there
is substantial cyclic operation thus dispelling the common
misconception that catabolite repression of TCA cycle sdh
and other genes effectively splits the E. coli TCA cycle into
a two-branched pathway during growth on readily fer-
mentable substrates.
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Oliver’s group has used competition experiments in glu-
cose-, ammonium- and phosphate-limited continuous cul-
tures to explore haploproficiency and haploinsufficiency in
yeast [50] (haploinsufficiency phenotypes show reduced
growth rate when hemizygous; haploproficiency phenotypes
show increased growth rate when hemizygous). This study
revealed that 192 and 348 genes respectively show haplo-
proficiency and haploinsufficiency under all three nutrient
limitations and that among these, genes whose transcript
levels are under growth-rate control occur no more fre-
quently than expected by chance (13 and 14% respectively).
Thus, the authors posit that a general rule emerges: genes that
are major controllers of growth rate in nutrient-limited
environments are not themselves subject to growth-rate
control. Moreover, haploproficient genes appeared to be
randomly distributed in the genome, whereas haploinsuffi-
cient genes were over-represented on chromosome III
leading the authors to suggest that their accumulation on
chromosome III may be the result of “intense selection
pressure against the loss of one copy of this chromosome
from a diploid. Such a loss would have severe consequences
for the yeast population, as cells that had lost a copy of
chromosome III would be diploid maters. This loss would
also disadvantage the individual carrying it because it would
prevent the cell from forming spores”. The results of a spe-
cific growth rate—genome-wide expression study made under
a large range of nutrient limitations [22] have raised several
interesting aspects of yeast biology. Over 25% of all
expressed genes correlated linearly with y irrespective of the
limiting nutrient, including the many genes whose expres-
sion changes regardless of the nature of the environmental
stress imposed and what were previously called the envi-
ronmental stress response (ESR) genes. However, not all of
these putative ESR genes significantly correlated with
growth rate and it is likely that many of the ESR genes as
defined previously may not be responding directly to stress,
but instead are responding to a reduction in growth rate
secondarily to the stress. These authors also reported a new
phenomenon observed in yeast that appears to be analogous
to the Warburg effect in cancer cells. When growth was
limited by auxotrophic requirements (uracil, leucine) the
cultures wasted excess glucose but not when growth was
ammonium-, sulphate- or phosphate-limited. Mutants lim-
ited in chemostat cultures by their auxotrophic requirements
also failed to arrest predictably at the Go/G; stage of the cell
cycle, a situation that Brauer et al. [22] interpret as implying
at least two mechanisms that connect metabolism and entry
into the cell cycle.

Evolution

The chemostat was invented by Novick and Szilard and
among their first reported experiments was the clear

demonstration of mutational adaptation and the takeover
of the inoculum-derived population by fitter bacterial
mutants [141]. Despite such early evidence for population
divergence in chemostat populations the phenomenon was
largely underestimated until quite recently because as
Ferenci [61] remarked “limited numbers of isolates from
any population were analysed in earlier studies and few
differentiating phenotypes were recognized”. However,
with the advent of molecular biological screening tech-
niques such as DNA microarray probing, the ability to
follow mutational sweeps in populations now has become
precise and rapid. Ferenci’s review [61] provides an
excellent digest of adaptation events in chemostat popu-
lations, only a few of which will be related here; rather
this section will focus on new information relating to
adaptation, and some aspects of directed evolution using
continuous cultures.

At the outset it may be helpful to restate a few key facts
that are more, or less, known: (1) adaptation in this context
refers to properties that increase an organism’s fitness to its
environment and can be acted upon by natural selection;
(2) adaptation mechanisms in substrate-limited continuous
cultures include spontaneous mutations in regulatory sys-
tems and structural genes, gene duplication and gene
deletion; (3) chemostat populations can become highly
heterogeneous in a very short time, a fact rarely appreci-
ated in early continuous culture studies. An illustration of
the last point is the rapid appearance of rpoS null mutants
(stationary phase/stress resistance ¢>°) in nutrient-limited
E. coli after only 30 h continuous culture [100]. This study
also revealed an interesting and unexpected trade-off
between a requirement for RpoS-dependent stress resis-
tance and that of RpoS loss leading to improved fitness
under aerobic and anaerobic chemostat cultivation. An-
tagonstic pleiotropic trade-off has been reported to occur
under other environmental circumstances one of which is
considered below [200].

Work in Ferenci’s group also has revealed the remark-
able degree of phenotypic diversity that can evolve within
chemostat populations. For full details the reader is direc-
ted to Maharjan et al. [120] but in essence regulatory,
physiological and metabolic divergencies were commonly
detected in chemostat cultures of E. coli although such
divergencies were not identical in replicated chemostat
cultures, this last point affirming that there can be many
alternative strategies for enhancing fitness “in even a rel-
atively constant selective environment” as pertains in
chemostats.

Chromosomal evolution in chemostat populations of
E. coli has been investigated by Zhong et al. [200] who
followed adaptations to lactulose or methyl-galactoside, or,
to a mixture of these substrates. First, the evolutionary
events observed in single substrate chemostats were found
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to be specific adaptations to growth limitation by specific
sugars, namely: lac duplications were adaptations to pro-
longed growth on lactulose not methyl-galactoside,
whereas mutations at mgl were adaptations to methyl-
galactoside but not to lactulose. Second, although adapta-
tion in the presence of sugar mixtures might be expected to
favour the evolution of generalists, such outcomes were
extremely rare with only one isolate being recovered from
13 chemostat cultures. This strain carried /ac duplication
and was galS(—) (methyl-galactoside specialist trait) and
showed increased transcription and translation of both
operons [201] Paradoxically the generalist was prevented
from sweeping to fixation because its competitor [lac(+),
galS(+)] expressed an adhesin gene product that enabled it
to attach to the culture vessel and thereby avoid washout.
More usually the adaptation to mixed sugars led to the
evolution of specialists, a result that argues for an antag-
onistic pleiotropic trade-off that curtails the evolution of
generalists. In addition selected mutations were not
restricted to resource use and included deletions affecting
genes controlling flagella and capsule synthesis, resulting
in overall energy and material sparing.

Yeast continues to be a favoured model organism for
investigating adaptation trajectories in continuous cultures,
a few examples of which we considered here. Following
prolonged glucose-limited growth of Saccharomyces ce-
revisiae a progressive decrease of the residual glucose
concentration (20 to 8 mg L™" after 200 generations) was
accompanied by a major reduction in fermentative capac-
ity. These observations led Jansen et al. [95] to make
transcriptomic and physiological studies of an evolved
strain that remained stable when used to establish new
chemostat cultures. The increased affinity for glucose was
correlated with a nearly threefold decrease in the K, for
glucose transport while the lower fermentative capacity
related to significant decreases in the specific activities of
most glycolytic enzymes, a finding largely corroborated by
transcriptome analyses. On the other hand, mechanistic
bases for explaining the reduced K, were not provided by
measuring the transcript levels of known glucose trans-
porters. However, a genome-wide transcriptome survey
revealed that 186 genes had a higher transcript level in the
evolved strain, among them being those involved in the cell
cycle and DNA processing, and in determining cell mor-
phology. The authors opine that up-regulation of these
genes may contribute to a decreased p.x of the evolved
strain observed in batch cultures. This study epitomizes the
importance of integrated, multidisciplinary approaches for
gaining an understanding of the evolutionary dynamics and
the physiology of microorganisms in continuous cultures.

Most investigations in this field to date have followed
adaptation events under conditions of a constant dilution
rate (usually well below that of pu,,x) and most frequently
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of carbon limitation. As pointed out early in this review
continuous culture offers a wealth of cultivation options
that include variation of the growth-limiting substrate,
exposure to defined transition states and shock conditions,
and establishment of mixed microbial communities. These
options remain to be exploited in the study of evolutionary
adaptation that is why the report of Gresham et al. [70]
warrants attention. Prolonged growth (ca. 200 generations)
of Saccharomyces cerevisiae was made in replicate che-
mostats limited either by glucose, phosphate or sulphate.
First, the authors inferred that the mutations observed and
the subsequent dynamics of adaptation were determined by
the batch phase of growth prior to initiation of continuous
cultivation, i.e. the large diversity of genetic variation
generated during batch growth directed subsequent evolu-
tion within the chemostat population. Unfortunately the use
of non-standard terms such as ‘culture saturation’ to
describe batch growth (presumably stationary phase pop-
ulation) is confusing but given that prior batch phase
growth is so decisive in determining the course of muta-
tional adaptation it would be interesting to compare its
progression when initiated with batch populations of dif-
ferent physiological states. While some adaptive mutations
related to known physiology were identified, others for the
moment remain obscure and offer tantalizing prospects for
further research. Second, the monitoring of genetic changes
under conditions of different nutrient limitation goes some
way to simulating selective pressures imposed in natural
environments, “since competition for nutrients is a driving
evolutionary pressure that is thought to have shaped the
long-term evolution of biological networks”. Thus, the
phenotypes of strains adapted to sulphate limitation
(determined on the basis of DNA microarrays) were found
to be much less variable than those adapted to either glu-
cose or phosphate limitation. Variations of this sort should
not surprise us because as the authors state “the diversity of
adaptive outcomes will vary as a function of the distribu-
tion of fitness effects of beneficial mutations, which differs
dramatically depending on the selective pressure”. Nev-
ertheless, adaptation studies of this nature are infrequent
and should encourage more innovative uses of continuous
cultures to this end.

Further studies on S. cerevisiae have focused attention
on the adaptive evolution of protein material costs,
whereby highly expressed proteins may have reduced
contents of growth-limiting elements than other proteins in
the proteome. Bragg and Wagner [20] analysed previously
published genome-scale transcripts obtained from chemo-
stat populations [22, 58, 95] with the object of erecting a
working hypothesis for ‘element sparing’ in proteins under
circumstances where the element is growth limiting. Thus,
under C-limitation adapted strains might up-regulate genes
encoding C-poor proteins and down-regulate those that are
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C-rich; alternatively, an opposite scenario might be plau-
sible if, for example, other adaptive changes increased the
affinity for the C-limiting substrate as demonstrated by
Jansen et al. [95]. The analyses provided no support for the
first hypothesis as up-regulated genes in adapted strains
were not depleted in carbon, indeed proteins that were
expressed in the ancestral strains at higher levels than in
adapted strains had lower C contents than those of the rest
of the proteome. The conclusion is that other adaptations
appear to decouple nutrient limitation from protein com-
position. Moreover, genes that had at least one duplicate
(ca. 25% of those examined) encoded proteins having
significantly lower C and N contents than those of single-
ton genes. Bragg and Wagner suggest that gene duplication
may confer selective advantage if one paralogue encoded
protein with a reduced requirement for an element can be
up-regulated when that element become growth limiting.
Subsequently these authors have developed a model that
predicts how natural selection can operate on the material
costs of gene expression, by showing that mutations
increasing the quantities of C, N or S costs of expression
may cause sufficiently large impacts to be opposed by
selection [21].

Finally in this section I refer to how continuous cultures
have been used for directed evolution of microorganisms,
or what has also been termed evolutionary engineering, that
can be an adjunct to empirical strain improvement. Here
the principle is to challenge microorganisms with a selec-
tive environment of choice such that natural selection
delivers mutants with desired phenotypes. During the first
age of continuous culture research such directed evolution
was concentrated on ‘improvements’ of enzyme affinities
and substrate specificities pioneered among others by
Clarke and Hartley and their groups, see [35] for review,
while its use in selecting for complex phenotypes was
rather neglected (but see above the successful selection of
morphological mutants for the production of Quorn®).
More recently purpose designed continuous culture sys-
tems have been constructed for the selection of complex
phenotypes that have relevance for industrial processes and
products [49, 67, 68]. The entomopathogenic fungus
Metarhizium anisopliae is currently being investigated for
deployment as a bioinsectide but wild type strains have
limited use because of their relatively low tolerance to
abiotic stresses such as heat (upper growth limit of 32°C).
de Crécy et al. [49] have successfully adapted this fungus
to grow at 37°C using their Evolugator™ continuous cul-
ture technology (see “Technology developments” above).
The most promising evolved strain obtained to date showed
pleomorphic changes including reduced conidiation and
lowered infectivity and a faster kill time, some features of
which could be improved by passage through the insect
host. The authors hypothesize that insect target specificity

and/or virulence might be increased via continuous culture
adaptation on specific insect cuticular extracts as the
growth substrate; and that the technology could be applied
to adapt strains for greater resistance to other abiotic
stresses such as UV irradiation.

Two other studies illustrate the power of continuous
culture selection of improved strains for deployment as
‘cell factory’ organisms, the first in increasing ., (and
hence potential process productivity), and the second in
producing enhanced resistance to bacteriophages. Groene-
veld et al. [71] made use of pH auxostats to select for
adapted strains of Kluyveromyces marxianis that had
increased specific growth rates. While this yeast is notable
among eukaryotic microorganisms in displaying a high
fmax (0.6 h™1) this is substantially lower than that of the
most rapidly growing prokaryote (ca. 4 h™'), consequently
any improvements would benefit industrial production of
single cell protein or heterologous products. Adaptive
evolution experiments produced strains whose py.x was
increased to 0.8 hfl; this result was reproducible and the
evolved strains were stable when tested in batch culture.
Accompanying this growth rate change was a 40% increase
in the cell surface while the surface to volume ratio
increased to almost the same extent as the piy,.x, suggesting
that the cell membrane is the site of major limitation of the
growth rate. The susceptibility of Escherichia coli to phage
infections has concerned a group at the Tokyo Institute of
Technology who have attempted to improve the robustness
of the heterologous protein host [179]. Chemostat cultures
maintained at a dilution rate of 1.0 h™' were challenged
with a cocktail of phages obtained from a sewage influent.
Increasingly phage resistant strains were subject to a suc-
cession of mixed phage challenges under the same che-
mostat conditions and after four of which one highly
resistant strain was obtained that had a 209-kbp genome
deletion. The deletion was shown to include the whole
OmpC and other genes necessary for lipopolysaccharide
synthesis. Although this strain retained low susceptibility
to some phages and OmpC complementation did not fully
restore phage susceptibility, no deleterious effects on u or
on the expression of recombinant plasmids were observed.

Ecophysiology

Ecophysiology explores the interaction between an organ-
ism’s physiology and the environment in which it exists.
The advantages of continuous culture systems for studying
microbial ecophysiology have long been appreciated (see
Table 2) and more recently the case for using them has been
stated cogently by Huisman et al. [91]: “Chemostats have
contributed considerably to the development of general
ecological theories, because they offer several convenient
advantages for the pragmatic ecologist”. Microorganisms
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typically have short generation times enabling many gen-
erations to be investigated within a short time span; che-
mostats can simulate a wide variety of environmental
conditions under well-controlled laboratory (and field)
conditions; their spatial features provide an ideal test bed
for many ecological models; and, the accuracy of chemostat
experiments allows a precision of replication almost
unprecedented in ecological research. Interest has contin-
ued to be focused on population dynamics—modelling and
the mechanisms of inter-species reactions, and on ecosys-
tem simulations, with omic techniques being used to gain
understanding of responses to changing environmental
conditions.

The advantages of using continuous cultures for
enrichment isolation were demonstrated during its first age
of application (Table 2), and the practice continues to
provide new insights into ecosystem diversity. Recent
studies of marine hydrothermal vent populations [3, 150]
prove the point emphatically. Postec and her colleagues
[150] inoculated continuous and batch culture systems with
a sample obtained from a black chimney located in the
Mid-Atlantic Ridge and monitored the diversity of ther-
mophilic bacteria and archaea that were enriched. Whereas
sequences representing several heterotrophic organisms
were detected in both types of culture, those of the auto-
trophic bacteria Deferribacter and Thermodesulfitator were
specific to the continuous enrichment. The authors suggest
that a community of autotrophic organisms was enriched
over time as a consequence of being able to utilize CO, and
H, produced by the heterotrophs in the community. A
further example of continuous culture enrichment revealing
the wider diversity of organisms in ecosystems was
reported recently by Alain et al. [3] who isolated a new
species of the strictly anaerobic, thermophilic chemolith-
otroph Thermodesulfatator atlanticus from the same site
(Rainbow field) at the Mid-Atlantic Ridge, using a gas-lift
bioreactor operated with a mean residence time of 40 h.

Simulations of aquatic ecosystems frequently have made
use of chemostats and recent illustrations of their relevance
in this context include the development of riverine antibi-
otic resistance, the effect of viruses on aquatic food webs,
and carbon turnover throughout an estuarine—marine tran-
sect. Thus challenging river water bacteria with high
(800 pg L") concentrations of chlortetracycline (CTC)
had the anticipated effect of selecting for antibiotic resis-
tant strains; the higher the concentration, the higher the
number of CTC-resistant bacteria and the greater diversity
of fet resistant genes [134]. Low concentrations of CTC
(8 ng L") did not select for increased resistance in these
populations. Viruses are considered to exert both strong
top-down and bottom-up effects on ecosystems, a situation
that Lennon and Martiny [110] have explored in replicate,
model chemostats limited by phosphate and comprising the
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marine cyanobacterium Synechococcus, an unspecified
myovirus, and a community of non-target heterotrophic
bacteria. Initially virus infection caused a major crash of
Synechococcus numbers with an immediate fivefold
increase in available phosphate and, although this effect
decreased with time, chemostats did not return to their
initial phosphate conditions even after 120 days operation.
The presence of this particular virus exerted only a weak
effect on the heterotrophic population despite the increased
resource availability. After 50 days the Symechococcus
population started to increase, showing oscillatory behav-
iour but not returning to pre-virus challenge levels. This
attenuation of viral parasitism coincided with the appear-
ance of resistant phenotypes that, the authors suggest,
buffered the effect of the virus on nutrient cycling. Fur-
thermore they opine that the results of this simulation
experiment support current ideas on the importance of
evolutionary changes on ecologically relevant timescales
and for the understanding of community dynamics such as
the top-down role of viruses in phytoplankton control.

The approach to ecosystem simulation taken by Kisand
et al. [102] was to use chemostats in series to follow the
degradation of humic-rich dissolved organic carbon (DOC)
by bacterial populations obtained from a sequence of
estuarine (oligohaline, salinity 5; mesohaline, salinity 15)
and coastal (polyhaline, salinity 30) waters in the Weser
Estuary (NW Germany). Each of three-stage chemostats
were inoculated with one of the of the water samples and
fed freshwater rich in humic substances (HS), adjusted to
the salinity of the inoculant water, and supplemented with
N, P and vitamins. Only in the polyhaline system was DOC
removed (ca. 60%) and analysis of HS showed major
reductions in the fulvic, humic and hydrophilic acid frac-
tions; small reductions in some HS fractions were observed
in the less saline chemostats. The authors conclude that
these results are compatible with current knowledge of
humic-rich DOC transformations during estuarine transport
to the sea; thus degradation in extended shallow coastal
ecosystems, typified by the Wadden Sea into which the
Weser empties, is predicted to be higher than in those
where riverine discharge is directly into deep coastal
ecosytems. The residence times selected for the multistage
chemostat simulations were 6-7 days (polyhaline) and
10 days (oligo- and mesohaline) and it would be interesting
to see how the transformation dynamics change with sig-
nificantly shorter residence times.

It is important that caution is taken when extrapolating
the results from continuous culture experiments to real
ecosystems and most authors are careful to indicate limi-
tations in their laboratory simulations. Mufioz-Aguayo
et al. [134] for example, point out that the ‘non-effect’ of
low CTC levels may be misleading because concentration
effects in sediment may enable selection for resistance;
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likewise, anaerobic populations are known to act as res-
ervoirs of antibiotic resistance whereas their study only
considered aerobic conditions. Anomalies also are likely to
result from observing too simplified models such as the
Synechococcus parasitism described above. Finally, prob-
lems of scale are often invoked in this context. Huisman
et al. [91] rehearse the limitations of scale when discussing
their light-limited chemostat studies, one being the higher
densities of phytoplankton in chemostats than usually seen
in field populations that might cause more intense allelo-
pathic (see below) interactions. The need for effective
scaling rules has been addressed in part by Smith et al.
[170] who analysed the scale dependency of phytoplankton
diversity over very large (oceanic) to very small (chemo-
stat) systems, i.e. a > 15 orders of magnitude spatial
extent. They used the power law S = cA” where S is spe-
cies richness, A the area of the system, ¢ a taxon/environ-
ment-dependent constant, while the exponent z quantifies
the scaling of richness with area. Manifest similarity was
found for the power relationship in the natural and exper-
imental ecosystems (S = 66.54°''* and § = 67.64%'%°
respectively). As Smith et al. [170] conclude “Phyto-
plankton species richness thus scales smoothly and con-
sistently from laboratory microcosm to the world’s oceans,
with 74% of the observed variance in S being attributable
to variations in ecosystem surface area alone”. Thus,
although challenges remain in fully understanding scale
effect, this work shows not only that model (simulated)
aquatic ecosystems can successfully inform about potential
determinants of biodiversity in natural ecosystems, but
should stimulate further research on what regulates such
diversity, and encourage laboratory ecophysiologists in
their endeavours.

The use of chemostats for investigating phenomena such
as ecological stoichiometry, phenotypic plasticity, and
competition in, and adaptation to, particular environments
has been reported by several groups. The studies I have
selected here illustrate the range of problems being
addressed by microbial ecologists and the appropriateness
of chemostat-based experiments. The concept of ecological
stoichiometry, advanced only recently [173], is becoming
an important component in the understanding of trophic
dynamics in aquatic ecosystems. Of the few data relating to
this issue those generated by Chrzanowski and Grover [37]
are clearly pertinent. Pseudomonas fluorescens was chosen
as a model prey organism to investigate the relationship
between growth rate, an environmental variable (tempera-
ture) and element stoichiometry in phosphate-limited che-
mostats. In summary, the element composition of the
bacteria varied as an interactive function of u and 7, most
evidently in C to N and C to P ratios. The stoichiometry
theory predicts two possible outcomes if there is an
imbalance between the ratios of elements in the prey and

its predator: (1) if the element ratio of the prey is within the
range of that of the predator, the latter will excrete that
element consumed in excess, i.e. the outcome is nutrient
recycling; or (2) if the ratio of the prey is not within that of
the predator, the latter is displaced in the trophic structure
of the ecosystem by one that takes greater advantage of the
resource pool. These postulates imply that the efficiency by
which elements are transferred from a dissolved state
through microorganisms by predators will vary according
to prevailing environmental conditions. As the authors
state, a common prey “may be a high quality food at some
times and a poor-quality food at others, even though the
resource environment does not change”. Subsequent
experiments by Grover and Chrzanowski [73] in which the
Pseudomonas prey was grown in C-, N-, or P-limited
chemostats showed that P-limited prey sustained the lowest
growth rate of the protozoan predator Ochromonas danica,
a result consistent with the growth rate hypothesis of
ecological stoichiometry (Jones and Ellner [97]), namely
high p is predicated by large ribosome pools, ribosomes
have a high P content, ipso facto P-limitation reduces
growth relative to other limitations. Experimental support
for some of these ideas was provided by Shannon et al.
[165] who found that O. danica preferentially ingested
Pseudomonas fluorescens cells of high food value (low C
to P or C to N ratios) than those of low food value, though
digestion rates were not correlated with food value. Critical
experiments are now needed to assess the outcome of
predation when the prey is provided as a mixture of high-
and low-value food, and when it is live rather than dead, as
used by Shannon et al. and to further test the predictions
referred to above.

The phenotypic plasticity of microorganisms, or phe-
notypic variability as it was then known, was one of the
dramatic discoveries during the first age of continuous
culture (see Table 2) and now is seen to confer competitive
advantage to organisms subject to fluctuating environ-
ments. The elegant complementary chromatic adaptation
(CCA) work by Huisman’s group [174] once again rein-
forces the power of chemostat studies for dissecting com-
plex ecological situations. Using light-limited chemostats
(see “Theory”), competition experiments between marine
red and green picocyanobacteria (Synechococcus strains)
and a strain of Pseudanabaena that changes colour by
CCA, were made under conditions of red/green light fluc-
tuations at different periodicities ranging from 0.5 days
(6 hred/6 h green) to 28 days (14 days red/14 days green).
Under all conditions the flexible Pseudanabaena excluded
both the red and green picos, results that were in good
agreement with model predictions based on monoculture
data. On the basis of these and other findings Stomp and
her colleagues [174] questioned in which environments
CCA might be advantageous. The under water light
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spectrum in the Baltic Sea, from which these three bacteria
were isolated, changes from white (surface) to green (deep
water). Accordingly at the surface Pseudanabaena would
be expected to adjust its pigments to complement those of
competing phytoplankton species, while under prevailing
green light it would be expected to turn red; such predic-
tions are consistent with previous competition experiments.
The authors also comment on the significance of the
timescales for chromatic adaptation. Positively buoyant
cyanobacteria may be able to escape from turbulent ocean
mixing caused by storms but those like Pseudanabaena
could be transported by intense mixing to deeper water
under which conditions CCA would be highly advanta-
geous. Again it is important to note that experiments of this
sort do not give complete answers and situations can be
conceived where trade-off in competitive abilities occur,
e.g. flexible phenotypes may be weaker competitors for a
single spectrum light than specialists on that light.

The ecophysiological question posed by Lin et al. [112]
was what determines the dominance of members of the
Geobacteraceae (0-Protobacteria) in certain sub-surface,
iron-reducing environments undergoing petroleum reme-
diation or subject to metal contamination? Geobacter me-
tallireducens was grown in a chemostat operated with
100% biomass feedback and mimicking the environmen-
tally relevant very low supply of metabolic energy so
enabling extremely low growth rates (down to 0.0008 h™';
i.e. doubling times > 850 h!). Maintenance energy require-
ments under these conditions (growth limited by acetate or
a humic acid analogue) are exceptionally low or insignifi-
cant (e.g. —0.37 & 0.60 mmol acetate g biomass~' h™").
Finally G. metallireducens has the ability for the simulta-
neous utilization of alternative electron acceptors, without
the necessity of gene induction, that may aid its adaptation
to varying redox conditions and the rapid scavenging of
available electron acceptors. This combination of physio-
logical attributes makes Geobacter eminently suited for
dominating under certain iron-reducing, sub-surface con-
ditions. The authors conclude that such chemostat experi-
ments combined with omic analyses will provide additional
understanding of microbial behaviour at low growth rates
characteristic of many ecosystems.

One such transcriptomic study has been reported
recently on Rhodopirellula baltica, a marine member of the
budding order of bacteria Planctomycetales, and the first
one for which a complete genome sequence is available.
The stress responses of R. baltica to changes in salinity and
temperature were analysed by whole genome microarray
transcriptomics [195]. In total more than 40% of this bac-
terium’s genes were affected by such changes: high salinity
resulting in the modulation of genes coding for compatible
solutes, and ion transporters, cold shock resulting in altered
expression of lipid metabolism and stress genes, and heat
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shock causing the induction of known chaperone genes. All
of these stresses triggered down-regulation of the ribo-
somal machinery and up-regulation of transposases and
certain extracytoplasmic functioning sigma factors, all of
which enables Wecker and her colleagues to posit that R.
baltica regulates its gene activity on a global rather than
operon scale; however, given that more than 50% of the
regulated genes remain to be ascribed a function, further
insights into the responsive behaviour of this model
planctomycete can be anticipated as data analysis is
intensified.

Results of a large number of chemostat researches that
attempt to model various population dynamics have
appeared in the past few years, the brief descriptions of a
few of which illustrate the range of problems being
addressed and how the data produced might inform real
ecosystem predictions. (1) Resource competition. Compe-
tition experiments between the N,-fixing cyanobacterium
Cyanothece and either the non-N,-fixing Synechococcus
bacillaris or Chlorella in low nitrate-limited chemostats
revealed that Cyanothece outcompeted Chlorella but
established a stable coexistence with S. bacillaris as fixed
nitrogen released by Cyanothece enabled much denser
populations of the picobacterium than occurred in mono-
culture. In contrast in light-limited chemostats at high
nitrate concentrations Synechococcus displaced Cyanot-
hece, while the latter could displace Chlorella. These
results were in agreement with model predictions of lowest
critical nitrogen requirements and critical light intensities
of the three competing species [2]. (2) Allelopathic inter-
ference. Allelochemicals are produced by organisms as a
competitive response, a recent described example being
that of chlorellin production by mixed populations of micro
green algae [51, 62]. Co-cultures of Chlorella vulgaris and
Pseudokirchneriella subcapitata in P-limited chemostats
showed mutual growth stimulation by low concentrations
of chlorellin but at higher levels P. subcapitata was dis-
placed. The effects of allelochemicals of this type in more
complex (‘natural’) simulations of phytoplankton now need
to be explored. (3) Predator—prey dynamics. Chemostat
studies in this field have retained their popularity and
importance and with recent focus, for example, on the
effects of rapid prey evolution on predator—prey cycles [97]
and on inducible and constitutive prey defences [191]. (4)
Strain diversification. Virus interactions with marine cya-
nobacteria were referred to earlier in this section; further
consequences of virus—host contact have been described by
Middelboe et al. [129]. The effects of virulent bacterio-
phages on the marine Cellulophaga baltica were examined
in chemostats and shown to drive strain diversification both
in terms of viral resistance and a reduced capacity to
assimilate carbon substrates. During a 3-week chemostat
run the initial strain (sensitive to 24 Cytophaga phages)
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diversified into to a multi-strain, multi-resistant population.
No direct correlation could be made between resistance and
loss of metabolic capacity although such trade-off may be
found to exist if higher differentiating assays are employed.

Mathematical modelling has been a mainstay of eco-
physiology research but will not be discussed in detail here.
Although considerable output continues in this field the
inadequacy of dialogue between biologists and modellers
has caused Flynn [63] to argue, in the context of plankton
research, that their “ultimate communication failings and
associated waste of effort are all too obvious”. Thus greater
effort is needed from microbiologists to ensure that the data
collected are the most commensurate for modelling, a need
that is imperative as systems biology approaches come to
dominate much of biology. Flynn’s recent reappraisal of
the Droop quota model [64], for example, reflects many of
the dilemmas at the theory—experiment interface. The
quota model [54] developed specifically for phytoplankton,
states that growth is a function of internal nutrient avail-
ability not as stated by the Monod model on external
nutrient availability, an irony as Flynn points out because
both were based on steady state chemostat studies. In
dynamic situations, therefore, an organism may continue to
grow in the absence of sufficient external resource;
attempts to simulate ecological and disease situations
almost invariably neglect this concept which in turn
questions the reliance on steady state chemostats rather
than exploiting defined non-steady-state continuous cul-
tures. Recent modelling that approaches some of these
issues include non-equilibrium coexistence of many spe-
cies on few resources [154], coexistence of microorgan-
isms having different nutritional lifestyles (e.g. hetero-,
auto- and mixotrophy [43]), and synchronization within
unstructured populations resulting from individuals inter-
acting with one another via a common nutrient pool [125].

Pathology

Continuous culture was used almost from its inception as a
means of investigating the behaviour of pathogenic
microorganisms. These early studies were driven by a need
to determine nutritional requirements for growing patho-
genic bacteria in the laboratory, their antigenic properties
and virulence factors, and the rapidly expanding develop-
ment of vaccines. Indeed Phil Gerhardt should at least
share the credit for inventing the first continuous cultures
as he described the operation of both “cyclic” and com-
pletely continuous systems for the cultivation of Brucella
suis, the causal agent of swine and human brucellosis [66].
Post-1950 research saw a wide range of pathogenic bac-
teria brought into chemostat culture including Bordetella
pertusis, Clostridium spp., Corynebacterium diphtheriae,
Neisseria gonorhoeae, Pasteurella (Yersinia) pestis,

Salmonella typhimurium and S. typhosa (typhi). These
early investigations were reviewed by Stejskal [172].
During this period continuous cultures were used to mimic
disease conditions and for studying interactions between
pathogenic bacteria (e.g. dental caries [57]). The impact of
omic technologies is very evident in this field and, as part
of the continuous culture platform, is a powerful means for
the further understanding of pathogenesis. Progress in this
area can be illustrated by case studies of tuberculosis and
peridontal disease.

In an appraisal of the present fight against human
tuberculosis (TB) Russell and his colleagues conclude that
“Despite recent increases in research activity, we remain
hampered by large gaps in our knowledge of the biology of
this pathogen” (Mycobacterium tuberculosis, Mtb), a sit-
uation that is exacerbated by a failure of the BCG vaccine
to protect against adult pulmonary TB, a failure of che-
motherapy to cure many patients, and a failure of target-
based drug discovery programmes [159]. Currently there
are less than 10 new drugs in clinical trials for TB [55] and
urgent needs are for a broader range of drugs for containing
resistant strains, and ones capable of being effective over
shorter regimens (<6 months) in order to facilitate com-
pletion of treatment protocols.

The systems biology approach that a multidisciplinary
team at the University of Surrey is developing aims to gain
a better understanding of TB and ultimately the develop-
ment of new drugs. Working with the BCG vaccine strain
of Mycobacterium bovis, this group’s first objective was to
make a detailed study of how macromolecular composition
was influenced by the growth environment. The murine
model has proved to be a valuable one for deciphering
some of the shifts in metabolism that define growth of M.
bovis in vitro as opposed to that in the infection state. Thus,
as an initial stage of developing a systems biology inves-
tigation of Mtb, specific growth rates for M. bovis in che-
mostat culture were chosen to simulate persistence (low )
and the acute phase of infection (high w) [13]. The physi-
ological state known as persistence remains poorly under-
stood but it enables the pathogen to remain quiescent in the
host for extended periods before re-emerging. This study
revealed that lipids were the major cell components, the
proportions of which were very sensitive to changes in
specific growth rate. It was concluded that under the
imposed conditions of carbon-limited chemostat growth,
the lipid values represented the minimum necessary to
maintain metabolic and structural (cell wall, storage)
requirements. Subsequent transcriptome analyses of M.
bovis growing at low and high specific growth rates
revealed that several genes of the dormancy survival reg-
ulon were expressed in slowly growing mycobacteria [14].
Moreover, the transcriptome profile from the latter physi-
ological state showed good, though not complete,
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congruence with that of M. tuberculosis growing inside the
macrophage, thereby encouraging the use of chemostat
models for deconstructing aspects of the in vivo status of
pathogens. The ability to grow mycobacteria in chemostat
culture provides opportunity to apply steady state model-
ling techniques such as flux balance analysis and in this
context the group’s macromolecular composition data have
been incorporated into a genome-scale metabolic model of
the TB pathogen [15]; the model was based on 849 unique
reactions, 739 metabolites, and 726 genes and calibrated
against steady state chemostat behaviour of M. bovis.
Substrate consumption rates were calculated from flux
balance analysis, while essential genes were predicted with
nearly 80% success by flux balance analysis simulations
and compared with published mutagenesis data for M.
tuberculosis. An interactive, web-based version of the
model is available (http://sysbio.sbs.surrey.ac.uk/tb/) and is
continually updated to take account of gene annotations
and experimental testing. As Russell et al. [159] opine an
understanding of the adaptations of the pathogen and its
points of vulnerability under the microenvironments it
experiences in the host represents a logical route to develop
drugs that will be potent in the disease situation. Most
recently Beste et al. [16] have screened a transposon
mutant library in order to define genetic requirements for
slow and fast growth rates of M. bovis in chemostat cul-
tures and the requirements for switching specific growth
rate. A total of 84 genes were identified that are required
exclusively for slow growth (simulating persistence phys-
iological state) and 256 genes that are required for
switching from slow to fast (simulating infection physio-
logical state). In order to validate these results the group
analysed knock-out mutants of M. bovis and Mtb and
among the findings showed that the mcel gene locus
appears to be a component of the fast to slow growth rate
switch, a result consistent with its proposed involvement in
modulating the host inflammatory response so that Mtb can
enter a persistent state without being eliminated or causing
disease in the host [166].

Another study of mycobacteria that further vindicates
the use of chemostat cultivation relates to exploring the
host preferences of Mtb and M. bovis. Because the genome
sequences of these organisms are close to identical
(99.95% at nucleotide level), Golby et al. [69] opted to
focus on gene expression as a means of probing the
molecular basis of this host predilection. These authors
stress the point that in defining core gene expression dif-
ferences it is essential that identical growth conditions are
used for the two bacteria, hence the use of continuous
culture “since it allows environmental conditions and
bacterial growth rates to be tightly and reproducibly con-
trolled, reducing variation between biological replicates”,
and gives confidence in identifying key gene expression

@ Springer

differences between the strains, rather than them being
growth rate or medium effects. Although the ‘minimal’ set
of differentially expressed genes between Mtb and M. bovis
remains to be defined, this group nevertheless has identified
differentially expressed candidate genes encoding a range
of functions (including cell wall and secreted proteins,
transcriptional regulators, PE/PPE proteins, lipid metabo-
lism and toxin—antitoxin pairs) that could have pivotal roles
in the pathogenic process.

Periodontitis is the advanced type of periodontal disease
in which subgingival dental plaque develops in the tissues
that support the teeth. The major causal agent of chronic
periodontitis is believed to be Porphyromonas gingivalis.
The group of Reynolds in the University of Melbourne has
made extensive use of chemostats to study the adaptation
of virulent invasive strains of P. gingivalis to biofilm
growth. Initial studies focused on comparative proteomics
of planktonic and biofilm populations growing together in
chemostats. Among the proteins that increased in abun-
dance in biofilm organisms were those of the cell-surface-
located C-terminal domain [4]. The latter included RgpA,
HagA, thiorhodoxin, cag70 carboxypeptidase, API extra-
cellular protease and the Pg99 immunoreactive protein.
These C-terminal domain proteins are likely to have sig-
nificant impacts on virulence because they are surface
exposed and probably participate in secretion and attach-
ment. Reynolds’ group have followed up this work with a
comparative transcriptomics analysis of the two growth
forms [114] and found that ca. 18% of the genome is dif-
ferentially expressed when P. gingivalis develops as a
biofilm. Particularly interesting is the down-regulation of
genes involved in bacterial envelope biogenesis and energy
production, suggesting an adaptation to the biofilm niche
where low growth rate and a contracted metabolic status
could have significant survival value. The authors are
careful to acknowledge that their data were obtained from
mono-species chemostat cultures, consequently results
from the analysis of gene expression when P.gingivalis is
part of the multi-species disease community will be espe-
cially important in understanding the pathology. Por-
phyromonas gingivalis has a requirement for Fe and
protoporphyrin IX that is met by heme, and most recently
this group has reported on its response when switched from
heme-excess to heme-limited continuous culture conditions
[46]. Transcriptome analysis revealed a shift from an
energy-efficient physiological state to one less efficient
when growth is heme-limited. Moreover, the response to
heme limitation is far reaching, involving as it does up-
regulation of genes encoding proteins involved in the
invasion of host cells, oxidative stress response, Fe and
heme transport, and overall virulence.

Fusobacterium nucleatum also has a defining role in the
establishment of periodontal disease, having been
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described as an “initiator organism” that affects changes in
the gingivae that enable acid-sensitive pathogens to co-
colonize. The expression of soluble proteins in chemostat
populations of F. nucleatum grown under either acid or
alkaline conditions was determined by Zilm et al. [202]. At
sub-optimal acid pH the bacterium responded by up-regu-
lating proteins involved in glutamate catabolism and
thereby facilitating the alkalinization of the gingival
milieu. Furthermore, growth in chemostats under condi-
tions (u, alkaline pH) mimicking those of the pathology
caused F. nucleatum bacteria to co-adhere and form bio-
films, behaviour that was attended by increased cell-surface
hydrophobicity [203]. The most recent report from Rey-
nolds’ laboratory concerns another organism implicated in
periodontal disease, Treponema denticola [131]. Tran-
scriptome analysis of biofilm and planktonic organisms
grown in continuous cultures produced the major revela-
tion of up-regulation of putative prophage genes in bio-
films, following which bacteriophage and circular DNA
were isolated from the spirochaete. Also up-regulated in
this population were genes encoding virulence factors,
toxin-antitoxin systems, and transposases. The group opine
that these data bespeak of an increased potential for genetic
mobility in biofilms of Treponema denticola that in turn is
significant for biofilm persistence and hence virulence.

Dissolved oxygen tension (DOT) has been known to
influence the ability of group B streptococci (GBS) to
invade human cells and recently transcriptome and prote-
ome profiles of chemostat cultures have been obtained and
used to extend our understanding of this pathology. GBS
type V organisms grown at a high specific growth rate
(0.385 h_l), that is considered to mimic in vivo growth,
and a DOT of 12% were shown to invade cervical epi-
thelial cells in large numbers compared to those grown at
the same rate but without oxygen, or at a low specific
growth rate (0.063 h_l) [96]. Invasive organisms of this
opportunistic pathogen had up-regulated genes encoding
several adherence proteins that supports their role in the
early physiopathological events. Chemostat studies aimed
at gaining greater insight into the pathology of another
streptococcus have been reported recently by Cornejo et al.
[42] who found that population densities of clinical and
laboratory strains of Streptococcus pneumoniae oscillate
dramatically with a constant period in chemostat cultures.
Population death was attributable to a protein toxin that
was effective against different strains of S. pneumoniae and
closely related species leading to the conclusion that it acts
as an allelopathic agent. The authors postulate that such
toxins have evolved as a means of preventing niche colo-
nization of the established populations by different, closely
related competitors.

Scientists at the Netherlands Vaccine Institute have
adopted a systems biology approach incorporating a

continuous culture platform for optimizing the efficacy and
production of the outer membrane vesicle vaccine against
the causal agent of human meningitis. A genome-scale
metabolic model was derived that enabled a chemically
defined, minimal growth medium to be formulated, the
validity of which was confirmed using flux balance analysis
obtained from chemostat cultures [7] (cf. Beste et al. [15]
above), and subsequent trials in batch and chemostat cul-
tures. Although N. meningitides maintained a constant
macromolecular composition over a wide range of specific
growth rates (0.041-0.161 h™!) (cf. Beste et al. [15]), the
PorA antigen content of the outer membrane vesicles was
significantly reduced at high specific growth rate [8] a
finding that has major bearing on the vaccine production
operation.

Fluoroquinolones have been acclaimed as one of the
more recent successes in antimicrobial chemotherapy and,
for example, their administration was considered low risk
for the development of Clostridium difficile infection (CDI).
This proposition has been tested by using a validated three-
stage chemostat model of the human gut [118] in which
epidemic strains of C. difficile were challenged with several
widely prescribed fluoroquinolone antibiotics (ciprofloxa-
cin, levofloxacin and moxifloxacin) [160]. The chemostat
model comprised three fermentation vessels (proximal,
medial and distal) having an overall retention time of 66.7 h
(vessel 1, 16.7 h; vessels 2 and 3, 25 h) and a dilution rate of
0.015 h™'. Vessel 1 was operated at low pH (5.5) and high
substrate availability, whereas vessels 2 and 3 were oper-
ated at more neutral pH (6.2 and 6.8 respectively) and lower
substrate availability to reflect the increasing alkalinity of
the colon from proximal to distal. The model was inoculated
with faecal emulsion from pooled C. difficile negative fae-
ces of healthy elderly volunteers having no history of
antimicrobial therapy in the preceding 3 months, and with
C. difficile endospores (ca. 107 cfu) on days 14 and 21. All
of the fluoroquinolones caused germination of the C. diffi-
cile spores, growth, and a high level of cytotoxin production
that causes mucosal inflammation and diarrhoea in hospi-
talized elderly patients. These common effects of fluoro-
quinolones were observed despite differences in the degree
of inhibition of the gut microbiota but it remains to be
confirmed whether they directly induce germination, or
provide an environment conducive for germination. One of
these compounds, moxifloxacin, also appeared to trigger
increased resistance to this fluoroquinolone. In the clinical
context it is pertinent to note that the elderly have larger gut
populations of enterobacteria and clostridia than young
adults [119] and the implications that antibiotic use and
hospitalization may have for this cohort of patients. As in
our discussions of ecophysiology it must be emphasized
that in vitro chemostat models are but a mirror of reality; in
this case the gut model does not mimic immunological or
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secretory events within the colon, but it is a reliable indi-
cator of whether a drug may have a propensity to induce
CDI in vivo. The glycylcycline antibiotic tigecycline on the
evidence of a small case series appears promising as a
treatment of refractory CDI and offers a potential new
alternative for intravenous therapy [164]. The report by
Baines et al. [10] that tigecycline does not induce growth or
cytotoxin production by epidemic strains of C. difficile in
the chemostat gut model should encourage further trials of
this antibiotic.

Industrial applications

Wastewater treatment remains the largest continuous
industrial bioprocess but whereas biofuel (principally bio-
ethanol) continuous production has been stimulated by the
need for greater economic sustainability, continuous beer
fermentation still has limited commercial application. In
each of these cases technological advances have been
incremental rather than radical. Thus, despite several dec-
ades of research the once anticipated adoption of continu-
ous brewing has not occurred due largely to the difficulty
of achieving acceptable organoleptic quality. Methods for
on-line monitoring of aroma compounds in continuous beer
fermentations are available [181], while genome-scale
transcriptome analysis of Saccharomyces cerevisiae during
industrial bioethanol production has recently been reported
[111]. Such developments can provide important insights
into yeast performance in the course of these fermentations
and, thereby, lead to improved continuous processes.

A constant and universal challenge for industrial
microbiology is to maximize productivity and here che-
mostat theory predicts higher productivities of biomass
(Dx) and growth-related metabolites compared with batch
processes operating with similar yields, and final biomass
and inoculum concentrations. Moreover, the advantage of
continuous cultures in this regard increases as a function of
D, and particularly with recycle systems because processes
can be operated at D > pn.x [27, 121, 127]. Of course
productivity can also be enhanced via strain improvement
programs and although these mostly rely on a random
approach continuous culture selection systems have been
designed that deliver desired, complex phenotypes that
have relevance for industrial processes and products [49,
68]. Alternative options discussed in a comprehensive
review by Rokem et al. [156] in the context of antibiotic
production include metabolic engineering, and obtaining
detailed physiological insight into the natural producer
organism, something that is now feasible relatively quickly
and at comparative low cost through a systems biology
approach. Genome-scale metabolic models aim to recon-
struct complete metabolic networks and these coupled with
flux analyses enable the simulation of growth and product
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formation. A number of recent applications of these tools
to Streptomyces and Penicillium antibiotic syntheses
demonstrate the value of the approach.

In a series of papers Bushell and his colleagues [6, 94,
101] reported the application of flux and cluster analysis to
chemostat cultures of Streptomyces clavuligerus growing
under different nutrient limitations. Clavulanic acid titres
were affected by the nature of the growth-limiting substrate
and it appeared that a high anaplerotic carbon flux might be
responsible for the stoichiometric limitation of a Cj; pre-
cursor. S. clavuligerus has limited capacity to assimilate
glucose thereby prompting the use of glycerol as a carbon
source; however, competition from other Cj-utilising
pathways can influence its availability. This group made
predictive use of metabolic flux analysis (MFA) of com-
paratively small networks to design amino acid feed for-
mulations to enhance clavulanic productivity [32].
Phosphate-limited chemostats fed mixtures of amino acids
whose biosynthesis require oxaloacetate as a precursor (i.e.
aspartate, threonine, asparagine and arginine) improved
clavulanic acid yields by more than tenfold compared with
that found in non-supplemented cultures. Crucially the
amino acid feeds causing yield increases are not clavulanic
acid precursors per se, consequently they are not obvious
and are only identified using a predictive model. Subse-
quently Bushell et al. [33] extended their work to genome-
scale metabolic flux variability analysis (MFVA) in order
to determine rational feed design for actinorhodin pro-
duction by S. coelicolor. The S. coelicolor genome contains
two genes encoding glucose-6-phosphate dehydrogenase
and deletion of either gene caused both an increase in the in
vitro activity in the remaining gene product, and in ac-
tinorhodin synthesis. The authors rightly assert that this
effect could not have been predicted by simple MFA; only
when the MFVA was made on both strains was “a pivotal
role for intracellular glutamate as an actinorhodin precursor
identified”, a prediction again borne out by elevated anti-
biotic production in glutamate-fed phosphate-limited che-
mostats. Thus, MFVA has the significant ability to reveal
areas of metabolism from relatively disparate pathways
that might be connected in the biosynthesis of complex
secondary metabolites. The authors provide further dis-
cussion of this topic in Khannapho et al. [99].

Approaches to the improvement of f-lactam production
have been guided by a similar logic. As Kleijn et al. [103]
have argued classical strain improvement strategies based
on increasing the levels of enzymes in secondary metabolic
pathways “will, at some point, lead to shift of the meta-
bolic bottleneck from secondary metabolism towards pri-
mary metabolism”. These authors examined the synthesis
of penicillin G by Penicillium chrysogenum in carbon-
limited chemostat cultures in order to test the hypothesis
that the supply of NADPH (critical for the biosynthesis of
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f-lactam amino acid precursors such as cysteine) is prin-
cipally through the oxidative branch of the pentose phos-
phate pathway (PPP). Analysis of growth under penicillin
G producing and non-producing conditions revealed sig-
nificantly higher oxidative PPP fluxes in antibiotic pro-
ducing chemostats, suggesting that penicillin production
exerts a major burden on the supply of cytosolic NADPH.
Subsequent MFA showed that the oxidative branch of the
PPP indeed produced the majority of the cytosolic NADPH
needed for penicillin synthesis. The authors conclude that
limiting the cytosolic NADPH demand for penicillin syn-
thesis (for example by introducing a cytosolic direct sul-
fhydrylation pathway for cysteine synthesis) could provide
an interesting target for future metabolic engineering of P.
chrysogenum.

The production of penicillin G and its side-chain pre-
cursor phenylacetic acid (PAA) has been investigated in a
high-producing strain of P. chrysogenum and a construct
lacking the functional penicillin-biosynthesis gene cluster
[80]. The use of transcriptome analyses on glucose-limited
chemostat cultures of these strains, grown in the presence
and absence of PAA, showed that the homogentisate
pathway for PAA catabolism was strongly transcriptionally
up-regulated in PAA-fed cultures; and that several genes
involved in nitrogen and sulfur metabolism were trans-
criptionally up-regulated only under penicillin G producing
conditions suggesting a drain of amino acid precursor
pools. Most recently this group has again used chemostat-
based transcriptome analysis to identify the gene encoding
the acyl-CoA ligase involved in the activation of adipate
prior to its incorporation into the f-lactam backbone [105].
The results from both of these studies indicate clear-cut
targets for metabolic engineering, in the former case genes
beyond those of the f-lactam pathway per se, and in the
latter case for exploring the production of cephalosporin
analogs.

Reflections and outlook

There can be little argument with the view expressed by
Pronk’s group [45] that the renewed interest in continuous
culture is linked strongly with the advent of high-infor-
mation-density (HID) technology and the consequent need
for rigorously controlled and reproducible conditions for
microbial growth. Moreover, the days are long gone when
equipment had to be constructed and assembled by the
enthusiast; commercially available units are widely
accessible and in my experience manufacturers are very
adept at custom building to meet specific research objec-
tives. Detailed practical advice on continuous culture sys-
tems is published regularly, the latest appearing in the new
edition of the Manual of Industrial Microbiology and

Biotechnology [198]. So my main conclusion is that the
revival of continuous culture will be long lasting because
its recognition as the growth system of choice is increas-
ingly appreciated. A converse view that might regard batch
and fed-batch systems as unregulated and unacceptable for
basic research is, of course, absurd but further thought on
this point later.

Given this overall conclusion at least two caveats need
to be emphasized. First, the renaissance of continuous
culture and the widespread adoption of HID technologies
brings with it the danger of data overload and confusion
particularly when different (even slightly different) culture
platforms are used by different groups. The approach taken
by van Eunen et al. [188] in one specific context might
provide an exemplar for resolving problems of this type.
We would do well to keep Brenner’s counsel in mind in
this context: the conversion of data into knowledge con-
stitutes a great challenge for future biological research
[23]. Massive data accumulation that increasingly is part
and parcel of systems biology needs to the tempered by
careful experimental design and conduct, and intelligent
evaluation of outputs in order to achieve greater biological
insight. Second, an understanding of basic chemostat the-
ory (and that of related continuous cultures) is mandatory if
the full benefits of the methodology are to be realized, and
to prevent unwarranted statements appearing in the litera-
ture—and with respect this admonition is made particularly
to first-time users. This is not to imply that theoretical
matters are being ignored during this post-genomics revival
as the re-examination of maintenance requirements [187]
and the extended theory of light-limited growth [91] testify.
The early researches on continuous culture merit serious
revisiting for their wealth of insightful exploration of
microbial behaviour; this is a major purpose of this review.

This review has attempted to make an assessment of the
impact of continuous culture across a comprehensive range
of microbiological research and development. Some dis-
cussions will appear immediately relevant to industrial
microbiology, others perhaps less so. Focus on ecophysi-
ology could, at first sight, seem inappropriate but if we fail
to understand the factors affecting microbial interactions,
population dynamics or adaptation mechanisms, for
example, our capacity to design and operate improved
waste treatment and environmental management systems,
or to predict and prepare for local and global environmental
perturbations assuredly will be compromised. Consider-
ation of this latter point prompts another significant
advantage associated with the use of continuous culture,
namely the ability to analyse and thence exploit data
derived from the study of specified transition states or any
one of an infinite number of chemical, physical or bio-
logical perturbations. The analysis of dynamic situations of
this sort can enhance our understanding of microbial
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ecology, and of microbial pathology offering a wider
scope for innovative drug discovery; they also can inform
the optimization of batch and fed-batch operations that,
by definition, are characterized by sequential transition
states.

The direct influence of continuous culture on industrial
processes has been less that at one time envisaged. It is
possible that just as the adjudged shortage of food and feed
protein stimulated industrial-scale SCP production, the
escalating concerns over energy and fuel availability might
encourage comparable continuous culture options beyond
those of bio-alcohol or biogas. To date, however, the
contributions of continuous culture to industrial processes
and products have been incremental in the sense that that
they have impacted on process development and
optimization.

The outlook for continuous culture undoubtedly is
bright—just as growth of (bacterial) cultures is the basic
method of microbiology [132], continuous culture is reas-
serting itself as the method of choice for revealing many of
its intricacies. In my experience this facet of microbiol-
ogy—growth physiology—has been severely diluted
(practically and theoretically) in many university degree
programs and now would be an opportune time to redress
ill-considered curriculum decisions. To borrow some
words of Bill Shankly, the iconic manager of Liverpool FC
in the 1960s and 1970s: some people think continuous
culture is a matter of life and death, it’s much more serious
than that!
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