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Abstract This paper summarizes research results and
their industrial applications obtained by continuous culture
in the former Czechoslovakia. Past achievements as well as
recent trends and developments worldwide are presented.
The term “Prague School of continuous culture” is put for-
ward and its international activity is outlined. The impact of
this school was pervasive across the entire field of applied
microbiology and biotechnology in Czechoslovakia and,
perhaps, even beyond the country's boarders. Continuous
culture is a very mature field, and since its establishment it
has become a powerful research tool. The present activity
in this field amounts to a renaissance of continuous culture,
emphasizing new dimensions in bioinformatics and sys-
tems biology.
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Introduction

Originally, continuous culture (CC) served as an experi-
mental tool for the research into microbial physiology but
later it was recognized as being vital to large-scale biotech-
nology: the technique became an industrial tool for produc-
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tion of microbial products, selection of the robust
production organisms, and directed evolution of microor-
ganisms with improved traits.

Continuous culture is an ‘open’-culture system for the
cultivation of microorganisms or cells in which fresh steril-
ized medium is introduced at a steady flow rate and from
which the culture fluid emerges at the same rate [43]. So
far, many types of a continuous culture technique have
been developed, each being designed for a special purpose.
As examples, we could name the chemostat [71], turbido-
stat [10], pH-auxostat [63], accelerostat [73], and adaptastat
[102]. Among them, the most common type of continuous
cultivation is a chemostat culture: this technique allows for
steady-state concentrations of growth-limiting substrates to
be maintained at a fixed level in the culture fluid, which
results in highly reproducible ‘steady-state’ growth condi-
tions. Reaching this state, changes in cell density, physio-
logical state, and medium composition of the culture are no
longer detectable and the kinetic parameters of the culture
growth, formation of products, and mass balance in a sys-
tem can be calculated. A mathematical theory of the contin-
uous culture was elaborated in the 1950s and has been
described elsewhere [e.g., 10, 29, 30, 55, 66].

Prague’s School of CC and international cooperation

The term “continuous flow environment” had already been
coined and used by Ivan Mdlek in the 1940s, however, it
took more than 20 years before a school of CC was estab-
lished. In 1952, Malek took part in the formation of the
Institute of Biology, ASCR, Prague, from which 12 years
later the Institute of Microbiology of the ASCR (IM ASCR)
and other ASCR institutions were founded. Research groups
dealing with some aspects of CC were concentrated in the
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Department of Technical Microbiology (DTM) lead by
Ivan Midlek and Zdenék Fencl. In 1966, 1. Malek and
Z. Fencl (as editors) published a multi-authored textbook
entitled “Theoretical and Methodological Basis of Continuous
Culture of Microorganisms” [61] under the auspices of the
Academia Publishing House. The textbook could be con-
sidered as a “bible” of CC and a research group formed
around Mailek called the ‘“Prague School of Continuous
Culture”.

Among the first activities of DTM, organization of the 2nd
Symposium on Continuous Culture in 1962 should be men-
tioned. Later on, continuous culture symposia were held
alternatively in Czechoslovakia and the UK, but a stop was
put on this activity in 1987. As a result, nine symposia pro-
ceedings were published [13-15, 45, 56, 59, 60, 80, 94] from
events held at Prague (the years 1958, 1962, 1968, and
1978), Porton Down (1967 and 1984), Oxford (1971 and
1975), and Hradec Kralové (1987). The vigorous exchange
of information between scientists of different countries and
backgrounds was only possible on the grounds of symposia
organized by the IM ASCR and their British colleagues:
based on these meetings, long-term ties with researchers of
many countries were established in the 1960s and 1970s.

The international activity of DTM was important for the
fate of the whole IM ASCR as it set the stage for more vigor-
ous pursuit of the research activities and opened the possibil-
ities for better implementation of CC applications abroad.

Physiological state of microbial culture

To express the sum of properties of a culture, the term
“physiological state of a culture” (PS) was proposed [57].
There is no unique definition of the term PS. Moreover, a
view on the subject has been developing together with
growing understanding of microbial physiology especially
in connection with continuously grown microbial cultures.
In the 1950s, PS was considered as a physical condition or
status of a microbial culture at a particular time. Mélek’s
concept was that the physiological state was defined by the
growth rate and nutritional status of the environment [5, 57,
61]. In other words, the term PS was used as an auxiliary,
operational expression serving to emphasize the fact that
microbial populations grown under different conditions
differ not only in properties expressed quantitatively (popu-
lation kinetics, growth rates, etc.) but also in the sum of
their physiological properties. In summary, the term PS was
taken as a genetically defined set of metabolic activities of
cultures, their integrated physiological unity of metabolic
and genetic processes, with a clear dependence on the his-
tory of individual cells and populations. Later, the revised
term was introduced: PS is the result of external conditions
and the starting point for potential changes under the influ-
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ence of new conditions within the framework of the genetic
content. Thus, PS does not represent the actual, momentary
state, but it is a time vector [58].

The principal application outcomes of CC in the former
Czechoslovakia

Regarding applied microbiology, it has always been argued
that to develop an economically viable production process
based on the CC concept, this concept should be introduced
right from the beginning, at the stage of process design. The
introduction of the concept of CC by Malek has lead to a
paradigm shift in the microbiologist’s thinking and applica-
tion of CC in many different industrial activities in Czecho-
slovakia, although a direct link cannot be always proven.
The examples of research activities oriented towards appli-
cations are listed below.

Fodder yeast

A technological process has been developed for the produc-
tion of fodder yeast (animal feed, Candida) from petroleum
distillates and paraffins [78, 86, 108]. Likewise, a process
for production of fodder yeast on synthetic ethanol was suc-
cessfully developed and licensed abroad [54, 83, 87, 90, 93].

A continuous process was also applied at a cellulose pro-
duction plant in Paskov, South Bohemia: the sulfite liquor
was used as a medium nutrient for aerobic growth of liquor-
adapted fodder yeast [3, 40, 111].

Beer production

For continuous beer production, many different technology
designs have been suggested and tested at pilot and produc-
tion scales, multistage, tower, immobilized cells, and some
are quite recent [7-9, 69, 98]. The question remains on the
organoleptic beer properties as compared to classical
production modes.

Ethanol fermentation

The anaerobic process of ethanol production has been stud-
ied with free and immobilized microorganisms under con-
ditions of multistage CC [2, 65, 75, 92]. The process was
scaled-up and the product was used in food industry and for
technical applications as a solvent.

Waste water treatment
CC is a standard processing mode in the waste-treatment

industry. No suitable Czech reference exists as the govern-
ment was not much in favor of disclosing details on such
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activity. However, this field should be considered as a prod-
uct of rather an empirical approach, not directly connected
with the rational CC concept of Mdlek (e.g., 28).

Algae production

Based upon Mdlek’s idea, an algae-production technology
was developed at the division of IM ASCR located in Tre-
bon, using fed-batch, semi-continuous, and continuous pro-
cessing modes. It is essentially a thin layer sloped area unit.
The technology has been tested in pilot and production sys-
tems in several countries (Cuba, Spain, Bulgaria, Kuwait,
etc.) [6, 18, 19, 25, 53, 70, 82, 85] and is discussed in the
article by Masojidek and Prasil [64] this volume.

Bioreactor design and control strategies

The design of laboratory and pilot-scale bioreactors has
been pursued since the 1950s in the laboratory of Rigica of
IM ASCR under leadership of Malek. He employed a con-
cept of a Waldhof agitator to generate a deep vortex on the
surface of a fluid with the help of a draught tube inserted
inside the fermenter [55, 88]. The design was both revolu-
tionary and unique. For many reasons, licensing abroad was
never realized. Unfortunately, visiting foreign scientists
reported on this design and as a result, the bioreactor design
and manufacturing of fermenters became a lucrative busi-
ness (e.g., in Switzerland). Later, the bioreactor design and
scale-up was initiated in a research institute in Brno, Che-
pos, under the leadership of Kvasnicka [44]. The result of
these activities was a design of a 1,000-m> fermenter, agi-
tated by three impellers on a common shaft, permitting reg-
ulation of the agitation regimen by impeller exchanges and
eliminating the need for surfactants for foam control at the
expense of increased power input into agitation. A draft
tube insert allowed increased homogenization (necessary
for hydrocarbon dispergation) and high oxygen transfer.
The testing was carried in batch, semi-continuous, and con-
tinuous modes. Other designs were also proposed, e.g., a
pilot multistage tower fermenter [74, 84]. A design for
venting biofilters has also been proposed [76, 77].
Hospodka [33] has developed a substrate feeding strat-
egy based on oxygen uptake rate and balance measured by
dissolved oxygen probe. It was quickly adopted in the USA
and became a part of control strategy for a computer-con-
trolled bioreactor designed by Humphrey (Lehigh Univer-
sity) and Wilson (ABEC Inc.) and exhibited for the first
time at the Conference on Microbial Engineering, held in
Marienbad in 1972 [97]. Although the hardware was dis-
played in 1972, the very first system description was pub-
lished in 1971 [34, 72]. The computer control became a
standard in manufacturing of bioreactors/fermenters. A var-
iation of a chemostat has been developed (pH-stat) to

couple the pH control with substrate feed and applied for
yeast growth on ethanol [1]. Other control strategies were
also proposed [16, 17, 68].

Enrichment of microorganisms overproducing
endoenzymes under selection pressure in CC

Experimental evolution of enzymes is another application
that has been brought to attention in the context of continu-
ous culture. Terms like “specific”, “non-specific”, or “peri-
odic” selection were introduced in the 1950s when large
populations of a single microorganism were grown at con-
stant growth rate in a chemostat to study the physiological
state of microorganisms after reaching culture steady-state.
The terms reflect a repeated appearance of novel popula-
tions that takes over original populations due to a selective
growth advantage [42]. The replacements of population
occur much faster if an unnatural, slowly utilizable carbon
source is used to limit the growth in chemostat and the
evolved mutants frequently acquire new metabolic capabil-
ities. The occurrence of mutations, such as chromosomal
amplification of a structural gene encoding a catabolic
function, promoter-up mutation increasing gene transcrip-
tion, fusion of two operons under the control of a single
regulatory region, and mutational activation of phenotypi-
cally “silent” genes, were identified as the reasons for accu-
mulation of overproduction strains for endoenzymes in a
chemostat. In these mutants, certain enzymes have simply
been overproduced or exhibited changed substrate specific-
ities and kinetic parameters [27, 46, 48, 49, 95, 96].

Improvement of the recombinant production strains in CC

It is generally accepted that the maintenance of a self-repli-
cating, high-copy-number plasmid may impose a consider-
able metabolic burden upon a bacterial host [22].
Therefore, plasmid-less cells can out-compete their plas-
mid-bearing competitors under non-selective growth condi-
tions. In the case of production microorganisms for
endoenzymes based on the recombinant plasmids, the
segregational instability of the plasmid is even more obvi-
ous and may result in marked reduction of the enzyme pro-
duction at industrial fermentation stage. The techniques of
continuous cultures were successfully applied to under-
stand the process of competition in question and experi-
mental data related to this subject were mostly obtained
from the experiments carried out in chemostat cultures [47,
50]. It was found that the carbon-limited, chemostat culture
of the plasmid-bearing production strain becomes rapidly
heterogeneous and a selective disadvantage in growth rate
associated with the plasmid carriage can be estimated.
Chemostat cultures of recombinant microorganisms
have been used to study adaptation of the host Escherichia
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coli to the dual metabolic burden resulting from overex-
pression of the product and maintenance of the recombinant
plasmid. After 130 generations of slow growth in a carbon-
limited chemostat, and in the presence of selection pressure
for the maintenance of the recombinant plasmid [62], plas-
mid-bearing cells with a frame-shift mutation in the plas-
mid-borne gene encoding penicillin G acylase accumulated
in the chemostat culture. The host also adapted to the selec-
tion pressure by increasing the specific growth rate by 30%.
Re-transforming of the evolved host with original recombi-
nant plasmid yielded a faster-growing overproduction
strain for penicillin G acylase.

High-cell-density cultures

A unique and proprietary development was launched in the
former Research Institute of Antibiotics and Biotransfor-
mations (RIAB), Roztoky near Prague, in cooperation with
other institutions, primarily the Institute of Macromolecular
Chemistry ASCR (IMC ASCR), Prague. A perfusion (con-
tinuous flow of nutrients), high-cell-density culture with
full biomass retainment for production of amino acids was
scaled up to an economically viable industrial process.

Industrial processes were also developed in the field of
biotransformation of f-lactam antibiotics by RIAB, IMC
ASCR, and IM ASCR. Initially, the research and develop-
ment activities dealt with the preparation of robust biocata-
lysts for production of 6-aminopenicillanic acid (6-APA)
and 7-aminocephalosporanic acid (7-ACA), precursors of
semi-synthetic, fi-lactam antibiotics, based on enzymes [4,
21,79, 100, 104-107] or immobilized cells [106, 107, 113].
Recently, a new generation of catalysts has been developed
for the enzymatic synthesis of f-lactam antibiotics: these
catalysts are based on encapsulation of cross-linked
enzyme aggregates [12, 51, 52]. The catalysts for biotrans-
formation of ff-lactam antibiotics are used industrially in a
mode of repeated conversions in a stirred batch reactor.

The use of immobilized enzymes and cells on macropo-
rous polymer carriers for amino acid production as well as
the catalysts for biotransformation of f-lactam antibiotics
has lead to the sale of licenses abroad.

Although the gel immobilization of enzymes was initi-
ated earlier [38], one should contrast this with the very first
gel cell immobilization patent and publication in the USA
and Japan [11, 26]. The Czechoslovak approach was differ-
ent: this approach could be denoted as “immobilization
onto macroporous polymer carriers via covalent bond” in
contrast to “immobilization using entrapment in gel” (Dro-
bnik, pers. comm.).

The concepts of a high-cell-density culture, fed-batch
culture, and a full retainment of biomass for production
goals, vigorously pursued by the above Czechoslovak
scientists might have had an impact on other activities in
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this field. For example, a company in St. Louis, MO, USA,
Invitron, developed immobilized perfusion mammalian cell
culture for recombinant protein production and introduced
a maintenance concept (e.g., maximizing protein produc-
tion, minimizing biomass production). This is an extreme
case of packaging cells into a tissue-like density. What fol-
lowed were other approaches leading to a large-scale pro-
duction of recombinant proteins via mammalian cells and
high-cell-density cultures of microorganisms [23, 31, 36,
39,41, 101].

Renaissance of continuous culture and current trends

Continuous culture is a very mature field, and since its
establishment it has become a powerful research tool. On
the practical side, it could be a method of choice for devel-
opment of new technologies and as a production processing
mode for applications in some areas of bioprocessing.

As a research tool, CC has recently been used to optimize
a widely used expression system based on a high-cell-density
fed-batch culture of Pichia pastoris utilizing methanol. Tran-
sient nutrient gradient applied in mixed substrate CC was
used to optimize the ratio of glycerol to methanol in the feed
medium so that technical improvement for the performance
of high-cell-density culture connected with culture cooling
and lowering oxygen consumption was reached [37].

The CC technique is a convenient tool to define and
solve the problems arising from anthropogenic activities.
The experimental approach based on chemostat culture
(e.g., 109) is used for the research into biofilm formation on
solid surfaces when the surface of solids is a growth-limit-
ing substrate and planktonic microorganisms are present in
technological fluids. Currently, chemostat studies of this
type are extensively used to mitigate the problems of
biocorrosion, a process of deterioration of surfaces of tech-
nological equipment by geochemical activities of microor-
ganisms [20, 24, 89, 112].

Multistage CC may be important for stem cell improve-
ment (and differentiation) in the near term. The successful
transfer of human embryonic stem cell technology and cel-
lular products into clinical and industrial applications needs
to address issues of automation, standardization, and the
generation of relevant cell numbers of high quality [91].
The microcarrier technology was combined with controlled
stirred-tank bioreactors to develop an efficient and scalable
system for expansion of stem cells. By controlling pO, con-
ditions, a 12-fold improvement in the final cell yield was
obtained when compared to static 2D cultures. The use of
continuous perfusion systems further enhances metabolic
performance of stem cells, ultimately facilitating bioproc-
ess optimization including culture adaptation to growth
conditions and production of cell-based products. In this
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regard, it should be emphasized that Malek provided the
concept of differentiation, which impacted many kinds of
the research and development activity carried out at the
Institute of Microbiology ASCR that continues to influence
the current research work even today.

New horizons for CC emerge as CC provides reproduc-
ible, reliable, and homogenous data under defined condi-
tions for functional genomics and post-genomics studies or
fitness evaluation of different production strains. The pre-
cise control of a microenvironment is the most important
asset that the CC provides.

A novel insight into the “state of overproduction” of indus-
trial microorganisms has recently been obtained by combining
CC with transcriptome profiling. Specific growth rate-depen-
dent changes in expression of genes were studied in carbon-
limited chemostat and accelerostat cultures of E. coli [67, 103]
to understand the regulation of acetic acid synthesis, an over-
flow metabolism reducing growth rate and heterologous pro-
tein production by recombinant bacteria. Accelerostat is a
cultivation method that enables real-time monitoring of cul-
ture parameters, e.g., culture optical density, oxygen con-
sumption, and by-product formation during continuous
change of specific growth rate. Studying the effect of specific
growth rate on acetate metabolism, microarray data revealed a
metabolic switch point, a range of specific growth rates, at
which up- and down-regulation of expression of gene-encod-
ing enzymes involved in overflow metabolism result in a loss
of co-utilization of glucose and acetate.

Quantitative fitness assessment of the genetically modi-
fied and reference strain of industrially relevant filamentous
fungi has been realized in mixed chemostat cultures by
means of real-time PCR. The data on fitness together with
transcriptome profiling and fermentation performance
(e.g., maximum specific growth rate, substrate consumption,
and product yields) have to be considered before the genet-
ically modified strain is used for industrial application [99].

The latest effort in CC is supplemented with a global
systems biology approach, where the whole organism and
environment in CC studies is coupled in a brand new direc-
tion. At the same line, microfabricated nanoscale cultiva-
tion devices, operated in the CC and fed-batch/perfusion
mode, particularly with mammalian cells, will provide a
well-controlled and inexpensive way to produce multi-
plexed post-genomics data [110]. For proper cell culturing,
continuous medium supply from a microfluidic channel and
appropriate modification of the channel surface to accom-
modate cell attachment is required.

Conclusions

The impact of the Prague School of continuous culture was
pervasive across the whole field of applied microbiology

and biotechnology in Czechoslovakia and, perhaps, even
beyond the country's boarders. It can be concluded that the
above applications and licensing deals would have only
been possible because of the excellent position of the Pra-
gue School of CC (pioneered and lead by Ivan Milek) in
terms of international reputation and recognition. As a con-
sequence, Czechoslovak research gained access to the
international arena at that time and could exchange infor-
mation at international meetings organized by the ASCR.
Czech scientists, working now in a member country of the
European Community, will undoubtedly contribute to the
future development in the area of bioinformatics and sys-
tems biology, providing fundamental and applied results for
further advancement of biomedical, environmental, small
biotech, and pharmaceutical applications. Mélek’s CC con-
cept will continue to provide a standardized basis for col-
lecting uniform data towards such goals [32, 35, 81].
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