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I N T R O D U C T I O N  

Th i s  r ev iew inc ludes  pape r s  p u b l i s h e d  in 1971 t h a t  r e ached  u s  before t h e  m a n u s c r i p t  deadl ine ,  
a s  well  a s  t h o s e  wh ich  appea red  earl ier  b u t  were n o t  ava i lab le  in  t h i s  c o u n t r y .  Be ing  aware  of  t he  incom- 
p le teness  o f  th i s  review, we hope  t h a t  i t  is n o t  fa r  f r om t he  t o t a l  n u m b e r  o f  pub l i ca t ions  b r o u g h t  ou t  d u r i n g  
t h e  per iod followed. As  in t h e  p reced ing  reviews,  p a t e n t s  were  n o t  p u r s u e d  on pu rpose  b u t  t hose  on  file 
were l i s ted  a t  t h e  end  of  t he  references.  

C o m p a r e d  w i t h  t he  yea r  1970, t h e  n u m b e r  o f  pub l i ca t ions  is a p p r o x i m a t e l y  b y  one f i f th  h igher ,  w h i c h  
ind ica tes  a n  increas ing  in te res t  in c o n t i n u o u s  processes .  Th i s  t r e n d  was  also a p p a r e n t  a t  t h e  F i t t h  I n t e r -  
na t i ona l  S y m p o s i u m  a n d  S t u d y  Group  on  C on t i nuous  Cul tu re  o f  Mic ro -o rgan i sms  he ld  f rom J u l y  19 to 24, 
1971, a t  Oxford .  The  s y m p o s i u m  p a p e r s  were  or iginal ly  p u b l i s h e d  in t h e  J o u r n a l  o f  App l i ed  C h e m i s t r y  
a n d  Bio teehno logy ,  Vol. 22, I s sue s  1 to  4, a n d  t hen  (1972) r ep r i n t ed  as  a book  en t i t l ed  E n v i r o n m e n t a l  Control  
o f  Cell S y n t h e s i s  a n d  F u n c t i o n ;  Eds .  A. C. R .  Dean ,  S. J .  P i r t  a n d  D. W.  T e m p e s t ,  Academic  P res s  1972. 

I. FURTHER DEVELOPMENT OF THE THEORY OF CONTINUOUS FERMENTATION 
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A review of  se lec ted  recen t  d e v e l o p m e n t s  
o f  t h e  s t o i e h i o m e t r y  a n d  kinet ic  reac-  
t ions  o f  i m p o r t a n t  biological  r eac t ions  
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ing an introduction to the theory and 
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Submersed cultivation of mammalian 
cells 

A monograph; kinetics and energetics of 
yeast growth, nutrition, physiology and 
biochemistry of  yeasts 

A review of enzyme production a short 
par t  of which deals with continuous 
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I I .  P H Y S I O L O G Y  OF  M I C R O O R G A N I S M S  A N D  P R O D U C T  F O R M A T I O N  

A. Physiology and metabolic studies 

A loga r i thmic  loss of  v iab i l i ty  due  to  57. 
u n b a l a n c e d  g r o w t h  of a p a r t  of  the  popu-  
l a t ion  a t  t h e  beg inn ing  of e ach  cycle  
d u r i n g  a n  i n d u c e d  synchron iza t ion  o f  cell 
d iv i s ion  in  a s s m i e o n t i n u o u s  cu l tu re  

s y s t e m  

C u l t i v a t i o n  of y e a s t  on m e t h a n o l  58. 

Sens i t iv i ty  o f  a lgae to t e m p e r a t u r e  re- 59. 
su i t ing  in c h a n g e s  of cell n u m b e r ,  m e a n  
cell size a n d  d r y  we igh t  per  we t  cell 
v o l u m e  in n i t r a t e  l imi ted  cu l tu res  

In f luence  of formic  acid a n d  of t e m p e r a -  60. 
t u re  t r e a t m e n t  o f  mi lk  on  the  g r o w t h  o f  
lactobaci l l i  a n d  on t he  fo rma t i on  o f  
a ce t a ldehyde ,  ace to in  a n d  d iaee ty l  
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The use of redox potential and oxygen 
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droplet surfaces in a iour-phase dispersion 

A model of endogenous metabolism pre- 
dicting the transient behaviour and dis- 
cussing both the steady-state and dy- 
namic character of such culture systems 

Changes in growth rate and in galactose 
phenotype initiation in microbial sys- 
tems possessing two growth-limiting sub- 
strates (glucose and galactose or glucose 
and xylose) 

Characterization of different types of cell 
growth on the wall of the cultivator, 
importance of the surface growth in 
evaluating the culture data 

Dependence of the steady-state and et 
the transient values of growth rate and 
yield on temperature 

Nitrogen metabolism in blue-green algae 
grown on nitrate or under phosphate and 
urea limitations 

The association of the overall stability 
of the oral flora with the source of nutri- 
ents coming from the environment 

152. Watson, T. G.: Effects of sodium chloride on steady. 
state growth and metabolism of Saceharomyces ccrevisiae. 
J. Gen. Mierobiol. 64 :91 ,  1970. 

153. White, R. W., Howell, J. A.: Continuous synchronous 
culture of Tetrahymena pyroformis. Biotechnol. Bioeng. 
13 : 657, 1971. 

154. 

155. 

156. 

Wimpenny, J .  W. T., Necklen, D. K.: The redox en- 
vironment and microbial physiology. I. The transition 
from anaerobiosis to aerobiosis in continuous cultures of 
faeultative anaerobes. Biochim. Biophys. Acta 253 : 352, 
1971. 

Zajic, J. E., Chiu, Y. S.: Heterotrophic culture of algae. 
In: 1970, Properties and Products of Algae, Prec. 
Syrup. on the Culture of Algae sponsored by the Div. 
Microbial Chem. and Technol. of the Am. Chem. See., 
held in New York City, Sept. 7--12, 1969;(ed. J. E. 
Zaiic), pp. 1--47, Plenum Press, New York, London. 

Zincs. D. O.: A ehemostat stvdy of ethanol inhibition. 
Biotechnol. Bioeng. 13 : 293, 1971. 

(see IA/14) 

(see IB/38) 

(see IB/47) 

(see IB/49) 

(see IB/52) 

(see IB]53) 

(see IIB]160) 

(see 1IFI209) 



413 
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different temperatures or by pancreatic 
ribonuolease 
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Kinetics of free and at tached amylo- 182. 
glucosidase activity studied in a packed 
bed reactor and in a continuous feed 
stirred reactor for the reaction of maltose 
to glucose 

Increase of phage-resistant bacteria in 183. 
host-parasite population in which sensi- 
tive organisms persist at  a significant 
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Selection of mutants  capable of high 184. 
rates of acid production by lactic strep- 
tococci 
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The active glucoamylase-diethylamino- 
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Proteolytie activity of anaerobes 

Purification of inorganic pyrophosphatase 
originating from aerated sulphur bacteria 
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Effect of mutagens on I)I~A, examination 
of expression delay and mutagenie, anti- 
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of Acetobacter in thlamine-enriched sor- 
bitol media 

Production of enzymes; a review 

Substrate inhibited enzyme reactions dis- 
playing multiple steady-state behaviour 

The analogy between biological cells and 
encapsulated enzymes: hollow fibers are 
attractive alternatives to spherical micro- 
capsules for attaining enzymes insolu- 
bilized but  not immobilized 
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Production of ~-amylase by a combi- 
nat ion of a logistic growth model and  an 
enzyme-synthes ls  model 

(see IB/56) 

C. Alcohols, solvents and gases 

Fermenta t ion  of molasses with a higher 
sugar  content  in two-stage and three- 
stage sys tems  results in higher yields of 
ethanol 

High yields of ethanol and  the increase 
of product iv i ty  

Application of the acid-resistant gluco- 
amylase for saceharification of s tarch in 
alcohol fermentat ion;  suppresion of the 
lactic acid bacteria 

Feed-back control diagrams for alcohol 
production 
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D. Organic acids, antibiotics, vitamins, 

Two-stage production of acetic acid 194. 

195. 

Production of sterols and their precursor, 196. 
squa!ene, by  bacteria 

Preservat ion of toxigcnic ability to pro- 
duce alpha, beta, and  nu  toxins in 
a t ryptone-sa l t  medium 

Automated  determination of furidic acid 
and  penicillin V in a continuous culture 

Lactic acid fermentat ion of milk with 

controlled p H  undvr atmosphere of car- 
bon dioxide and  nitrogen 

Production of sour curd cheese by fer- 
menta t ion  of milk in a two-stage sys tem 
composed of a stirred fermenter  and  
a plug-flow fermenter  

Effect of external  culture conditions on 
yield of tyrothriein 
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polysaccharides, toxins and other products 
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Production rate of a polymer xanthan as 
a function of the dilution rate 

Concentration of the tetanus toxin by 
precipitation and by subsequent separ- 
ation by column chromatography 

Production of gramicidin S 

Lactic acid production in a glucose-yeast 
extract medium under controlled pH 

Effect of pI-I, feed concentration of glu- 
cose and residence time on the product- 
ion of lactic acid 

Conversion of 9~-fluoro- 16x-hydrocortisol 
to 9~-fluoro-16u-prednisolone by intracel- 
lular dehydrogenase; conversion of glu- 
cose to gluconic acid 

Continuous production of yoghurt seed 

Production of methane 

Formation of ~-carotene in chlorotic 
algae 

Increase of acid production rate by 
selection of lactic streptococci in a chemo- 
star or by t reatment  of the cells with 
a mutagon 

Lactic acid fermentation of sour milk 
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E. Cells and tissues of higher organisms 

Aerated. and. agitated, c~tlturo of plant 204. 
cells in suspausion 

A review of recent method.s of cultivation 205. 
of human c~lls 

Synehroag of division of plant ells and 
rolaglons~ip between matabolism and. 
cell growbI% th~ seqaenoes of scants in- 
volved iu the acLivatiou and. repression 
of bio~heraicM p~thw~ys 
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Continuous flow cultures of m~ramMiatx 
cells 
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(sec IA[13) 

Cultivation of cells of higher organisms (see III&/228) 
in largo quantities 
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F. Mixed populations 

Steady-state and transitory d~ta from 
a mixed population where the bacteria 
produce fructose from mannitol and the 
yeasts metabolize fructose to carbon di- 
oxide and water 

The mouth is compared to a continuously 
fed, mixed culture of bacteria growing 
slowly in limited nutrients 

Growth and feeding kinetics of a ciliated 
bacteria-consuming protozoon 

Relation between the specific growth rate 
and the concentration of the limiting 
factor for obligately and facultatively 
psyohrophilic bacteria at  different tem- 
peratures in competitive cultures 

Cultivation of aquatic bacteria using only 
river water; at tenuation of the popu- 
lation to the levels present in the river 
itself 

Mixed population of two strains one of 
which is amino acid-producing and the 
other one amino acid-requiring 

Elemental composition of the microbes 
formed in the rumen fermentation; 
measurement of volatile fa t ty  acids, 
methane, carbon dioxide and ammonia 

The indirect fluorescent antibody tech- 
nique simplifying experimental procedure 
and providing an extremely sensitive 
enumeration technique of gram-negative 
rods grown in a mixed population 

Changes in outcome of a mixed popu- 
lation of bacilli and yeasts limited by 
magnesium in response to changes in 
f low rate 

An empirical mathematical  model of the 
mixed culture of mieroalgac and bac- 
teria grown on domestic sewage 

Commensalism, predation, mutualism,and 
amensalism in a multiculture system 
simulating the sewage and waste water 
t reatment  

Cultivation of bacteria in an artificial 
r l x i ~ e n  
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A rumen ecosystem in vitro developed 
for quantitative determination of the ef- 
fects of rumen biological metabolism on 
dietary nutrient availability to the host  
animal 

Predomination of different cell cultures 
at  different dilution rates in hetero- 
geneous microbial populations 

Yields of a mixed population grown on 
glucose 

Mixed digester cultures fed with a soluble 
substrate 

Growth differences of wild type and mu- 
t an t  strains to algae in competitive cul- 
tures with phosphate limitation under 
continuous light, continuous dark or 
alternating periods of light and darkness 

Replication of rubella virus in host B H K  
cells 

Interaction between non-hydrocarbon 
utilizing and hydrocarbon,utilizing or- 
ganisms; a mathematical  model of the 
process 

Coexistenee of resistant and sensitive 
cells in a bacterium-phage population 

A mixed culture of two types of gram- 
negative nonsporulating rod:like meth-  
ane-oxidizing bacteria 

Symbiotic algal-bacterial sys tem for nu- 
tr ient removal from waste water 

Application of a mixed fungal  and bac- 
terial population for t rea tment  of waste 
waters containing saeeharides 

Growth of heterogeneous' populations on 
various carbon sources from~ initial in- 
oeula of sewage 
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(see IB]28) 

(see IIA/94) 

(see IIA/lO0) 

(see HA/165) 

(see IIB]I83) 

(see IVA/262) 

(see IVC/287, 288) 

(see IVC/291) 

(see IVC[298, 298) 

III .  CONTINUOUS CULTIVATION EQUIPMENT 

A. Cultivation devices 

Automated continuous electro-optic re- 
fraetometer adapted for measurement of 
fermentation grade of beer 

221. Asselmeyer, F.,  H6hn, K., I~lisch, W.: Anwendunff d ~  
refraktome~risehen Methode zur kontinuierlichen Vergd. 
rungsgradmessung in der Brauerei. Brauwissenschaft 
24 : 73, 1971. 

A new approach to the control of high- 
rate processes; methods for proportional 
control of flow rate and a technique 
based on a train of pulses 

222. Bungay, H. R., I I I :  Proportional contro?~ for sma~ 
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A membrane pressure transducer for 
control of culture mass, particularly of 
fungal organisms 

Dosing in phased culture 

Details of construction and procedures 
for operation of the cyclone column 
cultivator 

A versatile fermenter of novel design for 
cultivation of wide range of microorgan- 
isms and tissue cells 

An integrated system permitting on-line 
monitoring of the "s ta te"  of a microbial 
process, automatic manipulation of ap- 
propriate control variables 

A 30-litre folly automated apparatus for 
growing cells of higher organisms 

A microchamber enabling microcinemato- 
graphical registration of individual cells 
or coenobia of algae 

Examples of biochemical reactors, their 
design and factors governing their 
selection 

A system coupling a fermenter with 
a digital computer, 22 variables and 
eight events plus elapsed time are being 
logged, some specific examples of poss- 
ible closed-loop control of a fermentation 
process are given 

A respirometer suitable for continuous 
operation. To produce a mass balance of 
oxygen, the tape record of the amount  
of oxygen supplied to the culture by the 
electrolysis of water is combined with 
a continuous recording of the concen- 
tration of dissolved oxygen entering and 
leaving the reactor 

Semicontinuous production of baker's 

yeast 

Continuous monitoring of growth and 
direct computer processing enabled by 
use of a fiber optic probe 
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Oxygen microprobe of polarographic type  
for measurement  of oxygen in very th in  
microscopic chambers  

Simultaneous continuous analysis of 
sugar,  amino-N, protein and  ni t ra te  

Feed-back and  ins t rumenta t ion  systems 
applied to measuring or controlling pro- 
cess variables 

Completely equipped laboratory fermen- 
ters  with all usual control  features (in- 
cluding dissolved oxygen) 

Aseptic metering pumps, process control,  
analytical  ins t rumenta t ion  and  continu- 
ous sterilization of culture media 

The main  system types are described as: 
(a) open (free cell overflow); (b) closed 
(restricted cell overflow); (c) homogeneous 
(stirred); (d) heterogeneous (stratified) 

Continuous flow laboratory reactors and 
ba tch  reactors for aerobic biological 
waste water t r ea tmen t  seeded from con- 
t inuous flow unit  

A small-scale automat ic  appara tus  for 
induction of synchronized cell division 

Scheme of yoghurt  product ion 

Large scale cyclone column fermenter  
for phased culture 

Aparatus  for cult ivation of pure strains 
of methanogenic bacteria 

A dialyser-dialysis culture system com- 
posed of a fermenter  and  a sep- 
arate  medium reservoir wi th  culture 
aeration by  dialysis gas transfer  

Schematic flowsheet of 5-1itre fermenter  

Apparatus  for the  accumulat ion of het-  
erotrophic algae exposed to l ight 

An apparatus  for quant i ta t ive  measuring 
and  recording of the  phototopotact ic  
response 

A turbidosta t  with measuring of pH, 
aerat ion rate, dilution rate,  absorbance, 
culture volume, l ight  intensity,  input  and  
ou tpu t  of carbon dioxide 
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A diagram of a culture system monitor ing (see I IA]  141) 
cell concentration changes in autotrophic 
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algae cultures exposed to clerk-controlled 
cycles 

Design of a small  laboratory ehemostat  

Cul t ivat ion equ ipment  for anaerobes and  
pathogenes 

Au toma ted  bioassay of antibiotics 

Schematic outline of a process to produce 
quarg in a system composed of a 
s t i r red fermenter ,  a plug-flow fermenter  
,and a separator  in series 

Diagram of chemostat  and  of the auxili- 
ary  equipment  for the  cult ivat ion of 
p lant  cells in suspension culture 

A versatile glass apparatus  for culti- 
va t ion  of p lan t  cells equipped wi th  fully 
automat ic  sampling device and regu- 
lat ion of the  optical density 

A two-stage appara tus  for cul t ivat ion of 
protozoa utilizing bacteria 

Diagram of an  artificial rumen 

A tower-type fermenter  for beer pro- 
duct ion 

An experimental  apparatus  for increasing 
the  oxidation capacity of act ivated sludge 

(see IIB/174) 
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(see IIE/206,  207) 
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B. Bioengineering problems 

A model predicting a mi~clng pa t t e rn  for 
design purposes is developed 

Characteristics and  theoretical analysis 
of the  gas ent ra inment  process and  of 
the  axial  dispersion of the liquid in 
a novel  tower-type fermenter  

A model of a cascade of reactors in 
series representing mixing conditions 
from imperfectly mixed to plug flow 

A generalized coordination for the  back- 
mix rat io  in  multi-stage agi tated tower  
reactors 
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effects of dispersion and  mass  transfer 
resistance on the degree of conversion in 
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Chemical engineering aspects of tower- 
fermentation systems and their appli- 
cation in microbiological industry 

(see IV/269) 

IV. APPLICATION OF THE CONTINUOUS CULTIVATION METHODS 

A. P r o d u c t i o n  of  cell mass and  pro te in  

Production of yeast cells on normal 
C1~H~6 - CI~Hs2 alkanes 

Two complementary processes for the 
yeast protein production using gas oil 
and n-paraffin feeds 

Growth of yeast  on methanol and on 
inorganic medium 

Bacterial protein from a narrow range 
of hydrocarbons; evaluation of the pro- 
rein quality 

Dissolved oxygen, liquid velocities and 
void fractions measured in the annulus, 
draft tube and head space of an airlift 
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tion of hydrocarbons 

Calculation of basic parameters for pro- 
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Protein food supplements from hydro- 
carbons 

Effect of pI=[ on the yield of cell mass in 
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A mixed methane-oxidizing bacterial 
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Production of proteln-rich algae in free 
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Conversion of cellulose to protein 

Production of yeast on cheap methanol 
from natural gas -- a new potential 
source for single-cell protein 

Increase in the cell concentration in the 
aqueous phase where oil is maintained 
as the continuous phase 

Optimum algal biomass productivity and 
the prediction of the performance of 
algal systems 

Cultivation and metabolism of organisms 
producing protein from hydrocarbons 

Growth of yeast cells on a simple defined 
medium with n-dodeeanc as sole carbon 
source 

Fractionation of microbial protein 

Production of algae 

A sewage oxidation pond producing re- 
usable water effluent and also an algal 
protein for feeding animals 
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B. Fermented beverages 

During the temperature control of fer- 264. 
mentation the overall energy balance 
takes into account the energy balances 
of fermentation, vinification, vinification 
losses and exchange through the walls 

Comparison of three modes of beer prep- 
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tral wort preparation, concentration, 
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A summary of contributions to biologi- 266. 
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CAFFA -- a new shortened process of 267. 
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An outline of kinetics of chemical reac- 268. 
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formanee, stability and optimization 
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Rate coefficients of utilization of reducing 
sugars in individual fermenters of multi- 
stage beer fermentation system 

Wine fermentation by a selected yeast 
strain 
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compounds and organic acids; conditions 
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A review of the British top fermentation 
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Classification of systems of continuous 
beer fermentation and discussion about 
the physical and metabolic performance 
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Application of an automatic refrae- (see IIIA/221) 
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anaerobic waste t rea tment  

Kinetic and stoiehiometric relationships 
between the organic substrate and the 
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Modelling of an anaerobic digestion 
process 

Changes in populations of sewage origin 
due to different dilution rates 

Yield of cell mass of mixed population 
of sewage origin adapted to glucose using 
recycle for stabilization 

Growth rate equations used for the de- 
sign and for the prediction of perform- 
ance characteristics of waste water treat- 
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Anaerobic t reatment  of wastes 

Conditions necessary for the design of 
a denitrification t rea tment  plant 
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Variable efficiency of biological treat- 
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PLATE ]. X - R a y  diffract ion pa t t e rns  of  chi t in  (a) and  fract ions A (b), B (c), C (d). 
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NGUYEN H, CHAN AND J. CHALOUPKA B. M E G A T E R I U M  PROTEINASES 

PLA~E 2A, B. Aerylamide gel electrophoresis of megaterioprot~inase A (a) and S (b). Samples of 
50 ~g of enzyme protein. Reservoir buffer: Tris-glycine (pH 8.3) containing 2mr~ CaCl~. Proteo- 
lyric activity is expressed as the increase of absorbance at 280 nm in ~he TCA filtrate. 



N G U Y E N  H,  CI-IAN A N D  J.  C H A L O U P K A  B. M E G A T E R I U M  P I ~ O T E I N A S E S  

PLATE 3. Ac ry l amide  gel  e lec t rophores is  of  a m i x t u r e  of  mega te r iop ro t e inases  A a n d  S. 50 tzg of  
mega to r iop ro t e inase  A were m i x e d  w i t h  50 ~zg of  mega te r iop ro t e inase  S before app ly ing  to  t he  gel 
co lumn.  Rese rvo i r  buffer  a n d  e n z y m e  ac t i v i t y  were as  descr ibed in P la to  2. 
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PLATE 1. M o v e m e n t  of  L T 2  cells in a t r y p t o n e  m e d i u m  wi th  0.3~o agar .  1, LT2  SU 86 F - .  
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PLATE 2. Movement  of LT2 ceils in a t ryp tono  medium with  0.3(~) agar.  2, LT2 SU 452 Hfr.  
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PLATE 3. M o v e m e n t  of  L T 2  cells in a t r y p t o n e  m e d i u m  wi th  0 .3% ugur.  I, LT2 SU 86 F - ;  2, L T 2  
SU 452 Hfr.  


