Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/05 : CIA-RDP81-01043R002800080004-5

50X1-HUM

o\O
<

Next 20 Page(s) In Document Denied

Q“’g

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/05 : CIA-RDP81-01043R002800080004-5



brrensscess

THE 'HYSI&LOGICAL STATE OF MICROORGANISMS
DURING CONTINUOUS CULTURE

Ivay MALEK

In the course of the last 10 years extraordinary attention has been paid
to continuous culture. We can mark an increaso in the number of papers which
show that it is about to become a new method enabling us to deepen our know-
ledge about the multiplication of microc i and at the same time gives
us a stable living material for experimental studies of variability and muta-
bility and for biochemical analyses. Tt also points the way towards a substantial
increase of productivity for & number of fermentations.

Up to 1945 there existed but a few papers describing the use of this method.
Moreover these papers usually did not consider this method as a new and basic
one and one which corresponds to the reproductive capacity of microorganisms
better than the commonly used static methods. This is true for the work of
Rogers and Whittier (1930) who tried to draw an analogy between a bacterial
culture and a multicellular organism, and cultivated bacteria (Streptococcus
lactis) at a rather slow rate of flow of the nutrient medium on the one hand,
and using a microbial filter under which the nutrient medium was repeatedly
renewed on the other hand, Their most striking results deal with the lactic
acid production in continuous culture. Cleary, Beard and Clifton (1935) used
the continuous method to study the basis of the stationary phase of common
batch culture methods. The papers of Jordan and Jacobs (1944, 1947, 1948)
also deal with an analysis of the stationary phase. Moyer (1929) used the conti-
nuous method only to increase the bacterial mass for chemical analysis.
Among the theoretical papers from this period, only those of Utenkov (1929,
1942) and Malek (1943) considered continuous culture as a new experimental
method from the very beginning. Utenkov, who was probably the first to take
up the i flow method systematically, proceeded in 16 years of experi-
mental work (from 1922) from the assumption that the batch culture method

does not sufficiently reveal the true ch teristics of microorgani and
does not permit satisfactory regulation of the development of cult It is
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only to be regretted that Utenkov’s paper remained unknown to the world micro-
biological literature. It was from a similar of point view that Malek studied the
continuous flow method (1943) and stressed its advantages in studying multi-
plication, varidbility and path i

y of microc

Practical exploitation of the method was only slightly developed. Lebedev
(1936) developed the method of i alcoholic fer ion. In Ger-
mnny, fermentations have been pntentcd which are based on continuous flow

(Lupinit, Nordd Hefeindustric, 1934); later on, a group
of American rcscarch workers — Unger, Stark, Scalf, Kolachov (1942) and
others — worked out p dures for production of yeast and alcohol,

and pointed out thclr advantages and greater productivity as compared with
the static “‘batch’ methods.

Later papers (after 1945), however, almost without exception, consider
continuous flow culture as a new method. It has been studied technically both
from the experimental-laboratory viewpoint (Castor (1947), Bactogen-Monod
(1950), Chemostat-Novick and Szilard (1950), Anderson (1953), Malek (1943,
1952), Northrop (1954), Kubitschek (1954), Graziosi (1956, 1957), Davies
(1956), Karush, Iacocca, Harris (1956), Formal, Baron, Spilman (1956), Perret
(1956)) and from the laboratory-prod viewpoint (Mal and Hédén
(1952), Malek (1955), Elsworth et al. (19.:6), Plrt (19.)7)) as well as applied
to microcultures (Pirfilev — g (1956)).
A methematical treatment has been given for the theory of reactiona in conti-
nuous flow systems in geneml (Denblgh (1944), Pasynskij (1957)) and in parti-
cular to the multipli of i (Monod (1950), Northrop (1954),
Herbert et al. (1956), Maxon (1955), Jerusalimskij (1958). The method has
been considered from the point of view of experimental possibilities and
perspectives (Monod (1950), Malek (1943, 1952), Maxon (1955), Novick (1955),
Powell (19.)6)) Thc following theoretical problems have been studied by this

of antibi properties (Sevage and Florey (1950)), the
formation of mutants and other problems of genetics (Novick and Szilard
(1950), Bryson (1953), Zelle (1955), Lee (1953), Moser (1954)) microbial adap-
tation (Verbina (1955), Graziosi (1956, 1957)), growth of fungi (Duché and Neu
(1953), Hofsten et al. (1953)), bacterial multiplication (Brucella: Gerhardt
(1946); Aérobacter: Herbert et al. (1956), Pirt (1957); Escherichia coli: Milek
(1943, 1950); Streplococcus haem. A.: Karush et al. (1956); Salmonella typhi:
Formal et al. (1956); Mycobacterium tb.: Svachulova and Kuska (1956)), and
development of bacterial cultures (Malek et al. (1952, 1953, 1953b, 1955),
Macura and Kotkova (1953), Seveik (1952), Jerusalimskij (1956, 1958)).

Other papers deal with the industrial application of the method (Harris et al.
(1948),"Victorero (1948), Adams and Hungate (1950), Sarkov and his school
11950), Elswort et al. (1956), Malek et al. (1955, 1957)).

Experlenoe a8 been acquired not'only with the continuous culture of bacte-

ria, yeasts and molds but also of some algae (Ketchum, Bostwick, and Red-
field (1938), Myers cb al. (1944) cf. Novick, Tamiya (1957)) and protozoa
(Browning and Lockinger (1953), Vivra (1958)).

TIn this review we intend to consider only theorctical papers and results parti-
cularly with regard to the physiological state of microorganisms in continuous
flow cultures. Therefore its mathematical aspeet and the kinctics of growth
of microorganisms will not be covered, since this question has been sufficiently
studied in earlier papers (Monod, Northrop, Maxon, Herbert et al.).

Let us begin with a few remarks on terminology. When referring to *‘continuous
cultures” wo shall usually have in mind continuous flow cultures, as compared with
continuous culture in the broader sense of the word, where culture with periodie renewal
of nutrient medium is included (for this 1ype of culture somotimes the word “semi-
continuous” according to Maxon is used). Continuous flow culturo is thus the oxtremo
case of periodie continuous culture; the technical dif! between theso two is usually
only in the length of the interval between additions of medium, beenuso oven in a con-
tinuous flow cultura the nutrient meditum is usually added intermittently. This difference
is at times of great importance for the process. In contrast 1o continuous eulture we shalt
consider the static single-run culture i. e. the common batch eulture, Sometimes the term
“dynamic culture” is used even for a bateh culture when stirred. 1t is felt that this usage
is incorrect, beeause this type of culture remains basically statie i character. It is typieal
of a true dynamic culture that  dynamic steady state is established.

What do we actually mean by the physiological state of microor-
ganisms in continuous culbure?

A lot of experience obtained in studying common static cultures have shown
that the number of microorganisms follows the typical growth curve. However,
only the exponential part of this curve is significant for multiplication of
microorganisms in common continuous cultures, because only then is uniform
multiplication taking place. Therefore, this part of the curve is usually treated
as a whole quite uniformly, as no striking change of culture can be observed
there. A number of papers (Malmgren and Hédén (1951), Hinshelwood (1947),
Valyi-Nagy (1955) and many others) have shown that microorganisms are
undergoing changes even in this exponential part of the curve. Thus, for
instance, the ribonucleic acid content of cells does not remain constm\t during
the exponential period, i. c. the period of uniform cell division, but usually
drops very rapidly at the very beginning of the curve. On the other hand there
are a number of reasons for the assumption that the beginning of multiplication
coincides with the end of the lag-phase, i. e. with the late lag-phase, because
then a great production of microbial material can be observed as a consequence
of regular microbial proteosynthesis, as shown by an inercase in enzymic
activity, by a rise in the ribonucleie acid content, and by an increased scnsiti-
vity towards external conditions (Malmgren and Hédén (1951), Winslow,
Walker et al. (1039) and other authors). All this indicates that the physiological
state of microorgani: as ifested by enzymic activity, sensitivity, proteo-
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synthesis, RNA content ete., is undergoing changes in static cultures even
. during the phase of full mul iplication. The i
towards this change have not been sufficiently elucidated.

Now, to which part of the curve which has been thus divided can we compare
the physiological state of mi roorg under diti of ti ;us

1 iy lication? A logical ation leads to the conclusion that under
conditions fully ensuring the multiplication of microor the physiologic-
al state will most likely correspond to the state of a culbure in the late ]ag-phase
or at the beginning of the log-phase. But what is the case when microorganisms
are grown under conditions which are below this level, and when slower multi-
phcatlon is taking place; docs the physiological state of culturcs then change
in a similar scnso as can be observed in static cultures?

This question appears to be rather important, since the physiological state
can considerably influence multiplication itself and the kinetics thereof.
Only' when we have fully answered this question can we purposefully rcgn]ntc;
coxftmuous processes and exploit them for theoretical or practical ends.
It is particularly important in cases when we intend to grow microorganismsa
overa long period with a activity of orwhen wewish
to obtain products which in static cult are d with ch in the
state of the culture, and appear therefore either at the end of the ex]c)onential
or during the stationary phase. The question arises, however, whether W(;
can draw any parallel bet ti and static cult in terms of the
individual phases of development.

It is most probable that laws governing the multiplication of
il.l static cultures during the phase when the nutrient medium contains suffi-
cient n of all p , and when it is not affected by
metabolites produced, are similar to those of continuous cultures. But even
then tl{cre is an important difference between these two types of cultures:
In static cult: the tration of nutri is usually excessive at the
.momen‘t of beginning growth, when it is intended to last for several generations;
in continuous cultures, on the contrary, the concentration of added nutrients’
is qilllte@ into the whole volume of nutrient medium with the microbial culture,
which can thus assimilate it immediately. When the basic nutrient factors or th(;
source of energy are optimally balanced with respect to the requirements
of a multiplying culture, we reach the stage where nutrients are assimilated
on addition and cannot be determined in the culture fluid although constantly
replenished. This is another aspect of the steady state of continuous cultures,
and very .importn-.nt from the point of view of optimal exploitation of nutrientk;
-—::, dfﬁ:ufc ; 't in tical application. Is this difference in any way

d in the physiological state of microc in culture, as to the
manner of absorbing nutrients and in the manner of their .utilisation? Such
a possibility cannot be excluded. What is the case when microorganisms are

ver, which lead

il
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cultivated in such a way that the rate of continuous feed is slower than would
correspond to the growth rate as required by Monod for cultures in which self-
regulation is operating? Ts the answer given by merely slowing down multi-
plication, or is there a concurrent change of physiological state as is known
in the latter stages of the exponential curve of a static culture? It cannot be
excluded that some change could take place together with a different response
of cultivated microorganisms to external conditions. Evidence on this would
be of great experimental importance.

These are some of the questions that should help us to show the relation
hetween the basic problem of the physiological state of cultures under condit-
jons of continuous multiplication, and the application of this method in theory
and practice. These questions have thus far been accorded little experimental
attention, despite the importance for evaluation of obtained and obtainable
results.

The attitude toward this question is connected with another problem of
particular importance during the first period of study of continuous cultures,
and of general biological importance: whether conditions of static or dyna-
mic cultures better mcet the physiological requirements of microorganisms.
By the term “requirement” we have in mind the relation of microorganisms
to their environment as developed in the course of their exposure to physio-
logical conditions in nature.

Older papers — with the exception of those of Utenkov and Malek —
assumed that the growth-curve characteristics derived from static cultures
have an absolute validity, and that they reflect the natural development
of the physiological state of microor and their requi ts. Cleary
et al. (1935) therefore did not study continuous multiplication from the point
of view of microbial multiplication, but rather in order to learn more about
the stationary phase of static culturcs. This attitude was apparently an
expression of the fact that in that period a diagnostic raison d’étre still pre-
vailed in microbiology, for which static cultures are most convenient. Parti-
cular attention has been given to the study of the so called “maximum concen-
tration’ according to Bail (1929). There were however more profound biological
reasons for this view: under natural conditions (e. g. in the soil etc.) micro-
organisms do not as a rule multiply in a homog lution with o tant
afflux of nutrients, but rather on structures where they behave similarly
as in artificial cultures on solid media — they form colonies which arc analogous
to the well-known growth-curves of liquid static cultures {e. g. Vinogradskij
(cf. Volodin 1952), Novogrudskij (1950)). From this the conclusion is usually
drawn that microorganisms have developed a fixed form of multiplication
which corresponds to the conditions of static cultures, and that even when they
can multiply without limitation, cultures undergo developmental changes
that correspond to the typical growth-curve of static cultures. The practical
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q of such was that microorganisms were cultivated
in continuous cultures with an afflux of at a rate iderably lower
than would correspond to the growth rate. Another consequence of this
thinking was that it was not generally believed possible to cultivate micro-

in ad infinitum without some degeneration
or change that would 1 to the stati y and d ph:fses of
static cultures. This opinion tituted an obstacle in T ti
culture hods and devéloping them in f tation. This opinion has been
1 of microorgani

shown to be wrong by work describing
over long periods of time without signs of degeneration (Herbert et al. (1956),
Malek (1955) and others).

A logical conclusion from the above findings would appear to be that static
culture and the developmental changes observed with it are artefacts. The
lag-phase appears as an artefact because, in the course of it, a culture changed
by previous static cultivation must adapt itself to regular multiplication; the
decrease of biosynthesis in the latter part of the exponential phase also appears
as an artefact, as well ag the whole of the stationary phase. The natural condit-
ions which most fully correspond to the dynamics of microbial multiplication
exist only in culture. Theref only by using this method can
we produce cultures which are really physiological, and correspond to the rfzal
physiological and biochemical char: isti i This view
is supported by the results of continuous cultures which have shown bh{tt
microorganisms can be grown under such conditions for indefinite periods in
a vegetative form, with optimal results as to the production of living matter
and optimal enzymic activity, ete. From the above the conclusion can be
drawn that in static cultures only the initial, the late lag, and the exponential
phases, can be considered as physiological, because only then can the syntl}csis
of living matter, and all phenomena connected with it, proceed in an uninhi-
bited manner. Everything else in the static growth curve appears to be an

of microor

artefact caused by conditions inadequate for the multiplication of microorga-
nisms.

This conclusion does not take into account the fact that some of the deve-

1 cl in static cult at least in some microorganisms, have

g

the character of fixed traits: above all the sporulation of bacilli (and, apparent-
ly, also of actinomycetes) and probably also the formation of resting ior‘ms
of bacteria in the stationary phase. These traits are a biological fact which
shows that in the course of development bacilli had to adapt to conditions
somewhat analogous to those of static cultures. But the same microorganisms
can be kept constantly in a vegetative state under suitable conditions. Further-
mote amumbér of.important products, which are certainly not a laboratory
(;i:f;facb, and which are of great practical importance, are formed only flllril)g
the il‘lttéf phnée of static calture (antibiotics etc.). It cannot be affirmed
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therefore that continuous flow cultures in their commonly used
simple form correspond to all the physiological variables and
requirements of microorganisms as which have developed. They
meet the optimal requirements of faet vegetative multiplication of micro-
organit theref. all the pt which are associnted with the multi-
plication of microorganisms, be it the production of living matter, some basic
enzymic processes, the influence of the environmental conditions on actively
multiplying cells, or spontancous mutability, can be conveniently studied
only in continuous cultures. Only these cultures, when well sct up technieally
and under constant conditions, ean produce stable material for such investig-
ation. On the other hand, in order to study phenomena caused by changes
in environmental conditions due to the activity of microorganisms themselves,
it is necessary to resort to a static culture, or to modify suitably a continuous
culture method.

The majority of research workers using the continuous culture method base
their views on the second assumption and do not take into account the possi-
bility of changes of the physiologiual state under changed conditions. Theore-
tical papers devoted to the matk tical basis of ltiplication (Monod,
Herbert, Maxon and others) presume the existence of an ideal state in which
the rate of growth and the activity of metabolic processes represent values
dependent only very simply on the flow rate (dilution). This ideal state is
hypotl Ily reached by ing a gystem in equilibrium when the dilution
rate (i. e. the ratio of emptied volume per unit of time to the volume of the
culture) is equal to the multiplication rate (i. e. the number of divisions per
unit of time) multiplicd by 0,69 (= log, 2). Should some change in the physio-
logical state of the culture occur, a new equilibrium would be formed, on the
basis of which the experiment proceeds. Therefore no qualitative change in the
physiological state of microorganisms is considered; it is taken to be constant
in the course of a given experiment. The steady state which exists at
different rates of flow is usually considered to differ only quantitatively. This
abstraction is necessary as a basis for experimentation and it can be neglected
within certain limits of Itiplication rate. This ption served as the
basis for methods of the type of Monod’s Bactogen or Novick’s and Szilard’s
Chemostat, which choose an afflux of nutrients which remains below the level
ensuring a maximum growth rate, and limit one important nutrition com-
ponent. Other methods proceeding along the same line are those of the Tur-
bidostat type, as used by Northrop, Bryson, Anderson and others, when a pho-
to-cell helps to keep the density constant and the afflux changes in intensity.
By means of both of the above-mentioned methods, the rate of growth can
be automatically controlled and kept constant — in the first case by means
of the self-regulating ability of the continuous flow system kept below the
level of maximum growth rate, in the second case by means of an external
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mechanism. Even workers using these methods to study important physio-
logical processes (Monod, Duché and Neu, Karush et al.) or genetic processcs
(Novick and Szilard and others) work under conditions that disregard the
Pphysiological state and its.ch Thus they have the possibility of studying
s number of important biochemical, physiological and genetic problems
considerably more exactly, and with a more constant and more physiological
icrobial material than is possible in static cult but they do not fully
haust the ad ages-of conti thods for studying more thoroughly
the biological factor itself and applying the results in practical fermentations.
It follows from the conclusion of Monod's paper that he is aware of this simpli-
fication. Northrop stresses in the introduction of his paper that “any change
in:the -: of any subst indicates a change in org ” and
Maxon in his paper points out that a th ical treat
of all factors is not even possible, and so far not useful, because a fermentation
is a highly complex living-system. B
Ttscems particularly important to i igate to what extent we are
justified’in drawing a parallel between the slow growth achieved
in the Chemostat by limiting one of the important nutrient
factors (cf. e. g. Novick and Szilard 1950), and the faster growth
in the physiological state. It remains a question what réle a similar
limitation might play in a continuous culture. This question is discussod by
Powell (1956) from the mathematical point of view and in relation to the gener-
ation time of individual microorganisms. He proves that a continuous flow
culture “‘discriminates heavily. against i of lly long
time”’. Such.long generation time certainly reflects a definite physiological
state. Powell in his lusion that a conti culture will stabilize
itself: within. a certain range of physiological activity of microorganisms.
But the question appears to be even more complicated: it is assumed, on the
basis of:a statistical treatment of the whole population, that the culture is
homogeneous, but such is not the case even in a well stirred continuous culture.
Let.us therefore consider, the effect of limiting one of the important nutrient
factors::will Che're,s!llt of this procedure be that all the microorganisms present
in- the  p pulation . ..an .equal minimum t of the limited
factor and therefc ltiply themselves more’slowly (and in turn influence
their physiological, state), or,.that microorganisms metabolically more active
me the limited factor, .depri ng less active bacteria? In the latter
3 e-div 0 t 1 a normal generation time
ortion with an abx}ormh]]& long
- The resulting generation ‘time would
f *these- cases, ,f{uﬂ _would not_give a’true
‘the _microorganisms present. From this
te. the remark of Karush et al:.(1956).that

i
H
H
i
H
{
i

“the efficiency of utilisation of glucose increases with increasing growth rate”.
The above is intended to point out the importance of a more thorough investi-
gation of growth limitation i i It achieved by limiting one

in
important source. It is particularly important because under the conditions
of limited growth, mutability has been studicd. The relation of this phenomen
to the physiological state deserves attention.

The assumption that only conti culture is ph, gical is a starting
point for practical li in simple fer ive pr i as for
instance, the production of yeast. Even with these simple processes, the ques-
tion of physiological state can play an important role. For instance, in yeast
cultivation the question arises of the behaviour of glycolytic aclivity when
aeration is prolonged, or what will happen with maltase activity during
prolonged culture on molasses. Similar questions arise as to physiological
state when growth takes place on complex media, e. g. wood hydrolysates
or sulphite liquors, and the capacity to utilise & mixture of carbohydrates, the
role.of diauxia, ete. )

We have now compiled sufficient proof to show that the question of the
physiol | state of microorganisms is important for the knowledge of condi-
tions and possibilities of continuous culture. But so far little attention has been
given to this question. Utenkov proceeds from it rather systematically by his
method, which he has called “microgencration”. He worked out in detail
the possibilities of bination of the flow method in various
applications (e. g. aerobic culture, the possibility of combining media without
interrupting the experiment, and the like) with static methods. His broad
experimental work is available only in a brief summary of his doctorate
thesis from 1942, where the principles of this method are presented together
with a summary of results from 16 years of work (from 1922) concerning the
development and variability of 40 different species of microorganisms under

i flow conditions as pared with static conditions. As mentioned
above, all his work is motivated by the endeavour to influence the physiolo-
gical state of microorganisms through a suitable manipulation of enltivation.
Utenkov is convinced that through a suitable choice of cultivation method
it would be possible to keep microorgani ly at the different stages
of their development. The continuous eulture method rcpresents for him the
method for maintaining constant the stage of active vegetative multiplication
and its practical exploitation. He studied with particular attention the first
stage of conti growth i imediately after i as well as the occur-
rence and significance of atypical bacterial forms: He noticed that growth rate
is higher in a continuous culture than in a static one, that the cultures reach
a steady staté, that urider the conditions of continuous cultivation it is possiblo
to preserve” certain characteristics of microorganismis (e, g. virulence) ‘which
i8 of importance for-the égepﬁriltion of vaccines-and for the possibility of-

1nti,
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producing long-term (permanent) modifications under changed conditions.
Ho furth .

treated th lly, and partly experi lly, the

of In lusion he st d the advantage of the method for stu-
dying bial and for practical tasks, b it forms a basis
for the application of automatisation of microbi growth etc... Even if these
experiments are mostly descriptive and not sufficiently analytical, they repre-
sent the basis of continuous cultures, and what is even more important, they
always upon the mi itself and on its physiological
state and its relation to the environment.

Powell (1957) also touches on the ph, 1 state of micr and
congiders the growth rate and generation time of bacteria in relation to the
conditions of continuous culture.

The physiological state of yeasts under continuous culture conditions have
been taken up by Plevako, who studied the dynamics of subcultures from
individual yeast cells (the material of this sy (1958)). Jerusalimskij

and his coworkers are studying it in detail with culti of CI. butyli
(1958).
The q of the ph 1 state of under conti

flow conditions has formed also the basis of our studies (Malek et al. 1943 und
other papers). We assumed that static batch cultures are in antagonism with
the dynamics of a multiplying culture, and do not comply with that part of
physiol i isms which is manifested by multiplication. From
this arise those i d pop and physiological chang
of microorganisms as are known from common batch cultures.

gy of

What are the possibilities of studying the physiological state of microorga-
nisms? For this purpose we must bear in mind the analogy with experiences
obtained in work with static batch cultures, because only here have those
parameters been studied which reflect the physiological state, although care
must be taken in making such i The physiological state ife
itaelf- above all in the qualitative aspect of multiplication, and in the proteo-
synthesis associated with it. If we permit an analogy with static cultures it is

'y to d whether the culture and its characteristics correspond
to the culture from the first part of the exponential curve, or from a later
stage. It appears very convenient therefore to esti the rib leic acid
content, because this reflects the most marked changes in this périod. The
physiological state is also reflected in the qualitative changes in enzymic
systems, cell resistance, etc. '

_As fu' a8 tl@ first, purely. \ , aspect is ¢ d, it is important
- to study multiplication and its utilization of living sources. By comparing
X the dlt‘t btained with ‘f 7"7“ dicted results, we can estimate

20
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whether the system corresponds to the optimal capacity of vegetative repro-
duction. The mathematical basis has been studied in a number of papers, and
can well be used for the treatment of simple continuous systems.

That is of course possible only in a perfectly homogencous stirred culture,
But the conditions of such a culture need not necessarily meet all the aspects
of a continuous culture. Thus, for instance, a common problem that had to be
solved by some authors is that even in fully stirred culturcs, some bacteria
settle preferently on the glass of the culture flask, and grow there. This pheno-
menon is particularly striking when cultures are grown in small flasks where the
only movement is provided for by the nutrient medium dropping into the flask,
and by its removal. Under such conditions the culture scparates into two
distinet parts cven at a very fast rate of flow, as we have scen in a long-term
culture of Escherichia coli; bacteria multiply in the nutrient liquid on
the one hand — there they resemble the actively multiplying organisms
as to shape and size — and grow in a thick film along the glass of the flask
on the other hand — where they have the shape of small rods, multiplying
apparently at a slower rate. The former are like those from the first part of the
exponential curve, the latter like those from the stationary phasc. But of
course such a simple type of cultivation cannot provide us with any more
exact data than those presented by a mere description.

Therefore we have developed an experimental method based on multi-
stage cultivation, where several flasks are connected, one to the other, and the
microorganisms pass with the flow of the nutrient medium from one into the
other. In a system thus arranged it is possible to study the influence of different
degrees of nutrient ext in the medi as well as the influence of parti-
cular metabolites on the change of the physiological statc of cul The
culture then contains several steady states at different levels. By changing
the number and size of flasks, and the rate of flow, their ratio can be affceted
as desired, this makes it possible to study the conditions of origin of some
stages of develop t of microc e. g. sporulation, etc. It also gives
us the possibility to study the influence of the physiological state of the culture
on the production of various metabolites, such as antibiotics, ete. Finally, by
using this method, we can study in detail the influence of various factors
on the physiological state of mic i by adding them to the second,
or some other flask where they are in contact with a fully multiplying culture.
This opens new approaches to the knowledge of the adaptive ability to various
factors. With actively multiplying we may in igate their capacity
to respond more acti '7', to envi ental infl , and mutability caused
and influenced by external factors. Jerusalimskij presents a matl tical
treatment of such a multi-stage system. ’

To study the physiological state 6f m during conti culture
in a multi-stage system we first chose Azotobacter chroococcum (Malek (1952),

T
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%.ur:md Kotkovi (1953)). This microorganism undergoes — when cultivated

ly ~ 1 pli 1 form of develop from rodstochi bundles,
and lr.qm these to cystoid forma. In a number of experiments in a glass appnr:
atus it co'uld be ubst?rv_ed that with a suitable and sufficient rate of flow
of the ) ing fast multiplication, it was possible to maintain it
pemnﬂy in the form of motile rods with undifferentiated plasma, while
at a slower rnfjn :l flow the rods were shortened, encysted, and chroococcus
lorm- ’peared. P rticularly striking was the differonce between microorgan-
isms in lndlndug!_ stages. Even if the steady state at the various stages did
n?t differ very much as to the number of microorganisms there wero striking
dxﬁel‘vno.u in lhnp_e: in tlre first stage there is & predominance of actively
'x'nl:lhflymg mda‘ with undifferentiated plasma, in the second and third stage
forms predominate. This difference could be shi -
ging the rate of flow. shifted by chan
. h‘:)m- le?ond m‘odel was Eacherichia coli and Salmonella enteritidis and we took
y tow P and t ds f Idet (Malek et al.
1853).as the criteria of physiological state.
- ded from the ion that during the
4 " € p stage
f’f “physiological youth” (Walker, Winslow et al. 1933, 1939) gexhibit aagn
d itivity to t H* ions, phenol etc. (Sherman and Albus
1923)(h.)g?thar‘,with an increased metabolic activity. This sensitivity enables
us to distinguish: clearly- bet i i from the beginning of the
e,xponen.tlLI phase and those from the latter part of this phase, as welluas from
tlu's .ahtlonary Pphase. It has been shown experi lly that mi i
v t d in a conti culture app h in sensitivity those from the begin-
ning oi the :Tp.onenliul phase. They are very much more sensitive than migro-
B obtai d by means of a static cultivation, and their sensiti-
vity decreasee in funhel'- stages even if it remains well above the level of static
oultures. At.the same time it was interesting to-note that the culture alway

ocontained & certain number of i i These experiment,
again supported: the. view that with conti flow techni suclln It
are developed -which in their physiological characteristics resemble miore.

LA > ﬂ'

rom the beginning of ‘the.exponential phase.

studies were carried out using an aerobic s i i

] o8 Worx X .sporulating bacillus from

the gfoup,?. subtilis (Sevefk (1952); Malek ef al.- (1953)). These experiments

showed above all hat-under the conditions of an aerated continuous culture
formed more robust rods or fibers that reproduced

rulation, Seviik observed that the capacity to form

P g

sporulation, we have studied the content of RNA and DNA, and the meta-
bolic activity. We observed that during the stage when these robust fibers
started to be formed, the content of RNA increased nearly to values at the
beginning of the exponential phase in a static culture, and remained there
for several days. During the second and third stage, after an analogous initial
phase, a decrease could be observed to values lower than in the first stage,
and an increase started only when sporulation set in. The metabolic activity,
as d by the of O, per mg of dry weight per hour, did
not produce unambiguous results, probably because a non-uniform cellular
development takes place. This inequality of individual cells in the population
was a new, important finding; even cells in individual fibers behaved differently.
There were fully live cells directly adjacent to dying ones. The same could
be observed in the setting-in of sporulation in individual cells of chains and
fibers. We are of the opinion that this inequality of individual cells in the

lation during a conti culture a fact that must be taken
into account much more seriously.
Further work concerning the physiology of microorgani in

fermentation was carried out using the yeast Saccharomyces cerevisiae, baker's
type. B these exp ts are to be di 1 in another report of this
symposium (Beran), I shall limit myself only to the conclusions. As is well-
known, the growth of this yeast is a ifestation of mixed metaboli
During cultivation a certain amount of alcohol is always formed, qualitatively
dependent on the rate of flow. If a high yield of yeast is desired it is necessary
to prevent as much as possible the formation of alcohol, which can be done
only by limiting the carbohydrate source. Furthermore, the fermentation is
connected with certain characteristics which are of importance for the quality
of the yeast, e. g. raising power in dough, and durability. We are dealing then
with a complicated system, in which the physiological state of the culture
is of importance for practical applications.

We carried out our experiments — for practical reasons using molasses — at
different rates of flow. We worked most often at a rate corresponding either
to a three-hour generation time — which was found to be optimal for our
experimental purposes — or a four-hour generation time which is most often
used in yeast manufacturing plants.

We tried to find an answer to the following g In which physiological
phase is a continuous flow culture in respect to its development in a batch
culture? To what extent do aerobic systems undergo changes caused by utili-
zation of sugars, ethanol and'acetic acid, as well as anaerobic systems respons-
ible for anaerobic fermentation of glucose and maltose? For practical reasons
we also studied the autolytic rate of these cultures and_the relation of data
obtained to the quality of produced yeast.in the raising of dought

On the basis of the RNA ‘content, Qg: values on ethanol and acetic acid,
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and Q&_ values on maltose, we reached the conclusion that at a flow rate
corresponding to & 3—4 hour generation time, we obtain a continuous flow

culture sponding to the t
growth curve.

The values of QZ,‘: on 'mnltose, glucose, ethanol and acetic acid did not
change for the whole duration of the experiment (120 hours) and did not
depend on the rate of flow. On the other hand Q3 values on glucose were
dependent on the rate of flow. At a rate cor di g to the calculated 2,6-
hour generation time, the Q";".},‘ value did not change, at a rate corresponding
to a three-hour gencration time it fell, but remained at a rather high value.
At a four-hour generation time, however, a sharp drop could be observed
during the 96 hours of cultivation. We consider it important that for the entire
duration of experiments the CO, from maltose retains an adaptive character
under anaerobic conditions, which fact is in kecping with the physiological
state toward the end of the exponential phase of the growth curve in static
fermentations. We feel that this ph can be of practical value. The
autolytic rate did not exhibit any characteristic chang, during incubati
On the other hand we observed a change in shape of the yeast cells, manifested
by an elongation without changes in volume, in the course of a short-term
continuous cultivation.

From these exp it can be luded that yeasts grown in continuous
cultures do not change in the course of the cultivation as to their aerobic
systems, and are in good physiological condition, ding to the terminal
stage of the exponential phase of the growth curve,

In orientation experiments we have shown that by a suitable modification
of the multi-stage construction, it is possible to reach a continuous formation
of such evoluti il pl tabolites as penicilin (Ritica, Malek 1955).

I part of the exponential phase of the

In conclusion to these experiments, to a certain extent orientational
in character, it can be said that the question of physiological state of micro-

in il is & very important, one, which deserves
iderable sttention. With bacteria which wndergo, in static cult
a morphologically d ble devel (Azolobacter, sporulating

bacilli) it was shown that even in a continuous culture they can undergo an

logous devel t when suitable conditions are preserved, particularly
at slower rates of flow. The multi-stage continuous culture has proved to be
a convenient method not only for the study of the physiological state of con-
tinuous flow, cultures, but also for other questions. It will be necessary to
develop it both technically and exper; lly to such perfection as has been
reached by the one-stage batch method of the chemostat or turbidostat
type.
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SUMMARY

L. A review of results obtained in developing the continuous culture method
is given.

2. From an analysig of the world literature it has been concluded that not
enough attention is being given to the question of the physiological state
of microorganisms cultivated under the conditions of continuous flow culture,
although it is an important question both theoretically and practically.

3. The following important questions arise:

a) Docs the continuous flow culturc optimally ensure all the necessary condi-
tions of growth and development of microbial cultures?

b) Is it possible to draw a parailel between the physiological state of micro-
organism in a continuous culture and their development in static culturcs?

¢) In what range of flow rates does the physiological state of the culture
vemain constant, and corresponds to the optimal state existing, as a rule,
at the beginning of static culture development?

4. We have mentioned possibilities that exist for the study of physiological
state in a multi-stage continuous flow culture, and have mentioned results
obtained by its application to the study of the development of A:zotobacter

13 to the determination of sensitivity toward temperature and disin-
fectants with Escherichia coli and Salmonella enteritidis, to the study of acrobic
bacillus sporulation, and to the production of penicillin. We have reached
the 1 that the physiol | state of ti flow cult of
b ia corresponds, under our diti to static cul at the b g
of the exponential phase. We have called attention to the practical importance
of the study of the physiological state of baker's yeast grown in continuous
culture; in this case cul have been d rather with the terminal
part of the static exponential curve on the basis of their RNA content and
of the analysis of aerobic as well as anaerobic fermentation.

5. It is concluded that it is necessary to pay more attention to the physiolo-
gical state of continuous flow cultures, particularly from the methodological
and experimental point of view.
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GENETIC AND PHYSIOLOGICAL STUDIES
WITH THE CHEMOSTAT®*)

Asrox Novick

It is exciting to participate in this Symp on the Conti Cultivation
of Microorganisms because it provides a unique opportunity for the exchange
of ideas and information workers from many countrics. Such exchanges, be-
sides personally rewarding, should help i the rate of develop and
the applications of our science.

The introduction of new exp has played an important
role in the history of many sciences. The introduction of agar medium for the
cultivation of bacteria on a fixed surface made possible the development of
modern microbiology. Not only did it permit the convenient isolation of pure
cultures of bacteria, but it also permitted the simultancous examination of
many different bacteria in a single dish. The great rewards resulting from the
introduction of the agar plate offer encour to inc other tect
for the study of micro-organisms. It is hoped that this Symposium will call
wide spread attention to the advantages of continuous culture methods for
growing bacteria. These methods permit experimentation in arcas hitherto
not conveniently accessible. This paper will attempt to illustrate some of these
advantages in the study of bacterial genetics and physiology.

T would like in this paper to review the work done at the University of
Chicago mostly by Professor Leo Szilard and myself on the development and

pplication of techniques of conti culture. After a discussion of the prin-
ciples and techniques employed I will illustrate the kinds of experiments that
can be performed with such methods.

tal tect

*) This investigation was suppported-in part by s research grant (E960) from the National
Microbiological Institute, U. 8. Public Health Service, and in part by e research grant from the
National Science Foundation (U. 8.). - .
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PRINCIPLES AND TECHNIQUES
Although microbiologists have employed conti flow methods for the
culturing of bacteria for some years (Novick, 1855) the useful application of
such methods was made possible by the develoy t of an understanding
of the principles underlying such techniques, the theory being described simul-
taneously by Monod (1950) and by Novick and Szilard (1950, b).

Typically a conti culture apparat ists of a growth tube in which
a growing bacterial population is maintained at tant size by conti
dilution. The dilution is plished by the ad to the growth tube

of sterile nutrient liquid and the 1 of bacterial susp from the growth
tube by means of an overflow that is set to keep the volume in the growth
tube constant. In such a system, the number, N, of bacteria per ml will change

with time at a rate, % , given by
aw

de
where « is the growth rate constant, w is the flow rate {ml/hr), and ¥V is the

=a1v_—V"iN ’ m

growth volume (ml). The generation time, 7, is equal to —;— . For the size of the

population in the growth tube to remain oonstant, % must equal zero, i. e,
« must equal w/V.

Equality of growth rate and dilution rate can be established in two funda-
mentally. different ways. In one case the bacteria grow at a fixed rate which
is determined by the choice of medium and temperature. The dilution rate is
adjusted to equal this growth rate by employing some mechanism, e. g- a light
source and photocell, to observe the population size and to increase the flow

h -the. population density ds a chosen value, N, and to decrease
the flow when the density is less than N,. As a result, the dilution rate will equal
the bacterial growth rate, and measurement of the dilution rate gives the value
of theimwthuh constant. In such a case the growth rate constant is probably
dq’termine'@ by the low tration of some subst. made by the bacterium
at the lowest rate relative to the other substances made by the cell. Since the
growth fate here .is dependent' on the tration of a nutrilite supplied
within the cell the bacteria, under thesc conditions can be said
er internal control (Novick, 1955).

n, apparatus was' ¢ né‘tru‘qted"%nd successfully operated. in Chicago

E by Fox'and Szilard (1955); and by a number of other workers elsewhere. All

of !:Hese internally co:

|
!

¢
§

“‘wall growth”, being incfficiently diluted by the flow system, increases in size
and begins to supply large numbers of bacteria to the medium. As a resulb
there is an apparent dramatic increase in growth rate beeause the number
of bacteria in the growth tube is increased, not only by the reproduction of
the bacteria suspended in the liquid, but also by the additional supply sloughed
off from the bacteria growing on the walls. Despite claborate measures taken

04—

. 1 1 ! 1 1
0 1 1 3 4 5 B

Fig. 1. Growth rate of & tryptophan-requiring strain of K. coli (Bf1,t) as a function of tho con-
’ contration of tryptophan.
A — Growth rate, « (hr1); B — Tryptophan concentration (v/1).

to prevent wall growth, it has not been eliminated for long. Thus internally
controlled systems can be operated for only relatively short periods of, time.

A second method for establishing the equality of dilution rate and growth
rate is found in the principle employed in the chemostat {Novick, Szilard,
1950a, b) and in the bactogen (1950). The present discussion refers only to the
chemostat and experiments performed with it. All of the remarks concerning
principles of operation hold equally for the bactogen. These systems, based
on a principle of external control, operate in the following way. The dilution
rate is set at some value less than the maximum growth rate, and the nutrient
liquid is composed of a large excess of all required nutrilites but one, called
the controlling growth factor. The density of bacteria increases with time as
long as the growth rate exceeds the dilution rate. However, an increase in
number of bacteria means a descrease in the concentration of the controlling
growth factor in the growth tube. As the concentration of the controlling growth

3L
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factor continues to fall, it tually will cause a d in the bacterial
growth rate. It can be shown that the growth rate will fall until it becomes
exactly equal to the dilution rate. As a result, the density of bacteria in the
growth tube remains constant from then on.

An example of the dependence of growth rate on the concentration of a re-
quired growth factor can be seen in Figure 1. Here we seet that, for a trypto-
phan requiring mutant (B/L,t) of the B strain of E. coli, at higher concentra-
tions of tryptophan the growth rate is independent of the trati
of tryptophan in the nutri dium and at lower concentrations the growth
rate depends on the tion of tryptopl One can expect, therefore,
that in the chemostat or bactogen the rising density of bacteria must eventuaily
reduoe the concentration of tryptophan in the growth tube to such low values
as to cause a reduction in the bacterial growth rate.

Since the bacterial growth rate in the chemostat is a function of the con-
centration of the controlling growth factor in the growth tube, equation 1 should
be rewritten as

dN w .
e UL @)
In the steady state that results, we have
dN w
X = 0 and «fc)= b (3)

The system is evidently self-stabilizing since any perturbation, (e. g., too high
or low a value of N) causes a change which reduces the perturbation.
Morcover, it should be noted that since the growth rate constant a(c) is

a function only of i, the dilution rate, the concentration of the controlling

growth factor in the growth tube in the steady state is determined only by the
dilution rate. That is, the concentration of the controlling growth factor
in the growth tube in the steady-state is independent of its ion in the
incoming nutrient.

The density, N, of bacteria maintained in the growth tube in the steady
state is given by

a—c

N= 4

0 ) (4)

where a is the input concentration of the controlling growth factor and @
is ﬁhe yield cgnat:ént (the amount of the factor required for one bacterium).
nji equation assumes that the yield constant, @, is independent of ¢, the

concentration of the c}mtl;olling growth factor in the medium. Often ¢ is found -

t)obes’ al!“éorppered to a, and N is well approximated by % .

32
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In these systems, therefore, the bacterial growth rate is determined by the
concentration ¢ of an externally supplicd nutrient. For this reason the chemo-
stat can be said to employ external control. For the controlling growth factor,
any one of a wide variety of required nutrient ean be used.

An interesting question concerns the range of growth rates which can be
employed with the chemostat. Obviously the maximum growth rate is that
observed at high concentration of the controlling factor. Little information,
however, is available regarding how slowly bacteria may be grown. Experi-
ments with a tryptophan-requiring mutant (B/1,t) of E. coli indicate that
a lower limit is reached at generation time of 15 hours at 37°C. Lower growth
rates at this temperature do not scem possible since at lower dilution rates
the population secms not to grow a certain fraction of the time. Probably
bacteria cease growing and go into the lag phase, or sporulate if they can,
whenever the growth rate is less than some limiting value. If the dilution
rate is too low, the growth tube contains growing bacteria part of the time
and non-growing bacteria part of the time. Nevertheless, it is important to
note that there is a wide range over which bacteria can regulate their growth
rates. Apparently they are able to regulate all of their metaboli bt
in this range so that they do not make a large excess of any amino acid (Novick,
Szilard, 1954).

APPLICATIONS

Although the present di ion is d with the appli of conti-
nuous culture methods only for experimental purposes, it should be noted
that such methods offer great technological promise. Clearly, a continuous
Pprocess has a higher production rate than does a batch process since it operates
all of the time at maximum population levels. Another advantage, which
should prove to be highly important, is that a continuous variation in the
physiological state can be produced by variation of the growth rate. Quite
likely there are many technologically important products made by micro-

i (e. g., antibioti: i ids, vitamins, etc.,) which will be made
in some cases at higher rates at lower growth rates. In this cvent, both the
rate of production and the tration of the product can be increased by
selection of the growth rate optimum for these purposes.

For experimental purposes, the principle advantage of an apparatus such
as the chemostat is that a population of bacteria of chosen fixed size can be
grown under constant conditions for many gencrations ab a selccted growth
rate. Not only are the bacteria growing in some well-defined state, but also
the i of all chemical subst: remain tant. Even very
low i of a chemical sub can be maintained constant for

_ long periods of time.

3—Symposium
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The first group of studies presented below takes advantages of the fact
that the chemostat permits the study of a popul for many ti
and includes studies on rates of mutation from observations of the accumula-
tion of mutants over many ti on “evoluti ”’ changes in bacterial
populations, and on the slow adaptation of a bacterial population at low
concentrations of a specific enzyme inducer. The second group of studies is
based on the fact that the chemostat permits experiments at exceedingly low,
yet constant, concentrations of a nutrilite. Here the experiments are concerned
with the study of the regulation by bacteria of the rate at which certain amino
acids are made.

MUTATION STUDIES

The chemostat offers a method for the accurate measurement of mutation
rates in bacteria, wh the usual stical difficulties
leading to serious lack of precision. The results of a series of studies (Novick,
Szilard, 1950b; 1951; Novick, 1956; Lee, 1953) of spontaneous and induced
mutations in the B strain of E. coli are summarized below.

The principl ployed to tation rates with the chemostat
is based on the fact that under certain conditions the fraction of mutants
in a population, or the number per ml in the chemostat, rises linearly with
8 slope that is determined by the mutation rate. If the number per ml in the
chemostat of a given mutant is m, if back mutations can be neglected, and if m
ig small compared to N, the total number of bacteria per ml, the rate of change
in m with time is given by

% = AN — m(x — ay) (5)
where «,, is the growth rate of the mutant, « the growth rate of the wild type
equals the flow rate, and 4 is the rate of mutation expressed per bacterium
per generation. If x = «,, then

thod. "

% — JaN (6)
and

m = my -+ 2Nt (7)

Theref under the made, the number per ml of a given mutant
rises linearly with time with a slope equal to Ax¥N, thus permitting an accurate
mensure of 1. Conversely, whenever a linear rise in the number of a given
mutant per ml is observed, it may be luded that the above
are valid and that the slope gives the correct value of the mutation rate.
It is obvious that this method is not disturbed by such things as “plate muta-
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tions” (mutations which occur during the plating of an aliquot of the popula-
tion to measure m); since the plate mutants are constant in number they do not
affect the slope of the rise in number of mutants. Likewise, it is certain selection
for or against the mutant plays no role since the lincar rise shows thata =a,,
within experimental error.

If « should not equal o, i. e., should there be selection for or against the
mutant, no linear rise will be found. Should a&m > a, the number of mutants
will rise exponentially .and eventually displace the wild-type organisms.
Should «,, < &, the number of mutants will rise toward a limiting value
given by !

(8)

This method of measuring mutation rates was used for several mutations
in the B strain of E. coli, where lincar rises werc observed for mutations to
resistance to phage T5 and to phage T6. It was found for these mutations that
over a wide range of generation times the rate of mutation is & constant per
unit time, i. e., proportional to the generation time (Novick, Szilard, 1950b;
Lee, 1953). If the mutation rate per hour is given by g, then 4 = nr. Morcover,
it was observed that the rate of mutation depends on the controlling growth
factor used. For instance, control with an amino acid gives higher rates than
does control with the source of energy, or nitrogen, or phosphorus.

Since the chemostat can be used for accurate measurement of mutation
rates, a research program was undertaken to examine the mutagenicity of
a wide range of chemical substances. It was hoped that the precision of the
method would permit us to test the mutagenicity of compounds that might
be only slightly mutagenic but: yet would have more specific chemical proper-
ties than most of the reagents and conditions customarily employed. A survey
was made of a wide range of chemical (Novick, Szilard, 1951; Novick, 1956).

A large number of purines and purine analogs were found to he mutagenic,
the methylated xanthines being the most active. Caffcine, (trimethylxanthine)
at a concentration of 150 mg/l raises the rate of mutation about 12-fold
to T5 resistance and three fold to T6 resistance. Even the normally oceuring
base adenine is slightly mutagenic, although none of the pyrimidines or Y-
rimidine analogs studics were found to be effective.

Certain of the purine ribosides were found to-be sti ongly anti-mutagenic,
i. e., they ant: d the mut ity of the purine mutagens. Fairly low
concentrations of adenosine completely suppress the effect of much higher
concentrations of caffeine. In addition, it was found that these nucleosides
reduce the spontaneous rate of mutation to about one third of the usual value.
None of these anti-mutagens, however, have any effect on mutagenesis by
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are present in the medium. The kinetics of formation of this enzyme are readily

are much less effecti ti-mut; than the ribosid observable with the chemostat since it can be used for experimentation under
By providing a method for the t t of rates of mutati t conditions for extended periods of time.

the cl tat est blishes a beginning for the study of the biochemistry of No difficulty was tered with conv 1 methods in studying the

mutation. It is not yet understood how caffeine and adenosine produce their kinetics of induction at high trati of inducer where, within a very

contrary effects; but perhaps further examination with the chemostat of
compounds connected with nucleic acid metabolism, in the light of increased
knowledge of this metabolism, will provide an insight into these problems and
thereby furnish a better understading of the functioni g of the genetic sub-
stance,

BACTERIAL EVOLUTION

When a chemostat is operated for many generations the initial strain of
teri tually b displaced by a strain which can grow more

rapidly than the first strain at the low concentrations of the controlling growth
factor which occur in the growth tube of the chemostat. This transition can
be detected by observing the change in number of a given mutant the (T5-
resistant, for example). When the initial strain is displaced by the faster
growing strain, all of the T5-resistant mutants that had been accumulating
in the initial strain are also displaced. This prod a di inuity in the
linear rise of T5-resistant mutants in the initial population. Once the faster
strain is established in the growth tube and if the rate of mutation to T5-
resistance is the same as in the initial strain, a linear rise in the number of
T5-resistant mutants should again be observed. The total population of bacteria
is unchanged by such a transition from a slower to a faster growing strain,
as long as the g ity of tryptopt (Q) required per bacteri i
unchanged. Therefore, observation of the number of T5-resistant mutants
P a way of detecting such population changes when observation of the
total popul give no indicati

Operation of a chemostat for more than five hundred generations led to the
detection of some ten or eleven trafisitions from slower-growing strains to
faster strains. In each case the advantage in growth rate is observed only at
low concentrations of the controlling growth factor., At high concentrations
there is no such difference in growth rates; if anything, the later strains grow
more slowly.

ENZYME INDUGTION
There are some enzymes, called inducible enzymes, which are made by
bnctte‘rria only in the presence of certain specific inducers in the medium. For
examplé, B ¢oli bacteria form g-galactosidase only when certain galactosides
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short time following the addition of inducer to the medium, all of the bacteria
form enzyme at maximum rate. At low trations of inducer, |
the rate of enzyme formation per bacterium rises slowly for many generations.
Explanation of the nature of this rise was made possible by using the ch t
(Novick, Weiner, 1957).

Typically an induction experiment is performed with the chemostat by
adding inducer in the desired concentration to the growth tube and to the
reservoir at a specified time. From then on, of course, the concentration of
inducer in the growth tube is automatically maintained at the desired value.

It was found that at low concentrations of inducer, starting from the time
of addition of inducer, there is a linear rise in the rate at which E-galactosidase
is formed, the slope of the rise depending on the ation of inducer. The
rige in the rate of enzyme synthesi ti up to some limiting value. This
value, called intermediate saturation, for lower values of the concentrations
of inducer, is less than the maximum found at high concentrations; but it beco-
mes equal to the maximum value at higher values of the inducer concentration.

An explanation of these linear rises was found in the discovery that at low
concentrations of inducer the bacterial population is heterogeneous with respect
to the rate at which individual bacteria form g-galactosidase. In fact, the popu-
lation consists of two kinds of cells, ia which make tially
no enzyme and fully induced bacts which make enzyme at the maximum
rate. At these and at higher concentrations of inducer all of the progeny of
induced cells are also induced. The linear rise in rate of synthesis of B-galacto-
sidase results from a linear i in the f of the popul: in the
induced state, the t; ition from the uninduced to the induced state occurring
at a constant rate.

We can see here a y and
In both cases transitions occur from one state to another at constant rate;
and in both cases, selection being negligible, there is a linear rise in the fraction
of the population in the altered state. The resemblance to mutation was made
more striking when it was shown that the phenomenon of intermediate satura-
tion bles the ph of selection equilibrium in mutation. Selection
equilibrium occurs when the mutant type grows more slowly than the wild
type; as a result, the fraction of mutants in the population rises to a con-
stant value. Likewise, in the case of enzyme induction, intermediate gaturation
represents a steady state where a constant fraction of the population is indu-
ced because of the fact that induced bacteria grow more slowly than uninduced.

ever,

induced hact:

. ot induet; tati
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The exist: at low of inducer of two possible states of
induction (uninduced or fully induced) and of the inheritability of the state
of induction can be explained on the basis of the presence in the bacteria of
an inducible specific transport mechanism, called “permease” by its discoverers
(Rickenberg et al., 1956) for the concentration of inducer inside the bacteria.
The transition from the inunduced state to the induced could result from the
chanco appearance in a bacterium of a treshold level of permease. Upon cell
division both daughters would obtain sufficient permease to remain induced.
The growth rate difference bet induced and induced bacteria could
be explained, among othor ways, by the extra work the concentrating cell
must perform.

The use of the ch tat in physiological exy led to the disco-
very of the effect of carbon dioxide on the induction process. It was observed
that the rate of rise of induced cells in the population increases at higher bacte-
rial densities, and it could be shown that this result from the.higher concentra-
tion of carbon dioxide in the medium at higher bacterial densities. The mecha-
nism of action of carbon dioxide is still unknown, but the discovery of the effect:
followed directly from the use of the chemostat. Morcover, the effect of rising
carbon dioxide concentration with rising bacterial density obscures in con-
ventional growth apparatus the simple kinetics observable at constant bacte-
rial density in the chemostat.

REGULATORY MECHANISMS

The chemostat is particularly useful for the study of the regulation of the
rate at which a bacterium synthesizes an amino acid. Apparantly, the presence
of an amino acid in the medium suppresses the synthesis by the bacteria of
this amino acid. This suppression seems to occur even at very low concentra-
tions of the amino acid, thereby making it difficult to investigate with con-

tional methods the relationship bet the t of the amino
acid and its rate of synthesis. However, such studies become easily possible
with the chemostat because one can maintain a low concentration of an amino
acid at a constant value in the presence of a large bacterial population.

In one case (Novick, Szilard, 1954) a study was made of the formation of
a compound (now thought to be indol-3-glycerol phosphate; Yanofsky, 1957) pre-
sumde to be a tryptophan precursor, by a coli mutant (B/1,5) unable tosynthesize
tryptophan. This compound is not usually formed by these bacteria when they
are grown in the presence of tryptophan, but is made only when the bacteria
are g}fi}wn at very low trations of tryptoph such as occur at long

times with tryptophan control in the chemostat. Tt was observed
n ‘times longer than three hours the rate of production per
stant maximum value. As a result, the concentration of the
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compound in the medium is proportional to the generation time in the range
of three to twelve hours. Ab twelve-hours generation time the concentration
of the compound in the growth is over one hundred times that. in the incoming
nutrient liquid. At generation times shorter than three hours there is a decrease
in the rate of production of the compound. Tt could be shown that, this deerense
is caused by the higher tryptophan concentrations in the medium at shorter
generation times. Morcover, it was possible to demonstrate that, when the
bacteria are making this compound at the maximum rale, suddenly raising
the tryptophan concentration leads to an immedinte cessation in the rate of
compound production. It was also observed that if the bacteria that are
produeing the compound are suddenly deprived of all tryptophan (stopping the
flow of incoming nutrient in the chemostat) so that protein synthesis stops,
production of the compound continues at the maximum rate for ableast four
hours.

The regulation of the rate of synthesis of an amino acid was further illustrated
by a series of experiments designed to examine the effect of exogenously
supplied arginine on the rate at which bacteria make arginine. In these experi-
ments two strains of bacteria were employed, one unable to synthesize trypto-
phan (B/1,t) and one unable to synthesize arginine (D84/6). Since the first
is resistant to phage T1 and the second to phage 16, the numbers of cither in
a mixture could be measured by plating with phage T1 or with phage T'6.

For convenience, the concentrations of arginine and tryptophan in the
medium are sometimes given in units proportional to the relative amount
of each of these amino acids in the bacterial protein. One unit of concentration
of tryptophan is taken as 500 y/l, a cc tration in the i ing medium
which supports a density of 2.5 x 108 of the B/1,t bacteria per mlin the chemo-
stab. Since the ratio of arginine to tryptophan in these bacteria is 4-6, one
unit of concentration of arginine equals 2300 y/l. This coricentration of arginine
in the incoming nutrient in a chemostat would support a density of 2.5 x 108
of the D84/6 bacteria per ml.

The first experiment demonstrated that not only can B/1,t bacteria assimilate
arginine at low concentrations of arginine but also that these bacteria can take
up arginine at concentrations too low to support the arginine-requiring strain,
D84/6, at a high growth rate. In this experiment a chemostat containing one
anit of tryptophan and one-fifth unit of arginine in the incoming nutrient
was inoculated with both the B/1,t and D84/6 strains. If cach consumed only
its required amino acid and none of that required by the other strain, the
population density would be 3.0 x 10* (1.2 X 2.5 x 108). However, if one
strain consumed the amino acid required by the other, the density would be
less; and if one strain made an excess of the amino acid and scereted it, the
density would be higher.

When an experiment of this kind was performed at a gencration time of two
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hours, it was observed that the density became constant at 2.5 x 10 and that
the D84/6 bacteria did not remain in the growth tube. This shows that the
B/1,¢ bacteria assimilat inine so efficiently that the concentration of argi-

A 1
10
100
108~ 3
*
100
&
R L . 1 R I

8 2 &0 60
Fig. 2. The strain B/L,t was grown at a generation time of eight hours at a density of 2.5 X 100
with teyptophan control in four chemostats. Each had in addition the indicated coacentration
arginin in the incoming nutrient, ropresenting the amount given in parenthicess of the arginine
in this number of B/Lt bacteria. At zero time the cherostats were inoculated with tho arginine
requiring strain (D84/6), and the number of these bacteria wore measured at various later fime
by plating with excces phage T6. < = 8 hrs.
A — Arginineless bacteria por coB — Hours; 1 — 1150 Y/l arginine (0-5); 2 — 850 v/l arginine
(0:-3); 3 — 230 y/1 arginine (0-1); 4 — 0 y/! arginine (0).

nine in the growth tube falls below that required to maintain the D84/6
bacteria growing at a fon time of two hours, The B/L,¢ bacteria obtain
one-fifth of their arginine from the djjim and synth four-fifths. In order
to do this they need to assimilate from the medium only one-fifth
a8 fast a3 the D84/ bacteria, since the D84/6 bacteria must secure all of their
ligif\:ine from the medmn; Thus if the B/1,t bacteria take up arginine at a given
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concentration more rapidly than one fifth the rate that the DS4/6 bacterin
take it up, the concentration of arginine will fall below that required for the
same growth rate by the D84/6 bacteria. In conclusion, this experiment
demonstrates not only that bacteria can efficiently assimilate arginine at low
concentrations, but also that a low concentration of arginine in the medium
is sufficient to reduce by twenty per cent the rate at which the bacteria make
arginine.

A

04

0.4 —

0.2~

1 1 1 |

8 1 2 3 &

Fig. 3. Growth rate of an arginine-requiring strain of K. eoli, (D84/6) as a function of the
concentration of arginine,
A — Growth rate (hr."1); B — Arginine concentration (v/1).

When experimenta of this kind were done at longer generation times it was
found that the D84/6 bacteria would remain in the growth tube, the total
density of B/1,t approaching 3.0 X 10%. The fact that the D84/6 is able to
compete successfully with the B/1,t bacteria for arginine at longer generation
times can be understood in the following way. The steady state concentration
of arginine established by the B/1,t bacteria is that which allows the bacteria
to make eighty per cent of their arginine per generation. At longer generation
times the rate per hour at which nrgin}ne is made by the B/1,t bacteria decreascs,
and quite possibly this decrease in the rate of synthesis cor d;
to a rise in the tration of arginine in the Furthermore, at longer
generation times a lower concentration of arginine is sufficient to support
growth of D84/6 bacteria.

Experiments like that above can be used to establish the relationship between
the rate of synthesis of arginine by the bacteria and the concentration of argi-
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nine in the medium. The results of a series of experiments demonstrating such
an analysis are given in Figure 2: Here a series of chemostats was set up to as
to contain in the incoming nutrient the following concentrations of tryptophan
and arginine. Each ch tained one unit of tryptophan, but the argi-
nine content varied as follows: Case A, 0.5 units of arginine; Case B, 0.3 units;

A
o — — -
e —
—
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06
04
02
B |

-] 0?2 04 06

Fig. 4. The relationship between the fraction of arginine takon from the medium and the
concentration of arginine in tho medium.

A — Fraction of arginino contont takon from outsido; B — Arginino concentration (y/l).

Case C, 0.1 units and Case D, no arginine. These four chemostats were initially
inoculated with the B/1,t strain of bacteria, and they were permitted to run
at a generation time of eight hours until 8 steady state was reached. In all
cases the concentration of arginine in the growth tube fell so low as to be chemi-
cally undetectable. It can be luded that in Case A the bacteria make fifty
per cent of their arginine requirement and take up fifty per cent from the
medium, that in Case B they make seventy per cent and take up thirty per
cent, that in Case C they make ninety per cent and take up ten per cent, and
that in Case D they make one hundred per cent of their arginine requirement,
xt step is to de rie in each case how the concentration of arginine
to- the rate of synthesis. The concentrations of

arginine, being too low for chemical measurement, were measured microbiolo-
gically. This was done by observing the effect of these concentrations on the
growth rate of an arginine-requireing strain. A number of D846 bacterin, very
small in comparison with the number of B/1,4, was added directly to the growth
tube of each of the four chemostats once the steady state was reached. By
plating with excess phage 16, the number of D84/6 bacteria could be measured
as a function of time, and it is these numbers that are given in the semi-log
plot in Figure 2. From the rate of rise, or fall, of the number of DS4,6 bacteria
per ml, the growth rate can be caleulated, using the relationship

Tdn P | dn w 9
T v TT W 4 (')
o lod ;
where a is the growth rate of the D84/6 hacteria, o i(;tl the slope of the rise

w
or fall in the semi-log plot, and - the dilution rate. he observed growth rale

of the D84/6 strain can be used to obtain the concentration of arginine in the
medium, given the relationship shown in Rigure 3 between the growth rate
of D84/6 and the concentration of arginine established in independent, growth
studies. In this way the results shows in Figure 2 were used to ascertain for
the B/1,t strain the relationship shown in Figure 4 between the rate of arginine
uptake (or synthesis) and the concentration of arginine in the medium.

SUMMARY

Continuous culture methods offer many advantages to the microbiologist.
The chemostat can be used to maintain a population of microor
growing indefinitely under constant condjtions. The size of the population,
the growth rate, and the controlling growth factor can be selected within wide
ranges according to the experimentor’s requirements,

The chemostat is especially useful in two kinds of experiments, where attack
by conventional methods is not feasible. For instance, the study of the accu-
mulation of mutants in a population demands an environment where growth
may be observed over many generations under constant conditions. The
second kind of experiment involves an environment in which a metabolite,
that is being rapidly consumed, must be kept at a low constant concentration
in the medium. Applications of both kinds of experiment have been illustrated
above.

Tt is expected that the chemostat will be used to obtain optimum production
of industrially important biochemicals produced by microorganisms. Because
it permits a wide variation of growth rate and choice of controlling growth
factor, the chemostat can be used to determine the dependence of the rate
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an analysis are given in Figuro 2. Here a series of chemostats was st up to as
to contain in the incoming nutrient the following coneentrations of tryptophan
and arginine. Each ch U tained one unit of tryptoy , but the argi-
nine content varied as follows: Case A, 0.5 units of arginine; Casc B, 0.3 units;
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Fig. 4. Tho relationship betwoon the fraction of arginine takon from tho medium and the
concentration of arginine in tho medium.
A — Fraction of arginine contant taken from outside; B — Arginino conconteation (/).

Case C, 0.1 units and Case D, no arginine. These four chemostats were initially
inoculated with the B/Lt strain of bacteria, and they were permitted to run
at a generation time of eight hours until a steady state was reached. In all
cases the concentration of arginine in the growth tube fell 50 low as to be chemi-
cally undetectable. It can be luded that in Case A the bacteria make fifty
per cent of their arginine requirement and take up fifty per cent from the
medium, that in Case'B they make seventy per cent and take up thirty per
cent, that in'Case C they make ninety per cent and take up ten per cent, and
that in C ke one hundred per cent of their arginine requirement.
0 n e’a‘ch‘ case how the concentration of arginine

ium “corrésponds  to' thie rate of synthesis. The of

arginine, being too low for chemical measurement, were measured microbiolo-
gically. This was done by observing the cffect of these concentrations on the
growth rate of an arginine-requireing strain. A number of D84/6 bacteria, very
small in comparison with the number of B/1,t, was added direetly to the growth
tube of each of the four chemostats onee the steady state was reached. By
plating with excess phage 16, the number of D84/6 bacteria could be measured
as a function of time, and it is these numbers that are given in the semi-log
plot in Figure 2. From the ratc of risc, or fall, of the number of DS4/6 bacteria
per ml, the growth ratc can be caleulated, using the relationship
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where « is the growth rate of the D84/6 bacteria, % %1[—» the slope of the rise

or fall in the semi-log plot, and zl—‘,} the dilution rate. The observed growth rafe
of the D84/6 strain can be used to obtain the concentiration of arginine in the
medium, given the relationship shown in Figure 3 between the growth rate
of D84/6 and the concentration of arginine established in independent growth
studies. In this way the results shows in Figure 2 were used (o ascertain for
the B/1,t strain the relationship shown in Figure 4 between the rate of arginine
uptake (or synthesis) and the concentration of arginine in the medium.

SUMMARY

Continuous culture methods offer many advantages to the microbi
The chemostat can be used to intain a population of microor
growing indefinitcly under constant conditions. The size of the population,
the growth rate, and the controlling growth factor can be selected within wide
ranges according to the experimentor’s requirements.

The chemostat is especially useful in two kinds of experiments, where attack
by conventional methods is not feasible. For instance, the study of the accu-
mulation of mutants in a population demands an environment where growth
may be observed over many generations under constant conditions. The
second kind of experiment involves an environment in which a metabolite,
that is being rapidly consumed, must be kept at a low constant, concentration
in the medium. Applications of both kinds of experiment have been illustrated
above.

It is expected that the chemostat will be used to obtain optimum production
of industrially important biochemicals produced by microorganisms. Because
it permits & wide variation of growth rate and choice of controlling growth
factor, the chemostat can be used to determine the dependence of the rate
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at which a given product is made on changes in these variables. Once the opti-
mum conditions are established, the chemostat can be used for the continuous
synthesis of the product at a high rate.

REFERENCES

Fox M. 8., Szitarp L., 1955: A Device for Growing Bacterial Populations under Steady
State conditions. J. Gen. Physiol., 39: 261.

Lxzx H. H., 1853: The M of E. coli to Resis to
chom. Biophys., 47: 438.

Monop J., 1850: La technique do culture continue. Théorie et applications. Ann. Inst.
Paateur, 79: 390.

Noviox A., 1955: Growth of Bacteria. Ann. Rov. Microbiol., 8: 97.

T,. Arch. Bio-

Novicx A., 1958: Brookh 8, ium on M 8: 201. .
Novick A., Szicarp L., 1950a: Deacription of the Chemostat. Science, 112: 715,
Noviox A., 8z11arD L., 1950b: i with Ch on Sp

of Bacteria. Proc. Natl. Acad. Sci. U. S. 36: 708. i .

Novick A., Sziuarp L., 1951: Genctic Mechanisma in Bacteria and Bactorial Vlw.
E: i on and Chemi induced M ions of Bacteria Growing
in the Chetostat. Cold Spring Harbour Symp. Quant. Biol. 16: 343. )

Novick A., Sziuarp L., 1954: Dynamics of Growth Procesaes. Princeton Univ. Press,
Princeton, N. J., pp 21-32.

Novick A., WEINER M., 1957: Proc. Natl. Acad. U. S., 43: 553.

Rioxenszne H. V., ConxN G. N., Burtix G., Moxop J., 1956: Ann. Inst. Pasteur, 11:
383.

Yun!l‘n{ C., 1957: Enzymatic Studics With & Series of Tryptophan Auxotrophs of
E. coli. J. Biol. Chem. 224: 783.

44

50-Yr 2014/03/05 : CIA-RDP81-01043R002800080004-

CONTINUOUS CULTURE OF MICROORGANISMS;
SOME THEORETICAL ASPECTS

D. HerBERT

I. THEORETICAL

A simple math tical theory of conti culture can be derived (Herbert,
Elsworth, Telling, 1956) from two basic features of bacterial growth which
were first established in batch culture experiments (Monod 1942, 1950).
In the simplest case, when bacteria are growing in a medium containing a single
carbon subst; (e. g. gl ia-salts media), these can be stated as
follows:

1. The growth-rate is a constant fraction, Y, of the rate of utilization of
substrate:

dz > ds
=Yz )

where z = concentration of bacteria, s = concentration of substrate, t = time
and Y is called the yield constant. Over any finite period of growth:

weight of bacteria formed —y 5

weight of substratc used @

2. The specific growth-rate () is a function of the concentration of limiting

substrate, being proportional to the substrate concentration when this is

low but reaching a limiting saturation value at high substrate concentrations
according to the equation:

1 dz s »

;W—ﬂ~/tm(k—‘+s) (3)

where u,, is the growth rate constant (i. e. the maximum possible value of "

in the medium used) and K, is a saturation constant numerically equal

to the substrate concentration at which 1= ptnf2. (This is similar to the

Michaelis-Menten equation for the effect of substrate concentration on the
velocity of enzyme action.)

[
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From equations (1) and (3) a mathematical theory can be derived which
allows quantitative prediction of the behaviour of a continuous culture. The
type of app idered is the *“Ch tat”’; bacteria are grown in a culture
vessel or “fermenter” into.which sterile growth medium is metered at a steady
flow-rate (f) and from which bacterial culture emerges at the same rate, o con-

stant-level device keeping the volume (v) of culture in the fermenter constant.

0 [ i}
D« Dc

1o o

Fig. 1. Steady state rolati in culturo ical). Tho stondy-stato values of
substrato_concentration and output at difforent dilution rates aro calculated for an organism
with the following growth constants: 4, = 1-0 he.™t, ¥ = 0-G and K., = 0-2 g/L.; and a substrate
concentration in the inflowing modium of e = 10 g/l.
A — Output of bacteria, Dz (g/l/hr); steady state bactorial concontration,  (g/1). B — Doubling
time, 4, (hr.), C — Stoady-state substrato ion, s (g/l). D — Dilution rato, D (hr-l).
Curves: 1 — bactorinl concontration; 2 — output of bacterin; 3 — doubling time; 4 — substrate
concentration.

The culture in the fermenter is vigorously stirred and acrated, and tempera-
ture and pH are automatically controlled.

Residence-times in such a culture vessel will be determined not by the
absolute values of the flow-rate and culture volume but by their ratio which
we call the dilution rate, D, defined as D = f/v, i. e. the niumber of complete
volume-changes per hour. The mean residence-time of an organism in the
culture vessel is evidently equal to 1/D.

Equations can be derived which completely predict the behaviour of such
a system at different flow-rates, medium concentrations, etc. The most import-
ant prediction of the theory is that a continuous culture is an inherently stable
system. For any set dilution rate, the culture automatically adjusts itself to
a steady state in which the trations of mier i and nutri
in the culture remain constant indefinitely, so long as the composition and
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flow-rate of the i

ing dium remain t. In such a stendy state,
the growth-rate of the organisms (1) must be cqual to the dilution rate (D).
The stability of the system is due to the fact that it is essentially substrate-
controlled. A chemostat is in fact a deviee for controlling the growth rato
through control of the steady-state substrale concentration; each dilution
rate fixes the substrate concentration at that value which makes 1 equal to D,

In Fig. 1, theoretical curves are drawn from the basic differential equations
of continuous culture, showing how the steady-state concentrations of bacterin
and substrate in the culture may be expected to vary when the dilution rate
is varied, the inflowing substrate concentration (sx) being held constant,
It will be seen that the cxistence of an infinite number of stendy states is
predicted, with dilution rates ranging from almost zero to a maximum vale
corresponding to the maximum possible growth-rate in the medium used
(ttm); above this “critical” dilution rate, “wash-out” of the culture occurs
if the growth rate is further increased. It will also be scen that over most of the
possible range of flow-rates, the steady-stnte concentration of substrate
in the fermenter is very low (i. e. the substrate is almost completely consumed);
only at dilution rates close to the critical does unused substrate appear in the
culture. Fig. 1 also shows the theoretical output of bacteria (i. e. g. cells/litre/
/hour) as a function of dilution rate; it will be scen that this curve goces through
& maximum value at a unique flowrate which is the “optimum’ for production
of cells or products. The above features of a continuous culture are of obvious
importance from the practical standpoint.

II. EXPERIMENTAL

Descriptions will be given of Iaboratory and pilot plant types of continuous
culture apparatus used at M. R. E., Porton. These have heen operated success-
fully with a number of different bacteria and recently with yeast (Z'orula
utilis) and moulds. In cach case, systematic studics were made to see how the
behaviour of the organism in continuous culture compared with the theoretical
predictions. The technique was to set up a steady state at a fixed flow-rate
and allow the apparatus to run for some days, during which samples were
analysed for total and viable cell counts, dry weights of organisms, glucose
and other constituents of the culture supernatant ete; analyses for nucleic
acids and other cell constituents were also made on the cells. The flow rate
was then changed and the determinations repeated at a new steady state;
the aim was to cover as wide a range of flow-rates as possible. A typical run
usually lasts for 2—3 months; no difficulty is now found in maintaining sterility
for such periods and some runs have lasted as long as 200 days. Usually the
respiratory activity of the growing cells was determined by continuous analysis
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and recording of the oxygen and carbon dioxide content of the exit gas from
the fermenter.

8
H 10
4 8
3 [
2 4
t 2
0 0
A D
s 10
o %3
3 6
2 0

.
1 2
0 7 T ? T T \ r 0
0.2 0.4

fos 7 ds c
e,

¥ig. 2. Growth of Acrobacter acrogencs and Torula utilis in continuous culture. Organisms were
grown with acration at & number of difforent flow-rates; dry woight of colls and concentration
of substrate doterminod after at least 2—3 days of steady-stato growth at ench flow-rate.
A — Coll concentration (mg dry weight/ml). B — Glycerol concentration (mg/ml). C — Dilution
rate (hr%). D — Glucose concontration (mg/ml). X — Wash-out point. Curves: 1 — cell con.
ion; 2 — glycerol ion; 3 — glucoso i

In general, results agreed quite well with theoretical predictions; in parti-
cular, the stability of a continuous culture over a wide range of flow-rates
was confirmed with all organisms tested. This self-adjusting property makes
a continuous culture very easy to operats; it is neccessary only to set and
maintai ! ;on;@mt the flow-rate; when the system will regulate itself.
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Fig. 2 shows some illustrative quantitative data, obtained with Acrobacter
aerogenes and with T'orula utilis; similar results were found with other bacteria.
It will be scen that (a) steady states were obtained over a wide range of dilution
rates; the lowest (D = 0.05 hr=!) correspond to a cell division time of ¢. 14 hours.
It is remarkable that bacteria and yeasts will continue to divide at this very
low rate almost indefinitely; counts showed that the cultures were >90%,

A
700

600
500-
400

300 )

B 02 ' i T 05 " o
Fig. 3. Respiration of Aerobacter aerogenes growing in continuous culiuro, Tho organism was
grown with seration at a number of ditforont flow-rates in a glycerol- NH csnlta rodiom. Oxygen
uptake of stead: cultures d ined with di ic oxygen analyzor wnd
expressod s Qo, (1l Oy/mg colls/hour).
A = Q, of cells (ul/mg dry wt./hr). B — Dilution rato (hr-1). X — Endogonous rospiration.

viable. (b) The “wash-out” points occurred at dilution rates of 0.585 hr—!
for Torula utilis and 0-85 hr-! for derobacter aerogenes, corresponding to division
times of 71 minutes and 49 minutes respectively; these values agreed well with
measurements of the growth rates during exponential growth in batch culture.
(c) Over most of the range of dilution rates the substrate was almost completely
utilized, being so low as to be almost impossible to estimate; near the “wash-
out” point, however, the substrate concentration rose abruptly as the cell
concentration fell.

Inthe above respects, agreement with the simple theory is good. With both
organisms, however (and with others we have examined), there is a noticeable
discrepancy at low flow-rates, the yield of organisms being less than at high

4—Symposlum 49
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flow-rates. In other words, the “yield constant” (¥) is not truly a constant,
but decreases at low growth rates.

The most probable explanation of this is that in addition to the anabolic
metabolism of the organisms (conversion of substrate to cell-substance), the;
have also a t dog: taboli by which cell-subst; is
oxidized to CO,. At low growth-rates, when the residence-time of the bacteria
in the f i8 i d, this basal metabolism & Pproportionally
more important, pared with the boli taboli: Evidence for this
has come from studies of the respiration at different growth-rates (Fig. 3).

In this experiment, which was made with Aerobacter aerogenes, the respiratory

activity of the cells (Qo,) i8 seen to be a linear function of the growth-rate;
however, the straight line does not pass through the origin but extrapolates
back to a Qo of about 65 at zero growth rate. Exactly similar results are obtai-
ned if Qco, values are similarly plotted; moreover a larger proportion of the
substrate-carbon used is converted to CO, and a smaller proportion to cell-
carbon, when the growth-rate is low.
All the above facts support (though they do not definitely prove) the idea
of a il taboli independent of the growth rate. If an
extra term for the endogenous metabolism is incorporated into the continuous
culture equations, the “theoretical” curves now resemble those found experi-
mentally (Fig. 2), rather than Fig. 1. :

2. EFFECT OF GROWTH RATE ON CELL COMPOSITION
AND MORPHOLOGY

During experiments of the type described above, cells grown in the steady
state at different growth rates were analyzed for total protein, ribonucleic
acid (RNA) and desoxyribonucleic acid (DNA). The mean cell mass (i. e. the
average dry weight of a single cell) was also determined as the ratio of the
dry weight of cells/ml. to the total count/ml. Results for derobacter acrogenes
ares shown in Fig. 4 (similar results have been obtained with Bacillus ‘megaterium
and Staphylococcus aureus).

It will be seen that rapidly-dividing cells have a much greater dry weight
(and .microscopically are much larger) than slowly-dividing cells. In addition,
the RNA content of the cells increases markedly with growth-rate, while the
DNA-content decreases somewhat.

The: writer prefers not to speculate at present on the meaning of these
rather striking ‘effects. Tt may be pointed out, however, that if the extreme
ends of | rve are eonsidered, the cells grown at the maximum rate correspond
I mol hology to “logarithmic phase’ cells in a batch culture,

at the slowest rate corresporid véry closély to “resting cells”.

The advantage of culture tecl is that both these extreme
types of cell, and an infinite number of intermediate graduations between them,
may be isolated at will for study and grown indefinitely under steady-state

C
AlB 0.7

0.6

0.5

0.4

0.3

0.2

D o2 | o4 06 08

i 4. Blfect of growth rato on mean coll mass ond nucleic acid contont of Aerabacter acrogenea,
Tho orgunism waa grown in & glycerol-NH,salts medium in continuous olturs apparatus at
& number of different flow-rates and tho cells annlyzed aftor at loust &3 days of stoady-state
growth.
A — % of RNA or DNA. B — % Protein. C — Moun cell mass (picograms). I — Dilution rate
= division rate) — hours™1,
Curves: 1 — % protein; 2 — % RNA; 3 — monn coll mass; 4 — % DNA.

conditions, simply by appropriate adjustment of the flow-rate. This may
serve as an illustration that continuous culture techniques are not only of
considerable industrial importance, but also can-be a powerful research tool.
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THE CONDITIONS OF GROWTH OF MICROORGANISMS
IN CONTINUOUS FLOW CULTURES

N. D. JERUSALINSKL

The method of cultivating microorgani in til flow culture is
receiving ever increasing application both in rescarch work and industry.
There exist three basic modifications of this method, not to mention various
intermediates.

The first one in a cyclic-flow system in which fresh medium is continually
added into the apparatus for the growth of the culture (the cultivator), while
at the same time an equal volume of liquid medium is removed from it; micro-
bial cells remain inside the apparatus all the time and multiply.

The number of living cells in 1 ml of medium gradually increases until it,
reaches the maximum level possible under the given conditions of the medium.
Thus this method appears to be eyclic but not uninterrupted. It is applied
industrially for the growth of yeast.

The second and the third methods arc traly continuous. In the second
method microorganisms grow in a fixed state on the surface of a solid phase
while the liquid medium continually flows by. Some of the cells are washed
away by the flow of the liquid and therefore the number of cclls on the surface
of the solid phase remains more or less constant cven in the course of rather
long experiments. A typical example of this method is represented by the
so called fast method of vinegar production (Schnellessigverfahren) introduced
in Germany at the beginning of the last century.

In the third type of cultivation cells develop in a liquid medium. The amount
of incoming fresh medium is equal to the amount of cell-containing culture
liquid removed from the apparatus. If the rate of washing away of cells equals
the rate of their multiplication the density of the cell population inside the
apparatus remains constant.

During the last few years this last modification of the method has reccived
wide application in laboratory research work. It exists again in several minor
modifications which differ in the type of regulation of fresh medium deli very,
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of stirring the culture and of acration. In some of them the medium is delivered
towards the bottom of the apparatus while the excess liquid eseapes on top.
in others the flow of the liquid is reversed. Someti the app ist:
of one “cultivator” only, in some cases, howerver, several of them are connected
like a battery (the multist ge, conti lture). As long ago as in 1915
8. V. Lebedev proposed a similar battery consisting of several units for aleohol
production. In the laboratory of one of the organizers of this symposium,
Prof. Milek, the multi-stage culture is being fruitfully applied in the study
of various problems.

In our laboratory we have studied the conditions governing bacterial growth
when the first method and partly the second and third method are used. We
used glass flasks of 25 to 250 m! volume according to K. L. Draganov (1957)
a3 well as those according to 8. V. Lebedev (1938). The rate of flow of the

dium was lated by changing the hydrostatic pressure and, in addition,
by means of a screw clamp. The object of out study was mainly Propionibacte-
rium shermanis (the work was carried out by N. M. Neronova) and Clostridium
acelobutylicum (the work was carried out by G. V. Pinaeva).

Monod (1950) and Novick and Szilard (1950) derived mathematical formulae
for the growth of culture during single-stago continuous cultivation. In other
Papers (e. g. Maxon, 1955) f lae are d also for multi-stage cultiva-
tion. We should like to present the foll i | formula characterizing
the density of population in any culture system:

3

X = X, el ﬁxo[e(e—m —1] m

The rate of growth of population in a cultivator is given by the following
equation:

;—‘f:aX—(»-rX,,—rX (2)

In the given formulae X and X, are the density of population (the number
of cells per 1 ml) at the beginning and at the end of period ¢ respectively; X, is
the density of population in the liquid entering the cultivator; e — 2.718,i. e,
the base of natural logarithms; r — % is the rate of dilution of the culture,
i. e. the ratio between the rate of flow of the medium (F mi/hour) and the

volume of the cultivator (Vml); ¢ = ddizl —l—= M and indicates the re-

m dt
lative rate of growth of microc i. e, the i of one unit of
living m&t’telj (m) per unit of time.
The of h icro depends on the position of the
tri tained in the medium in mini

concentration is used up, the rate is slowed down. On this principle the regula-
tion of growth of a culture in “Chemostat” (Novick and Szilard) and in
“Bactogen” (Monod) is based. The accumulation of metabolic products can
be another reason for the slowing down of growth; particularly, for example,
of acids lowering the pH to undesirable values. In their turn, proeesses of
utilization of nutrients and of accumulation of metabolic products are connected
with the density of population. Consequently the rate of growth (c) depends
also on the density of population (X): With increasing densily the rate of
growth decreases. Simultaneously the rate of increase of density of population

decreases (%) asfollows from equation (2). When in this equation (cX + rX,)

becomes equal to rX, then %\— is equal to zero. This means that the density
of population does not inerease any more and remains constant, The existing
equilibrium is expressed by the following equation:
X—X,

X

c B
= (3)

I, then, the rate of dilution (r) is purposely changed, the equilibrium is
affected. The density of population (X) and the rate of growth (c) start to
change in one or the other direction until an cquilibrium — at a different
level to be sure — is reached. Thus the growth of a continuous flow culture is
actually a self-regulating process.

The medium entering the first cultivator contains no bacteria (Xy = 0).
In this case equations (1) and (2) way be simplified to:

X =X, .ele-t (4)
B ex—rx 5)

In the first cultivator equilibrium between the dilution and growth of the
culture is established when

C .
L= (6)

It follows that at equilibrium (when the density of population remains
constant) the rate of growth of microorganisms in the first cultivator (c) is
equal to the rate of dilution (r).

A study of continuous cultures of any microorganisms should start with
measurement of the maximum rate of growth attainable under the given
experimental diti This t should be carried out in the first

cultivator.
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In doiné this wo gradually increase the rate of flow of the medium and thus
the rate of dilution. The highest rate of dilution at which the density of popula-

tion still ges to remain P the maximum rate of growth
(c) : 7 = ¢, [ef. eq. (6)].
Let us give an le of the t of the rate of growth

in the case of Propionibacterium shermanis (Tab. 1).

Tablo }
. Rate of dilution
Time P
in hours (r ==
i
o
16
18
20 0-38—0-42
22 240
24 230
40 220
302
46 177
48 060—0-66 154
50 150
64 165
66 157
68 166
70 160
e 15
18 10 13
120 1
121 12
136 09 23
138 10 20
140 12 9

As follows from Tab. 1 in the given case the limiting rate of dilution is appro-
ximately equal to 1-0. Consequently the maximum rate of growth is ¢, = 1.
The generation time (the timo for a two-fold increase of the living matter)
is then:

- 0-69 hours

In the case if a continuous culture of (1. acetobutylicum on maize mash with
sugar added. ‘the maximum growth rate o Was equal to 0-8 and the generation
time was correspondingly 0-87 hr. Under suitable conditions a continuous
cﬂ&ll@ can Proceed _for any length of time. In our experiments, for instance,
a cul@ﬁre of Ol butylic ltiplied at a rate for 200 days.

56

The density of population in the cultivator lay between 350 to 450 x 108 cells/ml.
The rate of delivery of medium to the -cultivator (F) was 20—23 ml/hr,
while the volume of the cultivator was 17 = 33 ml. 1t follows hence that the
rate of dilution (r) and the growth rate (c) was equal to 0-6—0-7. Proceeding
from the relation between the growth rate and the generabion time it is not
difficult to deduce that in the course of the mentioned 200 days 4,360 genera-
tions were formed.

A battery consisting of several cultivating units can be used in order to
obtain a denser cell population. But the density of population (X) is not the
only criterion of the qualitics of a given system of cultivation, With this in
mind it is necessary to take into account the vyield of living matter per hour:

yield of living matter = XF (7)

Finally it is also necessary to know the productivity value, i. e. the amount

of living matter produced per hour per unit of volume of cultivator:
productivity = ¥~ =rX (S)

il

Tab. 2 shows the density of poy values of Propi shermanii
in various systems of cultivation; in Tab. 3 the values of productivity of dif-
ferent systems are presented.

At a low flow rate (F — 10 ml/br.) the maximum density of population
is reached when the volume of the second cultivator is equal to 150 ml (Tab. 2).

Tablo 2
Mean ion of cells of Propionil h
. in cultivitors — in 10%/ml
of i rato Volumo of cultivator in ml
in mifhr. N I
first
25 70 150 240
10 730 2000 3390 5380
15 520 170 3460 5050
2 28 395 3800 3100

At higher flow rates (15 and 25 ml/hr.) the increase of volume of the P
cultivator from 150 to 240 ml causes a supplementary increase of the density
of population.

As far as productivity is concerned {Tab. 3) at a flow rate F = 10—15 ml/hr.
it reaches its maximum value already in the first cultivator. Therefore at such
a flow rate it is necessary to connect another cultivator if it is required to
obtain a higher concentration of cells in 1 ml.
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At a flow rate of 25 ml/hr. the highest degree of productivity is reached
when the volume of the P incubator is 150 ml (Tab. 3). The density of popula-
tion is at that time also sufficiently high. Therefore the given variant is the
optimal one of all 12 studied in this cxperiment. Tn the second place lies the
variant with a volume of the second cultivator equal to 240 ml and with a flow
rate of 25 ml/hr.

Table 3
Productivity of o system of cultivators oxpressed as
tho numbor of cells (in 104) produced per hour por 1 ml
of volumo of cultivators
Flow rate —‘\,F and —A\F
of medium F [ ViV,
in mi/he. Volumo of cultivator in ml
first | bl
% 150 240
10 292 210 308 203
15 312 185 296 286
- 25 28 104 543 481
—

In order to determine in advance the optimal number of cultivator units,
therelation of their volumes and the rate of delivery of medium it is necessary
to know the law according to which the growth rate (c) changes. As mentioned
above c is the reciprocal function of the density of population X.

As the first approximation it is Ppossible to accept the following relationship
between these values: o

X“——X,_ = M—G—HX,, = const, 9)

In this equation ¢, is the maximum rate attainable in a given medium, X,
is the density of population which, when exceeded, causes the growth rate ¢ to
decrease, M is the limiting density of population which, when reached, stops
the growth of the culture.

For each strain of microorganisms at a given composition of the medium
the values of ¢,, X,, and M are constant.

Providing the density of population is not too high the equation (9) satis-
factorily corresponds to the obtained results (Tab. 4).

It we slibstit_uh the value of ¢ from equation (9) in equations (3) and (6)
we get formulae by means of which we can calculate in advance the density
of microbial population in various types of cultivation.

E f.such lculations are shown in Tab. 5. We assumed that the
voliimes of all “cultivators” in the battery are equal (V, =V, = ¥, etc.); the

- - Xn
maximum growth rate ¢, = 1-0 and 7 = 9.
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The highest productivity is reached — if single-stage culture is employed —
when the flow rate is equal to 0-4—0-6 (Tab, 5). But then the density of popul-
abion represents only 43 to 629 of the maximum value. Tt it is desired to have

Table 4
Density Growth Ratio
of population Fate PR
Xin 109/ml A —

*) The value 13 % 10% is takon for X ;
*#) Tho valuc 1-0 is taken for cy.

Table 5
Ratio of donsity of population 10 | Productivity in arbitrary units nt
Ratio of flow maximum density vurious numbors of cultivators in
rate to volumo X battory
of 1% cultivator 3
E
Ll Cultivators Numbor of cultivators
g
1= ok 3 AAth 1 2 3 +
o1 091 | 099 | 10 10 000 | 005 | 003 | o002
02 081 | 097 | 099 | 10 016 | 010 | 007 | 005
03 072 | 093 | 099 | 1o 021 | ot | o010 | 007
04 062 [ 089 | 097 | 090 | 025 | o048 | o013 | o010
05 053 | 080 | 09¢ | 008 | 02 | 02 | 016 | o2
06 043 | 076 | 0wl | 097 | 026 | 023 | 018 | o4
07 03¢ | 067 | 086 | 004 | 02 | 023 | 0% | o0
0s 02 056 | 079 | 000 | 019 | 023 | o2 | ous
09 015 | 043 | 069 | o8+ | 013 | 010 | 02 | o1
10 005 | 024 | 051 | 072 | 005 | 012 | 017 | o018

a density of population higher than 0-9, then it is necessary to use a battery
of 2 or 3 cultivator units. In this casé it would be uneconomical to use only one
cultivator because of low productivity. Batteries consisting of 4 or more
cultivator units are also uneconomical, but they have the advantage of enabling
the simul study of cult at different stages of development.
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At a flow rate of 25 mi/hr. the highest degree of productivity is reached
when the volume of the P'* incubator is 150 ml (Tab. 3). The density of popula-
tion is at that time also sufficiently high. Therefore the given variant is the
optimal one of all 12 studied in this experiment, In the second place lies the
variant with a volume of the second cultivator equal to 240 ml and with a flow
rate of 25 ml/hr.

Tablo 3
Productivity of a system of cultivators oxprossed s
the numbor of cells (in 104) produced per hour por 1 mi
of volumo of cultivators
Flow rato AP na XF
of medium F [ Vi+ 7,
in mi/hr. Volume of cultivator in ml
first i
26 70 150 210
10 202 210 308 203
15 312 185 296 286
25 28 104 543 481

In order to determine in advance the optimal number of cultivator units,
the relation of their volumes and the rate of delivery of medium it is necessary
to know the law according to which the growth rate (c) changes. As mentioned
above ¢ is the reciprocal function of the density of population X.

As the first approximation it is possible to accept the following relationship
between these values:

Ec‘l_—;n = M—_c"‘\a,; = const. 9)

In this equation ¢y i3 the maximum rate attainable in a given medium, X,
is the density of population which, when exceeded, causes the growth rate ¢ to
decrease, M is the limiting density of population which, when reached, stops
the growth of the culture.

For each strain of microorganisms at a given composition of the medium
the values of c,, X,, and J are constant,

Providing the density of population is not too high the equation (9) satis-
factorily corresponds to the obtained results (Tab, 4).

It we subs@ityﬁq the value of ¢ from equation (9) in equations (3) and (6)
we g by means of which we can calculate in advance the density
of microbial population in various types of cultivation.

X calculations are shown in Tab. 5. We assumed that the
| “cultivators” in the battery are equal (V, =V, =V, etc.); the

. . X,
maximumh growth rate ¢, = 1-0 and 37 = 09

58 ,

. The highest productivity is reached — if single-stage culture is employed —
when the flow rate is equal to 0-4—0-6 (Tab. 5). But then the density of popul-
ation represents only 43 to 62%, of the maximum value. 1t it is desired to have

Tablo 4
Density Growth Rauo
of population rato P
Popula Q¢
X'in 10%/ml c Tox,
13%)
143

152

¢ecoooorons

*) Tho value 13 X 10% s taken for X,;
*%) Tho value 1 0 is tuken for c,.

Tablo 5
Ratio of donsity of population to | Productivity in arbitrary units at
Ratio of flow maximum density various numbers of cultivators in
rato to volume X battery
of 1 cultivator 3
M
F

= Cultivators Numnber of cultivators

13

™ 2nd. I gr ’ Iy 1 2 3 "

01 0-91 0- 1-0 10 000 0-05. 003 0

02 0-81 0- 099 0 016 010 007 0:

03 0-72 0 0-99 1-0 021 0-14 0-10 0-07
04 0-62 0- 097 090 0-25 018 013 010
05 033 0 0-94 008 0-26 021 0-16 0-12
06 0-43 0 0-91 097 026 023 018 014
07 0-34 0 0-86 004 0-23 023 0-20 016
08 024 036 079 090 0-19 023 0-21 018
09 015 043 069 0-84 013 0-19 021 019
1-0 0-05 024 051 072 005 012 017 018

a density of population higher than 0-9, then it is necessary to use a battery
of 2 or 3 cultivator units. In this casé it would be uneconomical to use only one
cultivator because of low productivity. Batteries consisting of 4 or more
cultivator units are also uneconomical, but they have the advantage of enabling
the simull study of cult at different stages of development.
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1t is possible to make calculations in a similar way also in the case of batterics
with other ratios of cultivator volumes and at different microorganism growth
rates.

It is neccssary, however, to point out that at high densitics of microbial
population the growth rate equation (9) is no more valid and therefore the
above-mentioned calculations are incorrect. In dense populations in continuous
flow cultures only a part of the total number of eells continues to multiply
while the rest gradually lose their living activity. In the end an equilibrium
between the multiplication and loss of activity of the cells is established.

In our experiments the culture of CI. Dutyli grow in collodion sacs

bmerged in the conti flow medi The density of living cells remained
constant the whole time at a level of 1000—1200 X 10¢/ml, while the total
density of cclls increased continually along a straight line until it reached
about 7000 x 10%/ml or more. Similar data for E. coli can be found in litera-
ture.

The cultivation in collodion sacs in a flow medium can be compared with
the first of the three types of cultivation described in the first paragraphs
of this article. As stated there, in the second type of cultivation microorganisms
grow on the surface of a solid phase along which liquid medium flows continu-
ously. It has béen mentioned in literature that the walls of cultivators are
sometimes covered with a film of bacteria. This is idered as undesirabl
as it affects experimental findings.

We tried to add glass wool to a cultivating flask containing Propionib
shermanis. At the beginning bacteria grew mostly on the surface of the wool
and then spread through the liquid medium, where they started to multiply.
The cell tration in the ping liquid reached a constant value. For
instance, in one of the experiments their density in 1 ml remained within the
limits of 3000 to 4000 X 10® in the course of 19 hours. The dilution rate
in this experiment was cqual to 1.0. Consequently the medium in the cultivator
was actually renewed 19 times. At the same flow rate in a cultivator without
any solid phase the density did not exceed 20 to 30 x 10¢/ml. Thus it appears
that the presence of a solid phase iderably i the productivity
of the cultivator. Unforbunately the bacterial film is easily torn away from the
surface of the solid phase and the continuity of the process is thus broken.
In addition the t of cellular material on the surface of the solid phase
cannot be counted and it is impossible to determine the growth rate.

In the submitted paper we are dealing only with the problem of growth of
bacterial mass in continuous flow media. But the method of continuous flow
culbures can be conveniently applied to a number if different tasks, e. g. the

btaining of f tation products, the study of metabolism and phenomena
of ‘mutability. In particular in our laboratory continuous flow cultures of
Propionibact: shermanii were used to Pprepare vitamin B,,. Under the conditions
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i tat 1

of getativ P the culture of CL acetobutylicum was
artificially adapted to higher concentrations of buiylalkohol. A knowledge
of the laws governing the growth of continuous flow culiures helps to draw
a boundary between accumulation of individual resistant types on one hand,
and the massive adaptive capacity of cells on the other hand. In our experiments

seems to play an import-

with adaptation to butylaleohol this last pt
ant role.
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A STUDY OF THE PROCESS OF DEVELOPMENT
OF MICROORGANISMS BY THE CONTINUOUS FLOW
AND EXCHANGE OF MEDIA METHOD

N. D. JERUSALIMSKIF

There exist two basic points of view concerning the causes of development
and ageing of microorganisms. Whilst some authors attribute a decisive role

to intracellular p , others maintain that neither progressive develop-
ment nor ageing would be possible without ding changes of external
conditions.

Tt is rather difficult to differentiate between the effects of inner and external
factors of development on usual media, which are continually changing due
to influence of the activities of microorganisms. Thus special cultivation methods
have to be used, among others also methods of conti flow and exchang
of media. While the first method enables microorganisms to be maintained for
long periods under stable media conditions, the second method makes it possible
to change the medium as required and to regulate its composition.

Studies regarding this problem have been carried out in our laboratory
(E. A. Rukina and G. V. Pinaeva) with ;pore-forming bacteria: bi
(CL. saccharobutyricum and Cl. acetobutylicum), aerobic (Bac. megatherium) and
facultative aerobes (Bac. acetoethylicus). Spore-forming bacteria are advanta-
geous because with them the developmental cycle can be more clearly demon-
strated than with asporogenous bacteria. The sporulation process is accom-
Panied by extensive intracellular transformations with lysis of a considerable
portion of the cytoplasm. It may be assumed that only stable hereditary
Pproperties can be transmitted either through spores or through reproductive
cells, but not reversibly adaptive changes; or cl ges due to ageing of the cells,
both occurring in the course of the individual life of the cell. On the other
hand, during multiplication by vegetative division of cells, these changes
are entirely transmitted to daughter cells. We have demonstrated these
differences on the synthesis of adaptive enzymes required for the fermentation
of xylosé by CI. acetobutylicum.
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After inoculation of the culture from a glucose medium on xylose a lag-phase
can be observed, related to the synthesis of these enzymes. During the following
transfers by vegetative cells the culture grows on xylose medium without a lag
phase, the capacity for the formation of adaptive enzymes being preserved.
However, after sporulation this capacity is lost, as may be judged from the
fact that the lag-phase again reappears.

Also changes of size arc not transferred through spores. There are data
in literature showing that as the result of prolonged vegetative multiplication
spore-forming bacteria weaken and degencrate, but after sporulation their
activity is restored. The studied culture of Cl. acetobutylicum degenerated
after several dozen transfers.

However, such degencration due to ageing is not unavoidable. We cultivated
Ol. acetobutylicum in a continuous flow of stable and suitable medium for some
200 days. During that period more than 4000 vegetative generations were
formed, corresponding to 400— 600 transfers on normal, non-exchanged media.
In spite of this prolonged vegetative multiplication the bacteria fully maintain-
cd their capacity of normally fermenting and of sporulation. Therefore the
degeneration of a culture under normal conditions of cultivation ean be explain-
ed by unsuitable changes of the media.

Under conditions of continuous cultivation in the presence of increasing
amounts of butanol a culture of CI. i hanged, t ing more
resistant to this toxic substance. The original culture withstood only 0-8%,
of butanol: after 21 days of growth in the presence of 0-6% butanol, it with-
stood up to 1%, of butanol. This increased resistance to butanol was unstable
and ceased after the cells had changed to spores, and these proliferated in the
absence of butanol. In the course of further adaption the resistance to butanol
increased still {urther and became constant. In the course of 200 days the
bacteria were able to withstand more than 2:5% of butanol and this level of

ist; was then transferred through the spores to further generations,
Thus the resistance began to show a hereditary character.

It follows that the same bacterial culture may under certain conditions
weaken and degenerate, while under different conditions it may remain
unchanged or may even change its hereditary character.

The process of sporulation is also possible only under defined conditions
of the medium, or, more exactly, under defined changes of these conditions.
This problem was studied in detail in CI. saccharobutyricum.

The culture was grown in collodium sacs, immersed in different medin which
could be exchanged for other media when required. The following variant
proved optimal: at first bacteria were grown for several hours on a rich medium
containing yeast hydrolysate; the medium was then exchanged for phosphate
buffer containing 0-3—0'5%, of glucose and 0-2% of acetate, and finally, this
second solution was exchanged for tap water. Under these conditions about

Bortar]
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75%, of veg cells were tr d into pro-spores (clostridia), and 75%
of the latter transformed into mature spores. The spore concentration amounted
to 600 x 10¢ per ml medium., Such a high concentration of spores could not
be obtained with unexchanged media, natural substrates included.

With the use of other variants spore formation Pproceeds less intensively,
e. g. when the sccond medium (gl tate-phosphate buffer) is iched
either by the addition of a source of nitrogen or when acctate is omitted, or
when the culture is transferred directly from the rich medium to water with
omission of the second medium. On cultivation of the culture in collodium
sacs with a continuous flow of a rich medium practically no spores are formed;
the total number of cells reaches, however, an unusually high number, i, e.
7000 10¢ cells per ml medium. It should be mentioned that of the above
number of cells only 100—1200 x 10% cells per ml are viable.

The spore f tion in Cl. acetobutyli grown in collodium sacs, is also

and counting of colonies on Petri dishes. When the culture consists of young
vegetative cells, both methods give identical results. When the vegetative
cells begin to lose their viability or change to elostridial forms, the number
of colonies is considerably smaller than the total number of cells. At a further
stage unviable vegetative cells lyse and disappear; the total number of the
population correspondingly deereases. However, the number of colonies grown
on Petri dishes somewhat increases. This observation may be explained as
follows: clostridia, themselves unable tu multiply, are converted to spores
which, after being transferred on to agar, ean germinate and form colonies.

The above mentioned experiments were carried out with populations of
different history: some of them divided, others converted to spores, and still
others died off. Tt is known that the progeny of even one cell may greatly
differ within a short period of time. The formation of these differences may
depend first on the fact that individual cells may develop under non-identical
i 1 conditions of the medium; secondly, in the course of the division

stimulated by a lack of nitrog bat: Butanol in a t
of 0.3% exerts an additional favourable effect.

Thus the above experiments confirm the view that spore formation is,

lly speaking, correlated with a lack of nutricnts and to some extent
also with the lation of products of metabolism in the medi

It is clear that on media poor in nutrients spore formation will proceed
more intensively than on rich medis. On agar media, where in the vicinity
of the cells a lack of nutrient substances may easily occur, spore formation
proceeds more rapidly than in liquid media. This spore formation is still
further increased by placing underneath the layer of nutrient agar a layer
of agar without nutrients; the nutritive components then gradually diffuse
into this layer from the one placed above.

Thus, a 5-day culture of Bac. fum on a sy with agar
contained 50%, spores when cultivated in the Presence on inorganic nitrogen,
15%, spores on a ing also hydroly of casein and only 5%,
spores on a& meat-peptone medium.

When the same media were underlayered by a solution of agar in water
only, the number of spores was increased to 70%, 70% and 109, respectively.

The culture of Ci. saccharobutyricum forms spores intensively on a rich
nutrient agar, which is underlayered by an agar solution in water. On & rich
nutrient agar this culture, however, forms only prospores (clostridial forms),
which consequently lyse due to the absence of conditions required for the
conversion into mature spores.

The developmental process is irreversible. This conclusion is borne out by the
fact that clostridial forms may either change into mature spores or die off,
but cannot revert to the vegetative mode of multiplication. This can also be
demonstrated by following the changes of the number of cells of a developing
culture of CI. harobutyricum using two methods: direct ting of cells

theti 1
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two physiologically different cells with different propertics may form. Some
authors suggest that differences in the qualities of cells appear to be accidental
and not of determined character. Notably the appearance of spontaneous
mutations is explained in this way. Others intain that such litative
differences are a det: d and ¥ P arising from unequal
cellular division. According to this view of two just divided cells one always
appears to be the mother cell, the other the daughter cell. (Kolbmiiller, Bisset,
Pennington, Malek, Stresinskij and others).

In order to be able to follow the development and ageing of individual cells
a special microvessel was used. This consists of a flat flask with two tubes
attached for the inflow and outflow of the medium. The vessel is placed on the
microscope stage. The vessel is closed by a glass cover on the lower surface
of which bacterial spores are placed; the spores are fixed to the surfacc of the
glass cover by a very thin layer of cellulose in the same way as is in the case of
electron microscopy. The vessel s filled to the top with nutrient medium which
may be changed, if required, for a medium of the same or diffcrent composition.

Using these vessels, cultures of CL. saccharobulyricum and Bac. acetocthylicus
were studied. The experiments confirmed that bacterial spores arc hetero-
geneous. This follows from their morphology, resistance to heat and rate of
germination in the microvessel. Differences in the vegetative cells grown from
these spores were also found. Not seldom was it found that of two vicinal
cells one changed into a prospore, while the other remained in the vegetative
state and later lysed. Differences in the fatc of the cells might possibly be
explained by the assumption that some of them were mother-cells, while others
were daughter-cells. Cells in groups convert more easily to spores than isolated
cells. It appears to be clear that the microzonal conditions surrounding the
cells are not identical and also affect the development of the cells.
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Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/05 : CIA-RDP81-01043R002800080004-5



Declassified in Part - Sanitized Copy Approved for Seleg§e @ 59 \fr 2014/03/05 : Cl.

1043R002800080004

Simultaneously with this unexpected individual variability of the cells,
determined changes of the whole mass were {found, depending on the composi-
tion of the nutrient medium. Thus, when filling the microvessel with a rich

i dium, vegetati Itiplicat occurred until the whole micro-
scopic field was practically full of cells; undor these conditions no spore form-
ation was observed.

If, however, at the correct time the rich nutri di is hanged
for & medium without nitr st the majority of cells are con-
veorted to prospores (clostridia). If now the vessel is again filled with a rich
nutrient medi the ining vegetative cells start to multiply again, whilst
the clostridia dic off and undergoe lysis. On the other hand, after sufficiently
long on nitrogen-f dium and its subseq hange for
water, the undamaged vegetative cells weaken and undergo lysis whilst
clostridia convert to mature spores. Under appropriate conditions these spores
may again germinate and change to vegetative cells if the vessel is once again
filled with the rich nutrient medium. In this way the developmental cycle
of the bacteria can be repeated.

The results of the experiments described above show that the physiological
inequality of cells, due to inequality of division, does not determinate their
further fate. Together with the physiological state of growth of the micro-
organisms the conditions of the external medium play an important role.
Neither changes of the life cycle nor the weakening and death of cells appear
to be processes occurring spont ly and aut ly.
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GLYCOGEN FORMATION IN CONTINUOUS CULTURE
OF ESCHERICHIA COLI B

T. HoLmk

Many industrial fermentations are based on specific nutritional deficiencies
(Foster, 1949, Underkofler and Hickey, 1954). These processes represent a type
of fermentation which depends on the existence of an inverse relationship
between the growth rate of a microorganism and the synthetic rate of a certain
product of its metabolism. Thus, an essential substance in a nutrient medium
may be supplied in a concentration which limits the growth of a microorganism
at a point, where optimal conditions for the synthesis of a desired product
still are maintained. This production may proceed for a long time after growth
has stopped.

It seems not to be generally realized, however, that a fermentation of this
type may be well suited for a chemostatic continuous process. In the experi-
ments to be presented here, a system of the above-mentioned type, namely
glycogen synthesis in Escherichia coli, has been in 1 with the conti
culture technique. In addition, the formation of some extracellular substances
in the continuous cultures has been studied. The continuous culbure system
used was based on the principles given by Monod (1950) and Novick and Szilard
(1950).

GLYCOGEN METABOLISM IN ESCHERICIIIA COLI

Escherichia coli contains an alkali-stable polysaccharide which belongs
to the class of glycogens (Palmstierna, 1956). In rapidly growing cells the
amount of glycogen usually will not exceed 2% of the dry weight. However,
a rapid accumulation of glycogen occurs in cells which are subjected to nitro-
gen starvation (Holme and Palmstierna, 1956). Figure 1 illustrates an experi-
ment, where cells of E. coli B were inoculated into a synthetic medium which

tained a limiting co tration of the nit source. After an initial lag
and a short multiplicati period, exhaustion of the limiti g factor g ted

5

67

: 04
Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/05 : CIA-RDP81-01043R0028000800!

STAT




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/05 Cl

further synthesis of nitrig p During this period of constant
population density, glycogen accumulated in the cells.

In similar experiments it could be shown, that during this period of constant
density ( d as bacterial nitrogen per unit volume of culture)

Pop

A

I

0 1 2 3 4 5 6 7 8 B

Fig. 1. Glycogen accumulation and utilization during growth in a culture of E. coli B. Cells wero

inoculated into & nitrogon-deficient modium with sodium lactate as the carbon source and armmo-.

Dium chlorido as tho sole nitrogon source. The initial concontration of ammonium nitrogen was

10-5 mg per litre. At the moment indicated by the arrows, ammonium chloride was added in
oxcoss.

A ~ Protein N or glycogen (mg per litre of culture); B ~ Time (hours); Curvos: I — Protein N;
2 — Glycogen.

glycogen reached a final value of 20—25% of the dry weight of cells. The
accumulated glycogen was responsible for at least 90% of the increase in the
dry weight of cells during this period.

In the experiment recorded in Figure 1, an amount of the nitrogen source
was added i ately before the content of glycogen was attained,
1 h ;:qnoentration of this factor as in the complete medium. The
sused an immé_djate resumption of growth. During this growth period
glycogen decreased ra)

rapidly.

CONTINUOUS CULTURE EXPERIMENTS

EQUIPMENT

A culture vessel isting of a 2-litre Erl yer flask was given a working
volume of 1 litre by means of a small exit tube on the wall for removing the
emergent bacterial culture. Mixing and aeration was achieved by placing the
flask on a rotary shaker and letting the air stream enter the culture fluid th rough
a sintered glass disc as close to the wall of the flask as possible. The neck of
the flask was scaled with a rubber stopper, which was perforated by glass
tubes for the supply of air and fresh medium and for inoculation. Effluent
air left the flask only through the exit tube mentioned, making the transfer
of the bacterial to a cooling flask a matter of seconds.
A hose pressure pump was used for the continuous supply of fresh medium.

MEDIA

Two media were employed: one with sodium lactate (Fricdlein, 1928) and
the other with glucose (Hook ct al., 1946) as the carbon source. Ammonium
chloride was the sole nitrogen source in both of the media. This nutrilite was
used as the limiting factor, and supplied in trations ranging bet
50—200 mg per litre in different experiment ding to a nitrog
content of 13— 52 mg per litre.

corresp

RESULTS

In nitrogen-limited continuous cultures of E. coli B steady-state growth was
established at dilution rates of 0-13—0-94 hr-1. (Holme, 1957 a and b). The
glycogen and nitrogen content of the cells and the dry weight were determined
under these steady-state growth conditions. The results are summarized in
Figure 2, where the amount of glycogen formed in one hour by a continuously
growing populati ponding to 50 mg bacterial nitrogen is recorded.
It is seen that the amount of glycogen formed in one hour increased when the
dilution rate was reduced. This means that there exists a negative correlation
between the rate of glycogen synthesis and the rate of synthesis of nitrogenous
compounds in the cells. The production of glycogen in the continuous cultures
could thus be increased about 3-fold in the lactate medium and about 1-5-fold
in the glucose medium by a reduction in the dilution rate from 0-8 to 0-2 hr1,
The glycogen content of the cells increased in the same interval from 2—39%,
to about 20% of the dry weight of cells.
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Figure 2 also shows that rapidly growing cells have higher glycogen content
in a glucose medium than they do in a lactate medium.

As a rough method of ostimating the “overflow metabolism” the ultra-violet
absorption of the cell-free culture medium was detormined. The absorption
increased iderably with d. ing dilution rate. This absorption in the
ultraviolot region mainly had the character of an unspecific end absorption.
It did not depend on accumulation of nucleic acids in the culture fluid, but

A
25

1 L I |
0 02 04 0.6 08 L]

Fig. 2. Glyoogen formation in nitrogen-limited conti cultures of K. coli B. The valucs are
1 on basis of & ion donaity ing to 50 mg bacterial nitrogen per litre
of culture. The culture volume waa 1 litre,
A Glycogen (mg/hr.); B — Dilution rate (h-1); Curves: 1 — Carbon source: glucoss; 2 — Carbon
souroce; lactate.

was probably the result of an accumulation of a variety of compounds, the
nature of which is unk - These compounds were dialyzable to at least 909,
a8 measured by the ultra-violet absorption.

The culture fluid in these nit; gen-limited cult tained high levels
of keto-acids, as determined by the method of Friedmann and Haugen (1943).
Paper ch tography of 24-dinitrophenylhyd of the keto-acids

! phenylhy
according to iet al. (1954) revealed that the main portion of the isolated
C ed ketoglutaric acid. Small amounts of Pyruvie acid
The formation of these substances has only been studied

ith lactate ‘as the carbon sdurce.
raph of Figure 3 is shown the formation of keto acids, calcul-

Ip the upper
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ated as a-ketoglutaric acid, in the continuous cultures. It can be seen, that tho
rate of synthesis of these substances seems to be constant at dilution rates
ranging between 0-2 and 0-7 hr-1, decreasing at dilution rates lower than
0-2hr', A similar calculation may be made on basis of the determinations
of the ultraviolet absorption of the culture fluid at different dilution rates.
A
15
'
10 -
[ (4 °
L °
s
i L)
1 1 1
[ 0.2 04 06 8
c
‘!
t 015 =
s [ ]
b4
- () a
0.10 r') . 3
005 |-
1 1 1
0 02 04 0.6 8
Fig. 3. Fc of xt 1ul \be in nitrogen limited continuous cultures of E. coli B,

Population density correeponding to 50 mg bacterial nitrogon per litro of culture. Tho culture
volume was 1 litre. Upper graph: koto acids calculated as a-kotoglutaric scid. Lower graph:
csusing absorption in the ultra-violot region

A ~ Keto acids (mg per br); B — Dilution rate (hr-1); C — Optical donsity (at 265 my).
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If it is assumed that the absorption is caused by a variety of overflow inter-
mediates in a constant proportion, and that the optical density is proportional
to the ion of the metabolic 1 ts, the optical density at a given
wave-length may be taken_ as a rough estimate of the concentration of these
producta.

The values obtained if the optical density at 265 my is taken as a basis for
the caloulations are recorded in the lower graph of Figure 3. The similarity
between the two curves' presented in Figure 3 suggests that this type of pro-
duction is not confined to the keto-acids but may also be true for other over-
flow intermediates. At the observed ion levels, «-ketogl ic acid
did not contribute to the absorption at 265 my to any measurable degree.

DISCUSSION

In general, this discussion will be limited to the experimental sys.wm pre-
sented in this paper, but it may be justifiable to speak of this system in rather
general terms, 8o that applications to other ystems present th 1 mor(?
easily. The intracellular glycogen and extracellular materials formed by B. coli
in nitrogen-limited cultures will be referred to as “nitrogen-fre.e” subst.nnfes,.
It app: that the f tion of nitrogen-free subst in ‘ 2 limited
cultures of E. coli proceeds without being inhibited by the limitation. These
compounds may be considered as “overflow metabolites” accumulating because
of the reduced rate of the synthesis of nit p in the cells.

Sinoe under conditions of nitrogen starvation the production of the nitrogen-
free substances is directly proportional to the cell material producing them,
a imal productivity in the conti culture might be expected at pop\.:.l~
ation :densities ap imating the imal obtained in non-limited media.

However, two general limitations must be idered. Firstly, if the carbon
source in a nutrient medium is not in great excess, t00 much of the available
carbon may be used for the synthesis of cell material, and conm'aque:mly_ Atoo
little left for an optimal product formation. S dly, at popul
near the maximal in non-limited media, the synthesis of the nitrogen-free

bst: is strongly inhibited, even if the carbon source remains in excess.
Unknown factors, P bl tabolic products formed during the synthesis
of cell material may be responsible for this inhibiti Deficiency in additional
factors, such as oxygen, may also be responsible for the inhibition if too large
population densities are used.

* This means, that the nitrogen limitation provides an effective tool for Limit-

ing the production of cell material at the highest population density, “.'he!e
optimal conditions for the synthesis of a desired product still are n.mmta.med.
Eiém an experimental point of-view, the continuous culture technique seems
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to be well suited for studies on the influence of various environmental factors,
especially the nutritional factors, on product formation,

Tt is scen in Figure 3, that the output of the exi Hular subst !
rapidly at dilution rates below 0-2 hr-1. The explanation may be, that there
is & certain minimal growth rate, i. ¢, a minimal rate of renewal of cellular
material, which is necessary to maintain maximum activity of certain enzyme
systems. This minimal growth rate may vary for different mieroorganisms.

At dilution rates between 0-2 and 07 hr-, in the continuous cultures the
rate of glycogen synthesis increases significantly with decreasing dilution
rates (Figure 2), The rate of synthesis of the extracellular materials seems to be
independent of the dilution rate in the same interval (Figure 3). This means
that these extraccllular materials are poured out to the culture fluid at a cons-
tant rate, irrespective of the growth rate of the organisms. This may depend
on an inhibition of their synthesis because of the accumulation of this new,
low-molecular weight end product. When a high molecular compound, such
as glycogen, is the end Pproduct, its influence on the equilibrium of the reaction
responsible for its’synthesis is very limited, and it may thus attain high con-
centration before the rate of jts formation is inhibited.

In Figure 2 it is seen that there is a difference in the rate of glycogen form-
ation depending on the nature of the carbon source, This difference is greatest
at the high dilution rates, diminishing with decreasing dilution rates. 1f the
straight lines obtained from the values of glycogen output represented in
Figure 2 are extrapolated to zero, a value of the synthetic rate is obtained,
comparable with the initial rate of glycogen synthesis in batch cultures under
conditions of complete nitrogen starvation. It may be concluded that the
maximal rate of glycogen synthesis is the same irrespective of whether the
glycogen is synthetized from lactate or glucose.

A conti

fer ion has certain ad ges over the corresponding

batch process, e. 8 reduced size of unit at the same production rate, and greater
uniformity of the Pproduct. The conditions for the synthesis of nitrogen-free
bst: in ch tati ti cultures of Escherichia coli now seem

conclusions can be drawn, investigations of other systems must of course
be carried out. In this connection seems particularly important to study if the
ion of a given subst; formed in a chemostatic continuous culture

seemed to be somewhat smaller than that obtained in the batch cultures.
However, the advantage of having a‘system in equilibrium, where optimal
conditions for the formation of a given product have been established, should
be obvious.
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CONTINUOUS CULTURE TECHNIQUES

J. Ridioa

In the course of development of culture techniques enabling us to study
the life activity of mi isms ever i ing stress is being laid on the
perfect culture technique that can make use of all possibilities afforded by the
prog of imp of apparatus and and thus fulfil to the
utmost the requirements dictated by the present progress of microbiology.
Every type of 1 work ires a corresponding culture tecl que,
be it a diagnostical work, a genetic, selection or growth study, or an investiga-
tion of physiological and biochemical problems, or the synthesis and transform-
ation of some product. The reproducibility of work on biological material is
undergoing imp t owing to hanization and automatization of
culture apparatus. Its accuracy has been further increased by introducing
physical and physico-chemical aspects and by applying them to culture
techniques.

We shall omit the conventional static culture methods. An important
impr b has been achieved here by the introduction of stirring. Movement
ensures a better supply of nutrients to the cell. Organisms respond to it by
intensified metabolism and growth. Therefore i i shaking hi
have been developed based on the rotational or reciprocal principle. Due to
disturbing of the liquid surface a more active gas absorption is achieved and
thus growth and metabolism are further stimulated. To produce a similar
effect tall and slender cylinders are used occasionally in which the stream
of entering gas is dispersed by some sort of atomizer at the bottom of the vessel
and passes upward in the form of tiny bubbles mixing with the liquid and
saturating at the same time the medium with gas.

For some special purposes rotating drums have been constructued in which
the liquid is stirred by rotating the' whole vessel along its longitudinal axis
either vertically or inclined to a certain angle. As the volume of medium is
small in comparison with the whole vessel, the liquid can spread over the large
surface of the vessel walls when rotating. Thus effective contact with the enter-
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ing gas can be achieved; in most cases with oxygen from the air. An increase
of partial pressure sometimes aids its dissolving.

For highly aerobic processes and in order to utilize better the space of the
vessel fermentors have been developed in which stirrers are used dispersing
the under pressure entering gas into minute bubbles. Due to the turbulent
motion of the liquid in the whole volume oxygen is dissolved more easily and
transported rapidly to the powerfully respiring cells of the aerobic micro-
organisms. The volume of passing gas is measured by flowmeters of various
types.

Experiments have been carried out in which oxygen is supplied by electro-
lysis of the aq i dium (Sadoff, Hal 1 and Finn, 1956).

To determine the parameters controlling or reflecting the course of the pro-
cess, culture vessels are ! d with physicochemical ly by
means of which the content of 0, and of CO, can be determined either in the
escaping gas or directly in the culture medi Also electroni i
can be provided which aut. ically and 1 the pH, the tur-
bidity of cultures, flows of gases and liquids, temperature, etc., and controls
turther auxiliary apparatus.

Cultivation of microorganisms can Proceed either in the form of a batch
culture or continuously — in identical culture vessels, the only difference
being that in the continuous type equipment is provided by means of which
the nutri dium is conti ly added and withdrawn.

In batch. culture the sub is changed by the actively tabolizing
microorganisms and the slightly modified medium thus affects reciprocally
the microorgsnisms themselves. The rate of the whole Pprocess is determined
by i ble biochemi ! and biophysical i limited first of all by
the ion of availabl ients in the and by the size of the
vessel. The procees is a d one in a statically closed and hanging
space and changes with time. It is extremely difficult under theee conditions
to study the individual tions, particul ly the ir ible ones, and to
apply the laws of- thermodynamics to them. As the nutrients are exhausted
and metabolites accumulates the rate of the procees is slowed down until it
reaches the point when no free energy is transformed (dF == 0); then the pro-
cees stops and an equilibrium is established By applying this ch isti
we can consider the batch procees as a closed system,

The living cell, h , belongs fund lly among open systems.
If we wish to study the physiology of the fully developed cell and to follow
the kinetics of one-step and of multi-step icated tions it is y
to cultivate Ticroorganisms under the conditions of open systems. These
conditions are met only in continuous flow culture processes which range among
the'open systems.

- Thetheory of :dynamics and of yields of irreversible Processes in open

chemical systems in a steady state, as determined by the reaction rate cither
for one or more reactors connected in series, has been well developed and stu-
died and its results have aroused the great interest of many biologists.

So Pasynskij (1957) deals with the question of the application of classical
thermodynamic equilibria of closed systems as well as of the physicochemicnl
relationships of simple reactions of open chemical systems to the cell. He
maintains that they cannot fully interpret the kinetics of chain renctions
forming the basis of complicated physiological functions. Pasynskij states
further that the simplest form of life (the biological open system) differs from
the most complicated chemical reaction of an open system in having the
capacity of self-preservation and auto-reproduction and in directing all the

pli d chemical ions to recreate the given system. He claims that
it is impossible to design a chemical apparatus as a result of chemical changes
in which a similar apparatus or its part would function. Pasynskij, however,
does not stress sufficiently the fact that into a continuous culture vessel
(a chemically open system) a living microbial cell (a biologically open system)
can be introduced:

This type of open system is characterized by the fresh nutrient medium
being added to the culture vessel and by removing at tho same rato the medium
modified by the metabolic activity of the organism, together usually with
a part of the propagated i The hi the volume of which is
kept constant, must be stirred thoroughly in order that the concentration
of reacting factors (i. e. nutrients and cells) may be identical in the whole

vessel. Considering the auto-rey pacity of microorgani tho
whole process can be pated to an auto-catalytic tion ling at
a constant rate. I the rate of inflow of fresh nutrients is equal to the total
rate of their utilization the ation of nutri b tationary.

If the specific growth rate is equal to the dilution rate and if both the concon-
tration of nutrients and the dilution rate which must not excced a certain
critical value, remain constant, a steady state is cstablished which is, under
certain conditions, capable, of auto-regulation. This is a dynamic steady stato
and not an equilibrium because the transformation of free energy proceeds
at a constant rate (dF = const.).

In a precisely defined steady state of any chosen quality the application of
results from chemical open systems is facilitated and a mathematical inter-
Ppretation of the kinetics of the individual reactions is simpler.

The application of the fully developed dynamics of propagation of micro-
organisms and of the formation of products is not only valuable for theoretical
studies, but is of farreaching practical importance.

The continuous system has the following advantages as compared with the
batch process:
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1. The course of reactions can be studied in a certain chosen phase of the
Pprocess under constant steady state conditions in which the time factor is

liminated. The infl of nutri temp , PH, stirring, acration

and other factors on the course of reactions can be determined more easily
and without complications due to the incessantly changing conditions.

2. The mathematical treatment of the course of the process is simpler.

3. The product is more h g

4. There is a greater possibility of automatizing the whole process and of

ing it by a suitable application of physicochemical method

6. The production is more 1 due to two factors: the dimensions
of the given apparatus can be decreased while the same production is preserved,
the cultivation being more physiological and thus more efficient; the Pprocessing
time can be d. d while the di ions of the app remain unch il

6. The cost of construction of a well P ing i t is I
higher than in the case of the batch process, but as soon as the continuous
Pprocess is in operation, the cost of production per unit weight of product is far
lower. )

7. The preparation of the medium and obtaini: g of the product are more
efficient and more economical.

The idea of utilizing the continuous processes in various microbiological
fields is not a new one. We have now very extensive literature on this subject
which cannot be grasped in its whole. As early as at the beginning of this
ocentury the possibility of producing ethylalcohol continuously by means of
fermentation was indicated. Later on a number of papers and patents appeared
dealing with this fermentation process and it is actually the only process that
has found wide application in industry. To a small -extent the continuous
production and baker's ycast has been used. Somewhat later also other branches
of microbiology started to use continuous culture for experimental purposes.
But since then the majority of conti culture p has been developed
empirically and not always with full prehension of the principles of open
systems, and therefore the experimental results have not been applied signi-
ficantly in practice. It may also be due to the fact that at that time the culture
technique in industry had not reached its present level, particularly with
respect to the ensuring of sterility, b P tion of the i
medium and automatization of the whole process.

It was only in the middle of this century (Monod, 1950; Novick and Szillard,
1950a, b) that the continuous methods were laid on a solid theoretical basis,
particularly due to the mathematical treatment of the chief growth prin-
ciples in open systems.

Further theoretical aspects were published by Adams and Hungate (1950),
Gole ( 1053), Finn and Wilson (1954) and Northrop (1954); these authors,

78

however, did not stress sufficiently the mutual relationship between the sub-
strate concentration, the rate of dilution and the specific growth rate. Novick
(1954, 1955), Spicer (1955), Malek (1955) published extensive papers of a more
general character denoted to the questions of continuous culture methods.
Danckwerts (1934) treated the main principles of chemical flow systems and
limited the possibilitics of individual types of flow reactors for certain types
of reacti Some of his 1 can be applied also to continuous flow
cultivation. Saeman, Locke and Dickerman (1946), Maxon (1954), Katsume
(1956) studied the probleins of industrial continuous fermentations mostly
with yeast organisms and Tamiya (1957) with algae.

The theory has been developed in a number of other papers. Herbert,
Elsworth and Telling (1956) undertook a mathematical analysis of the kinetics
of bacterial growth and ct ges in the c tration of microorganisms on the
basis of & minimum number of very simple postulates. They treated again the
steady state problem and the effect of various rates of dilution at various
substrate concentrations in the inflowing medium. They supported their
1 ical conclusions by ical results. Powell (1956) treated mathemati-
cally the relationship between the rate of growth and the pereentage occurrence
of cells of different ages and of different generation times in cultures growing
under ti flow diti He di 1 the various factors leading
to the establishment and preservation of a steady state. Pirt (1957) derived
formulae for calculation of the oxygen intake in a continuous culture.

The perfection of the theory resulted in the production of new and better
laboratory equipment of various types (Hedén, Holme and Malmgren, 195,
Fox, Szilard, 1955; Elsworth, Meakin, Pirt and Capell, 1956; Anderson, 1936;
Perret, 1957).

The methods employing the continuously operating culture apparatus
can be divided into four groups.

I METHODS BASED ON THE PRINCIPLE OF CIRCULATION

The medium flowing out of the stock vessel and returning to it again circul-
ates constantly through the cultivation vessel. Circulation of the liquid is
effected by a pump or, with most types of apparatus, by an air lift, which at the
same time aerates the liquid. Through the metabolic activity of the organisms
the nutrient level decreases, the number of cells increases and metabolites
accumulaté. In spite of the fact that the apparatus operates continuously the
process takes place batchwise and corresponds in character to the closed
systems.

It is known in two basic types:

8) The organism grows on a fixed carrier and some of the free cells circulate
with the liquid.
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A typical example of this type is the production of vinegar in vinegar vats.
The same principle was used by Hermann and Neuschul (1935) who studied
the formation of gluconic acid by bacteria growing on wood shavings. Audus
(1946), Lees (1949), Temple (1951) and Dubash (2956), who designed several
types of perfusion apparatus studied the taboli: of microorgani;
growing on soil particles by means of the percolation technique. Pasynskij
and Nejmark (1952) caused the microorganisms to adhere to pieces of sintered
glass in their circulation f tor. Dimopoull and Pritham (1951) cultivated
animal tissues fixed in a percolator. Darlington and Quastel (1953) used a double
perfusion apparatus for studying the passage of various substances through
the wall of a still living picco of intestine.

b) The ism grows disp d in the medi Lundgren and J

(1955) (Beesch, Shull, 1956) used the air lift pump prineiple in their laboratory
fermentor and Ashton and Holgate (1951) patented a circulati ip

for the production of streptomycin. Tamiya (1957) mentions several methods
of cultivation by circulation for the Ppropagation of algae. Krauss and Thomas
(1954) harvested algae by means of a continuously operating centrifuge and
returned the auy to the cultivation trays. Boockoler (1948) carcfully
separated alcohol from the circulating formentation liquid in a stripping tower
and returned the liquid into the fermentor together with non-damaged cells.

II. FEEDING METHODS

The substrate is fed at a certain rate, either periodically or continuously, to
the growing culture. Only those types are of importance which start with
a small volume of medi taining a certain ion of micr.
in the cultivation vessel and maintaining during the period of feeding a station-
ary concentration of cells and nutrients per unit of volume in harmony with
the rate of growth. In this phase the rate of the Process does not change in
time and resembles the steady state of open systems but washing out factor
is not represented here. Only the space and the amount of added nutrients
change. As soon as the desired volume is reached feeding is stopped. From
this moment on the cultivation process becomes a closed system changing
with time in a constant space and ends like any other batch process.

The feeding types of cultivation are most widely employed in the ferment-
ation industry. But most of the feeding schemes used to-day for yeast propaga-
tion have been designed on an empirical basis and do not always fully cor-
respond to the specific growth rate.

The various feedi)né systems are in extensive use also for the Ppropagation
of a great mass of algae (Krauss, 1955; Tamiya, 1957). Olson and Johnson
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(1948) fed slowly acid hydrolysed wheat mash to a culture of <. aerogenes
producing 2,3-butylenglycol so that the sugar concentration in the medium
was kept constant,

We know of experimental cases when the substrate was added periodically
or continuously to a considerably grown culture. The inflow was started only
when a certain phase of the cultivation process had been reached. These casos
are, however, only modified examples of the batch system.

Asimilar type was used for the cultivation of fodder yeast by Tyler and Maske
(1948) (Lee, 1949) who added a constant amount of nutrients into the recircul-
ating liquid and thus combined the circulation and feeding systems. Davey and
Johnson (1953) and Hosler and Johnson (1953) studied in their Inboratory
fermentor the effect of several saccharides on the production of..pencillin
by adding them periodically or ti in certain ts to
a mold culture in which they kept the pH constant. Soltero and Johnson
(1954) studied the formation of penicillin in shake flask fermentations to which
they added glucose continuously at a constant rate. Jacob (1953) decreased
the rate of growth of E. coli by adding & small amount of urease upon exhaus-
tion of the nutrients, thuscnsuring slow liberation of the ammonia from the
uren, or by adding small doses of lactase, thus ensuring liberation of the
glucose from the lactosc.

IIn SELII-CONTiNUOUS, PERIODIC METHODS

These processes are based on the principle of repeated and mutually depend-
ent batch cultures placed in one or more vessels conneeted in series. The
purpose of this process is long-term exploitation of the culture and its conti-
nuity is considered strictly from the industrial production point of view. Accord-
ing to the characteristics of the organism and the type of cultivation several
modifications have been employed so far:

a) repeated use of a grown culture. When molds are grown in surface tray
cultures the mycelium cakes are washed underneath with fresh substrate
after the fermented medium has been removed. This type was used in the
production of citric acid, but its Li in surface fer of peni-
cillin on trays or in a horizoutal fermentor Abraham (1941), Haller (1950)
(Brinberg, 1953) was not particularly successful in practice.

b) A part of the culture can be used as inoculum after the completion of
fermentation. This type is widely employed in the fermentation industry where
a part of the separated yeast cells are returned as the inoculum of a new fer-
mentation process. Garibaldi and Fecney (1949) left a part of the culture
in the fermentor on pletion of the fer tation process as inoculum for
a further fermentation process when producing subtilin. They repeated this
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process soveral times, observing no decrease in the production of the anti-
biotic, .

) A part of the culture is removed at a given growth phase and the rest
is supplemented with fresh_substrate to the original volume. The removed
part of the culture continues to ferment in one or several other flasks.

To meet the needs of the fermentation industry several modifications were
developed, e. g. for the initial propagation of yeast (Castor and Stier, 1947),
for yeast production (Meyer, 1929; Daranyi, 1936; Pi§, 1956), for gluconic acid
production (Porges, Clark, Gastrock 1940), and for fodder yeast production
(Leopold and Fencl, 1955), Wakaki, Ishida, Yamagushi, Mizuhara and Masuda
(1952), Foster and McDaniel (1952), and the Schenley Ind. Co. (1953) tried to
produce penicillin by a semi-continuous method and the Distillers Co. (Perl-
man et al., 1952) st ycin. An analogous culture techniq can be applied
in the production of algae as shown by Tamyia (1957) in his general report.

IV. CONTINUOUS FLOW METHODS

The for conti culture tech ts usually of a reser-
voir of sterile of & device effecting the inflow of the nutrient
medium into the culture flask and an overflow device which ensures a constant
volume of the culture in the growth tube by cnabli g the microbial suspensi
to escape. According to the type of process taking place in the described
the conti flow techniques can be divided as follows:

1. HETEROCONTINUOUS METHODS

The nutrient medium flows continuously as a unified stream through the
static space in which the microorganism grows. The composition of the medium
in the flask ch along the direction of flow ding to a certain rate
gradient. If the conditions of flow rate are tant then the positi
of the medium at a certain point of the culture space approaches a constant
and time-independent value. The system as a whole does not change with time
and is characterized by ch in the arr t of spatial dinat
In other words, it is spatially variant but temporally invariant.

Two modifications are applied:

a) The Organism Grows on a Fixed Carrier

Some examples belonging to this group form an exception as with them
no mechanism for keeping the volume of culture constant is used. In order
to observe cellular division under the microscope Harris and Powell (1951)
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i
t

constructed a small chamber in which bacteria grew on a cellophane membrane
under which the nutrient i tantly passed. R berg (1956)
observed under the microscope a lysis of a colony of St. aureus (LS,) which
grew on an agar plate covered with a cover glass. The medium was brought
in and carried away by two strips of filter paper. Also Utenkov (1941) used
agar slant as culbure carricr in one of his modifications of a microgenerator,
Savage and Florey (1950) studied the induced antagonism in a microculture
of B. proteus which grew on a small metal spiral and was washed very slowly
by the inflowing nutrient medium containi g the ion of the microbe
against which the antagonism was to be formed. Kautsky and Kautsky (1951)
cultivated bacteria, algae and Rhodotorula on a filter paper strip in the vertical
Pposition which was at its upper end continuously saturated with a substrate
solution. Pasynskij and Nejmark (1952) used pieces of sintered glass as a carrier
for organisms in a cylindrical flask. Northrop, Ashe and Morgan (1919) divided
a cylindrical fermentor into several zones by means of perforated plates.
On the corn cobs with which the individual zone were filled they grew B. aceto-
ethylicum which fermented cane molasses flowing in the upward direction
to acetone and ethylalcohol. Sarkov (1950} described a method of alcoholic
fermentation of sulphite liquors in which yeasts grew in wood or metal baskets
filled with cellulose fibres and sut ged into the medium in the fermentor
at a continuous flow of liquid. Kaljuinyj (1955) used yeast cells deposited
on cellulose fibres to ferment sulphite waste liquors. Clifton (1943) tried to
produce penicillin continuously in an modified vinegar vat. The mold grew
on wood shavings in a tall and narrow glass cylinder. The stream of liquid
and of air was directed downward. Swiss patent*) authors tried to use the
method for industrial production of penicillin but without practical success.
The mold was to grow on the surface of tubes, grids or various small objects
washed by the substrate solution, Jeffreys (1948) underwashed continuously
mold mats growing on the surface of a liquid and studied the production of
mold enzymes. The same principle was used for the production of penicillin
by Stice and Pratt (1946) who placed several converted trays one above the
other into a cylindrical fermentor filled with medium. Under every tray they
formed a bubble from the entering air. Thus the mold grew on the interface
of a liquid and a gaseous phase. The flow of liquid was dirceted downward.
Svachulové and Kugka (1956) described a simple apparatus arranged in such
a way that Mycobacterium the could be cultivated in it on the surface of the
nutrient medium undisturbed by the continuously passing liquid.

Moyer (1929) cultivated Bact. aerogenes and Moor (1045) cultivated some
penicillia and yeasts under highly aerobic conditions in variously adjusted
long glass tubes placed horizontally. Organisms grew on the lower side of the

*) Verfahren und Ennrichtung zur H g von Schi ilzp , insh
Penicillin, Swiss Patont 279 098, 1548,
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tubes in a slow current of liquid and flowed out from them into collecting
veagel, or elso they were let out periodically from the sedimentation celis at the
outflow end of the tube.

A typical example of the “piston flow” or of the “tubular flow” is the culti-
vation in which the liquid flows slowly inside a permeable cellophane tube
and the organism grows on its oxternal surface. Lewis and Lucas (1945) grew
P. notatum first on the surface of a cellophane tube, but as the mold attacked
the cellophane they used a porcelain tube, in some cases covered with a cellu-
lose nitrate film. A ceramic cylinder was used for the same purpose by Beatty
(1946) (Brinberg 1953). Harmsen and Kolff (1947) obtained considerable
amounts of microbial mass on the same principle. They grew bacteria on the
surface of variously prepared cellophane tubes.

b) The Organism Grows Diffusely Dispersed in an Unstirred
Medium

This culture method has found wide pplication in the fer ion industry.
Most methods are based on the empirical process of substrate utilization in
a series of Ily 1 fer: Long ago Lebedev (1915) (Lebedev,
1936) pointed to the possibility of for ive production of ethylaleohol in this
way; later on ho developed it himself on an industrial scale. A similar type
of process of fermentation of very varied substrate to ethylalcohol is described
e. g. by Becze and R blatt (1943), Altsheller, Mollet, Brown, Stark and
Smith (1947), Savéenko (1957); to t butylalcohol, ethylalcohol by
Lagodkin (1939); to protein and fat yeast by Sarkov (1950). Saeman, Locke,
Dickerman (1946) mentioned several types of industrial continuous ferment-
ation processes of wood hydrolysates for alcohol and yeast production. The
system of three fermentors of different sizes and in various combinations was
patented by Sak (1932). Sarkov (1950) described also a continuous alcoholic
fermentation process in which he increased the yield of alcohol per fermented
sugar by returning a part of the separated yeast cells into the process.

The principle of vertical cylindrical fermentor divided by variously adjusted
partitions into several zones was employed by Victorero (1948) and by Owen

holi

(1948) for conti 1 fer ion. The former used the up-flow
of mash, the latter the down-flow when yeast cells accumulate on the upper
plates.

Further ples of conti Icoholic for ion were given by Sarkov

(1950), Maxon (1954) Gaden (1956), Katsume (1956) and Ueda (1956).
Simple laboratory apparatus were described by Saenko (1950) who tried

to adapt wine yeast to a higher concentration of alcohol in an unreliably oper-

ating mechanism, and by Rudakov (1936), and Verbina (1955) who studied the

daptation of yeast to antisepti
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Cekan (1939) prepared bread leavening in a continuous multistage apparatus
in which two different alcoholic fermentation and lactic acid fermentation
took place.

Gotass et al. (1951), Oswald et al. (1953) (Tamiya, 1957} used specially
adapted sewage lagoons and oxidation ponds which they named “symbiocon”.
They used them for con-
tinuous cultivation of
algae together with aero-
bic bacteria without any
supply of atmospheric
oxygen. The bacteria
utilized the oxygen libora-
ted by algae during pho-
tosynthesis and oxidized
the waste organic mate-
rial. The algae in their
turn photosynthesized or-
ganic matter from the
CO, and NH, produced
by the bacteria.

Also several bacterio-
logical papers have appe-
ared in which the possi-
bility of maintaining con-
stant culture conditions
is discussed, but these
same conditions are de-
termined by the authors
mostly empirically.

Utenkov, patented in
1022 (Utenkov, 1941) his
microgenerator in which
he studied two stages of Fig. 1. Microgenerator; Utenkov (1941).
development of microbes,
the subcellular and the cellular one, and in his division theory he assumed
even the existence of a sexual cyele. He presumed that each stage required
special suitable conditions and arrived at the conclusion that the constancy
of these specific conditions is ensured only by a flowing nutrient medium.
In the course of later years Utenkov developed several types of microge-
nerators, one of which is shown in Fig. 1, as well as several culture techni-
Ques as a part of a broader method which he called “mikrogenerirovanie”
(Utenkov, 1941, 1944). Felton and Dougherty (1924) constructed an auto-
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matic transferring dovice in which they studied the conservation of the viru-
lence and the influence of the pH on the virulenco of one strain of Prewmo-
coccus grown on skimmed milk. The new supply of food from the storage
bottle was lated by an electr clamp controiled by a time-relay
8o that active growth of organisms was made possible. The cell suspension
flowed out of a U-shaped growth
- receptacle over on overflow si-
phon. Haddon (1928) (Novick,
1955) described a simple device
for continuous culture of micro-

organisms.
Rogers and Whittier (1930) pro-
M ceeded from the analogy of a bac-
terial culture with a multicellular
organism and in order to form
analogous conditions they con-
structed . continuously operating
apparatus in which they culti-
vated E. coli and Str. lactis cither
independently or in a mixed cul-
ture. The supply of nutrients was
very slow 8o that the content of
the culture flask was renewed once
in 24—30 hours. They realized the
importance of this method for in-
dustrial purposes and tried to
produce lactic acid in open fer-
mentors (Whittier and Rogers

Fig. 2. Simple continuous culture apparatus; Mslek
(1943).

1931).
The Rogers method was employed by Cleary, Beard and Clifton (1935) who
limited growth by the ion of various nutri and tried to investigate

the principle of the stationary phase at a very slow rate of flow of nutrients,

In the years 1934—1942 Malek (1955) formed a working hypothesis as to the
indirect proportionality between the virulence and ease with which bacteria
can propagate. He tried to solve this problem as well as that of the Ppropagation,
M-concentration and variability of bacteria using E. coli in a simple flow culture
tube (Milek 1943) (Fig. 2). R

Jordan and Jacobs (1944) proceeded from a criticism of papers concerning
the M-concentration. Their starting point and comparison standard was the

pt of static cultivation. Therefore they used a very slow rate of flow
of sub added automatically at & constant rate by means of a special
pipette.

86

Barnes and Dewey (1947) described a simple laboratory device for continuous
cultivation of St. paradysenteriae, and Duché and Neu (1950) for cultivation
of Dermatophyte.

2, HOMOCONTINTOUS METHODS

The process takes place in a thoroughly stirred culture flask to which fresh
substrate is continuously added at a fixed rate. In order to keep tho volume
of the culture constant the fermented medium flows out, through an overflow
together with an amount of propagated organisms. The medinm composition
is the same at all points of the culture space as well as in the overflow. Although
a number of reactions take place here the system as a whole does not change;
the fact that some reactions must have taken place is evident from the differ-
ence in the composition of the inflowing and outflowing medium. Under con-
stant, ditions of flow a plete stati 'y state of the culture is established
which is both temporally and spatially invariant. The growth process can be
compared to an autocatalytic reaction for which a thoroughly stirred and in
certain cases also aerated flow fermentor is the most suitable one, a fact which
is not sufficiently appreciated in cases when the fermentation liquid is not
stirred sufficiently merely by passing air.

There are two types of culture methods enabling the achievement of a con-
stant density of microorganisms.

a) Methods Based on the Principle of the Turbidistat

It is assumed that in a turbidistat microorganisms grow at their maximum
growth rate while their density is kept at a certain selected value of a controlled
flow rate.

The density of microorganisms in a turbidistat is observed directly in the
culture flask by means of physical or physicochemical methods. Most widely
used are photocells by means of which the intensity of light beam is measured
after passing through the cell suspension. Sometimes also indirect measurement
is employed, e. g. measuring the PH or concentration changes of some substance
resulting from the changes in the number of microorganisms. The device used
to measure the density automatically controls the rate of flow of the nutrient
medium. The constancy of flow and the density depend on the sensitiveness
of the d ion and supply mect If the organism is to grow at a maximal
rate its density must be chosen within such limits that even a small change
can be optically registered and at the same time that the nutrient capacity
of the culture medium is not exceeded. The experimenter can change the density
d ding on external conditions, within certain limits, preserving at the same
time the maximal growth rate which in a turbidistat is given by the chemical
and physical quality of the medium.
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Myers and Clark (1944) were among the first to employ the method of
photoclectric control of density of unicellular algae. They studied the effi-
ciency of inorganic and organic nutrient media for growth at a given rate
of flow of the inflowing medi They controiled the dilution of growing
cultures by means of an overflow making it possible to change at will the volume
of medium and thus also the dilution rate. Cook (1951) cultivated algae (Chlorelle
pyrenoidosa) on a laboratory scale in a tall glass cylinder, acrating the suspen-
sion by a mixture of air and CO,, and studied the influence of intensity and time
of illumination. He measured density in a side circuit through which part of
the culture passed. The fresh medium supply was controlled automatically
by a solenoid valve in the photoelectric circuit. He also proposed
doveloping industrial production in long horizontal tanks into which the medium
would enter through holes located at definite distances along the tank. Phillips
and Myers (1954) described a small apparatus in which they measured the
growth rate of unicellular algae as a function of intensity and itermittency
of illumination under diti of density of population and of
constant volume. Krauss (1955) discussed the physical conditions and nutri-
tion requirements in a large continuous production, Tamiya (1957) quoted
in his report a number of further papers dealing with the propagation of
a considerable amount of algae by means of this culture technique.

Bryson (1952, 1953) tried to obtain forms resistant to antibiotics in his
turbidistatic selector. He measured the turbidity of the culture by means of
8 photoelectric system into which a device was also introduced which controlled

Ily the supply of nutri lution when the culture reached a certain
constant turbidity. Also in this circuit a proportional-feed system was placed
which made it possible to i trically the ion of the

toxic substance in the medium in proportion to the propagation of cells.
Graziosi (1956) described an automaticall Ly ing turbidi in which he
registered under certain conditions the rate of adaptation of Micrococcus pyo-
genes and Proteus vulgaris to the antibiotic novobiocin (Graziosi and Puntoni,
1957). .

Northrop (1954) adapted his aut ically ing turk for use
with a ial-type photoelectric colorimeter in order to study the growth
of a lysogenic strain of B. megatherium. Bacteria growing on the walls of the
culture cell in which the measurements were carried out were removed by
windshield wipers fixed to a stainless stirring rod which moved vertically,
driven by a motor. In his turbidistat he registered changes of the growth rate
under the influence of oxytetracycline and studied the rate of adaptation
(Northrop, 1957a); he also endeavoured to treat rathematically the formation
of resistant mutants {(Northrop, 1957).

Fox and Szilard (1955) constructed a turbidistatic cultivation device with
a photoelectric system which they called a “breeder”. They kept the density
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i

‘ of exponentially growing bacteria at a certain va-

lue by controlling the influx of fresh nutrient me-
dium, and maintained the volume of the culture
at o constant value by means of an overflow siphon.
The operation of the breeder was controlled by
a time-relay. Every 4 minutes stirring was stop-
ped, the light source turned on, a density reading
carried out, the light source turned off, stirring
started again and the influx of the medium ad-
justed according to a pre-set. density value. The
whole operation did not last more than 30 seconds.

Fig. 3. Microbial di Andorson (1956).

A — Growth tube; B — Circuit of comploto dovicowith turbidity recording: 1 — light sourco; 2 —

mirror; 3 — growth tube; 4 — phototube; 5 — holipot; 6 ~~ balancing motor; 7 — ralay: § - drop
recorder; 9 — thyratron relay; 10 — turbidity recordor; 11 — galvanometor,

They broke up foam with a red-glowing platinum filament which was strotched
across the flask above the surface of the liquid. Fox (1955) measured the rate
of formation of mutations in a breeder and in a chemostat with two strains
of E. coli B under a variety of steady state growth conditions.

Anderson (1953, 1956) described a turbidistatic device called a “microbial
auxanometer” (Fig. 3) which, by means of a system of photocells and relays,
registers automatically the course of the process and controls the proces:
itself according to preselected values under turbidistati and ct i
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conditions. The inflow of the liquid into the culture flask is controlled auto-
matically and registored by means of a magnetic valve and a drop counter.
The culture flask rotates while tho wipers, fixed magnetically in a certain
position, clean the walls and stirr the culture.

b) Methods Based on the Principle of the Chemostat

Inach the flows ly at a given rate. The volume
of the thoroughly stirred culture is kept constant by means of an overflow
system. The growth of organisms is controlled by the concentration of substrate
and each dilution or flow rate fixes the substrate concentration at a value
required for the specific growth rate to be equal to the dilution rate. Under
these conditions the specific growth rate is a function of the substrate concentra-
tion or rather of the concentration of an important nutrient which js often
called the limiting or growth controlling factor. Of decisive importance are
the quantitative chemical conditions from which the method derives its name.
The ch i ti Itivation of mi i makes it possibl
not only to select.at will any growth rate with the density unchanged, but also
to select different values of density under certain conditions.

Before the chemostatic conditions were mathematically analysed and the
controlling influence of the concentration of the substrate on the growth
of microorganisms was .classified and st d, the conti P were
used in industry as well as sometimes in the laboratory rather with the aim
of full utilization of fermentable sugars. It was the metabolic activity of the
organism that was considered the leading component of the process of ferment-
ation. The mutual dependence of the rato of growth, rate of flow and concent-
ration of the substrate was not understood to its full extent. For this reason
the production processes, even though appreciating the advantages of conti-
nuous processes, were based on empiric experience. The first traces concerning
for of this type app d in the f industry in the process
of production of ethanol and Yeast cells from various substrates containing
saccharides. A minor part of the work, mainly of an experimental character,
was concerned with the possibilities of full devel p of the d; ies of

Itipli under flow ditions and utilized or followed the
f] C fully chosen limiting factor on the growth or some
other physiological function.

Hayduck (1923) patented a method of yeast cultivation with aeration and
at a slow rate of flow of concentrated molasses in order to utilize also the pro-
duced alcohol. Imnty (1928, 1929) directed the rate of inflow and outflow
g to the sugar exhaustion. The regulation was performed
ing the inflow orby returning the separated yeast. He carried

both in the p and in the abs of aleohol.

infl

of a purp

Biihrig (1929) produced yeast by the continuous-addition-withdrawal process.
The diluted substrate flowed into the suspension of yeast cells and was with-
drawn at an approximately identical rate into a reserve vessel where the ripen-
ing was completed. Both vessels were aerated. Harrison (1930} used threo
cylinders inserted into one another for the production of buker's yeast. The
medium was continuously added to the central cylinder from which it flowed
down through a number of overflow openings into the adjacent annulus with
a lower level and then identically into the second annulus with the smallest
volume of culturc. All three stages were acrated thoroughly. Olsen (1930) used
& sevies of mutually connected fermentors in which he kept a constant rate
of flow. If the nutrients were not utilized in one fermentor he added another
one. Bilford, Scalf, Stark and Kolachov (1942) used a continuous fermentation
process for the production of ethylaleohol; this took place in one fermentor
stirred by CO, in the course of a 5—7 hour cycle. Scidel (1943) patented two
procedures for the production of yeasts and other microorganisms. In one case
he used three intensively aerated wide fermentation vats arranged in a cascade.
Yeasts separated from the last vat were roturned to the first one. In the second
case he divided concentrically a wide cylindrical vessel into a number of
round compartments linked together alternately by overflows and openings
near the bottom. The medium added continuously or periodically into the
non-acrated contre, flowed through the openings at the bottom into the
neighbouring compartment whence it was carried by air to the overflow and
into the next nonacrated compartment from which the yeast suspension was
withdrawn for further treatment. Unger, Stark, Scalf and Kolachov (1942)
described a continuous aerobic propagation process of alcohol yeasts which
were used only after separation as a starter in a proper alcoholic fermentation.
Ruf, Stark, Smith and Allen (1948) were able to ferment both in the laboratory
and in the pilot-plant acid-hydrolyzed grain mash in the course of a 12 hour
cycle. .

At that time a number of papers appeared studying fodder yeast production
on molasses and on sulphite liquors, as shown by Lee (1949) in his general
report. Harris, Hannan, Marquardt and Bubl (1948) cultivated 7'. utilis on
wood hydrolyzates using a battery of interconnected fermentors. Later Harris,
Saeman, Marquardt, Hannan and Rogers (1948) and Harris, Hannan and
Marquardt (1948) used a fermentor of the Waldhof type in which they studied
the problem of suppl ion with i ic salts when cultivating 7'. wtilis
on non-fermentable sugars remaining after the alcoholic fermentation of wood
hydrolyzates.

Stier, Scalf and Brockman (1950) .were able to obtain yeasts with constant
fermentation properties after having grown them continuously under anaerobic
conditions in their glass apparatus. They stirred the culture by means of
Ppassing nitrogen through it. Adams and Hungate (1950) tried to calculato the
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characteristics for a yeast flow culture using the growth curve and the curve cation. The greatest attention has been given to genetic m.\(l growth prob]'ems
of sugar decrease obtainod in a batch culture. Maxon and Johnson (1953) and ounly recently has the study of metabolite production and of various
di d the probl of oxygen t port and of material balance in a conti. enzymatic systems stepped into the foreground.
nuous fermentation process in one fermentor. A devico measuring the pH of the

tflowing liquid lled ant: ically the addition of ia to the
culture. Owen and Joh (1953) designed a conti shaker propag;

for yeasts and bacteria. Schulzo (1956) studied the influence of various coneen-
trations of ammonium dihydrogen phosphate on the growth rate of yeasts

Itivated ti ly on sulhpite liquors from beechwood. Malek, Burger,
Hejmovi, Ritica, Fencl and Beran (1957) used a multi-stage apparatus to study
hexoso and pentose utilization by T. uilis and Monilia murmanica growing
on non-diluted sulphite waste liquors. The organisms became adapted during
the flow culture to the toxic substances contained in the liquor but no adap-
tation could be observed to those sugars to which the organisms had not been

adapted previously. Borzani and A q (1957) £ ted i ly
blackstrap mol to ethylaleohol on a i-production scale and studied
the influence of the sugar ion, feed rate, agitati speed and fer-
mentor capacity. The application of Ppenicillin to suppress contamination
had a beneficient influence on the course of fermentation.

In the field of industrial production of antibiotics it was Dy ick (1952)
(Perlman et al., 1953) who tried to prod treptomycin in the contis fer-

way, and Kolachov-and Schneid (1952) who tried it with penicillin.
Liebmann and Becze (1950) patented a method for the production of anti-
biotics and especially of penicillin; they start to add substrate at the time of
maximum multiplication. The overflowing liquid was collected in another
vessel where the final phase of fermentation took place.

Nowrey and Finn (1955) (Beesch, Shull, 1956) studied the continuous fermenta-
tion production of acetone and butylaleohol by CI. butylicum keeping a very
low concentration of cells in the Propagator. But & practically applicable con-
tinuous fermentation method for these products has not been discovered as
yet. Protiva and Dyr (1958) and Dyr and Protiva (1958) used a glass apparatus
with several flasks arranged in a cascade for the same purpose.

Ketchum and Redfield (1938) cultivated the marine diatom Nitzschie
closterium under chemostatic conditions. The rate of growth of this photo-

thets i h a

g ding to the intensity of light and to the ' Fig. 4. Bactogen; Monod (1950). J
- concentration of CO,. Browning and Lockinger (1953) and Vivra (1958) . . . .
constructed a simple apparatus for cultivation of the infusorium Tetrahymena : Gerhards (1946) designed a laboratory apparatus in which the addition of

fresh medium and the withdrawal of the product were accomplished continuously
and simultaneously. He used an aerated culture of Brucella suis at various
generation times without selecting the limiting growth factor.

Milek and his co-workers used a cultivating device consisting of several
aerated growth vessels arranged in a cascade connected by overflows. They

gelei under stabilized chemical and physical conditions; Vivra also studied
the morphology of Eugl_c‘ma gracilis (Klebs).

Most expérimental and theoreitcal Papers dealing with stabilized conditions

1ous flow of.the medium have ppeared in bacteriology, but only

ber have been treated from the ‘point of view of practical appli-

H
4
|
i
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studied the problem of growth cycles of bacteria, particularly of Azolobacter
(Mélek 1952a, b; Macura, Kotkova 1953), of the resistance (Milek, Vosykovi,
Wolf 1953) and the vegetative forms and spore formation of bacilli (Seviik
1952; Milek, Chaloupka, Vosykovi, Vinter, Wolf, Hlavatd 1953). Milek (1955)
compiled his and his co-workers’ results and laid the main stress on the import-
ance of studying metabolism and growth conditions from the point of view
of the optimal physiological state of the cultivated microorganism.

Monod (1950) studied the growth principles of bacteria and the role of the
concentration of important substrate on the rate of growth. By his mathe-
matical treatment of the principal steady-state factors a basis for the theory
of continuous flow cultures was laid. He called his apparatus “Le Bactogéne”
(Fig. 4). The culture flask rotates along its longitudinal axis inclined by 3—4¢°.
In the rotating flask the liquid spreads on the flask walls and thus the culture
is stirred and aerated. Tho same principle was employed by Hofsten, Hofsten
and Fries (1853) for cultivation of the Ophiostoma multiannulatum mold; they
controlled the rate of growth by supplying new nutrients. Cohn_and Torriani
(1953) studied the kinetics of the formation of a certain protein which is
related to beta-galactosidase while cultivating E. coli on malt lactose and

lactose in a syntheti di Perret (1953) added small doses of penicillin
to a culture of B. cereus growing in steady state at a constant density and mea-
sured the subsequent changes in the kinetics of penicillinase formation. He
used the disapp of 3*P to exactly the rate of dilution. Hedén,
Holme and Malmgren (1955) modified somewhat Monod’s bactogen and used
it to study the possible relationship between the growth rate and nucleic acid
content in E. coli. Rogers (1957) studied the suppression of hyaluronidase

in St 1ti d in the bactogen. Perret (1957) described
an aut: lati pp for conti 1ti applying the rotating
flask principle; its axis was inclined at an angle of 80° with the horizontal.

He described the function of an auxiliary device which kept the rate of flow
of medium and of air In the app described by And. (1953,
1956) a cylindrical vessel rotates along the vertical axis, the culture being
stirred by magnetically fixed wipers. He equipped his apparatus with a very
i i hotoelectric attach which aut. lly registers and regulates

the cultivation process.

At the same time as Monod, Novick and Szilard (1950a, b) described their
Chemostat (Fig. 5) and endeavoured to analyse mathematically the steady
state conditions of culture. They treated systematically the influence of the

ion of various limiting factors, particularly of purines, on the rate
of formation of mutants of E. coli resistant to phage in relation to the absolute

1 a th tioal +

time and a of this process (Novick and Szilard
1950b, 1951, 1952, 1953, 1954). Using a chemostat Lee (1953) found that
the rate of formation of resi is independent of the rate of growth.

94

1043R002800080004-5

The limiting factors were tryptophane and theophylline, which, under certain
conditions, differed in their influence on the rate of formation of resistance
toward phages T, and T,. Labrum (1953) (Novick, 1955) studied the rela-
tionship between the generation time and the time necessary for expression of
ind ions. Various ch tats for use in continuous culture of bacte-
ria were described by Kubitschek (1954), Haan and Winkler (1955), and Rotman
(1955). The sonic lysis of cells of Azotobacter vinelandii and of E. coli grown

Fig. 5. Chemotat; Novick, Szilard (1950).

on synthetic media in the chemostat was studied by Rotman (1956), Formal,
Baron and Spilman (1956) studied the influence of continuous culture on
virulence and immunogenicity with mice of two strains of Salmonella typhosa.
Karush, Tacocca and Harris (1956) described an apparatus which they used
to keep a culture of haemolytic streptococcus of group A in a steady state
at different rates of growth. They studied the influence of the pH, glucose
and tryptoph as factors limiting growth. Holme (1 957) carried out continuous
cultivation of E. coli in an Erlenmeyer flask placed in a rotation shaker. He
studied the relationship between the rates of synthesis of nitrogen-containing
components and of no-nitrogen compounds such as glycogen, using the source
of nitrogen as the limiting factor.

A technically acceptable and modernly equipped apparatus of larger type
for use in bacterial culturc was described by Elsworth and Meakin (1954) and
Herbert, Elsworth and Telling (1956). A very advanced laboratory fermentor
together with a reliably and constantly operating auxiliary equipment was
constructed by Elsworth, Meakin, Pirt and Capell (1956) (Fig. 6). Their appara-
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tus was then equipped with an aut tic pH registration and regulation device
designed by Callow and Pirt (1956) who also developed a method for chemical
sterilization of glass electrodes.

Fig, 7 shows a laboratory ‘fermentation apparatus which can be used for
three simult batch fer or for three simultaneous eontinuous
processes under indentical or different diti As fermentors are fixed on
& common carrier it is possible to connect them in series for some special
purposes (e. g. mixed fermentations). According to the rate of renction taking
place in the individual vessels the rate of dilution can be adjusted by changing
the volume of culture. The fecd rate of the substrate can be regulated by a ver-
tical movement of the outflow end of the thermostatic resistance capillary
tube with respect to the constant level in Mariotte’s bottle. The amount of
liquid passing through can be measured either by a flowmeter, by the number
of drops, or by reading off the differencoe in the graduated storage bottlo level.
Both the liquid and the air are thoroughly mixed by a centrifugal glass stirrer
(Ridica, Griinwald 1954). Any registration or regulation device can be connected
with this apparatus.:

Fig. 8 a and b show a glass flow apparatus with a working capacity of 20
litres which was used for continuous cultivation of S. cerevisize on molasses.
At first the inoculum was prepared by a batch process in the first fermentor.
The continuous process took place in two other fermentors the sccond of which
had a smaller operating capacity so that the period of delay corresponded to
the time of complete utilization of the formed alcohol. The complex of problems
presented by this process as well as the qualitative properties of baker’s ycast
prepared in this way are discussed by Beran in another report in this sym-
posium.

AUXILIARY DEVICES

The device by means of which the substrate solution is continuously added
to the culture flask must be simple, reliable and constant in operation as well
a8 easily manageable. It must be easy to sterilize and keep sterile while operat-
ing. It should be made from corrosion-proof material.

Most authors use the principle of Mariotte’s bottle. The rate of feed is
regulated by a screw clamp, by an electromagnetic valve, or in most chemostatic
cultivations by a thermstatic resistance capillary tube. The limiting factor
is either the gas pressure above the level in the stock bottle or the diffcrenco
between the level and the outflow end of the capillary tube. Elsworth et al.
(1956) and Perret (1957) have recently described a very good apparatus of
this type. Lundsted, Ash and Koslin (1950), Michaeli (1951), Maude (1952) and
others used the principle of a rod or plunger being inserted into the tube in
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order to regulate the flow. Geankoplis and Hixson (1952) constructed a glasa
needle valve used for adding small amounts of liquids under pressure. Jordan
and Jacobs (1944) added the fresh nutrient medium by means of an uutomahc
special pipette. Rosenberg (1956) added sub to a mi 1l by d

it in by means of a filter paper strip. Stier et al. (1950). displaced the llquld
from the stock bottle by means of Soltero and Joh (1954) used
the gas evolved by electrolysia of water, the amount of gas being regulated
by the mwnslty of the current.

g and Lockinger (1953) forred small of liquid into
the cultivation flask by means of a small rotating motor-driven glass dipper.
But its rotating pam could be kept sterile only with difficulty. The constant
speed cam principle was d by And {(another report in this sym-
posium}) and by Mun, Cole, Brynnt and Morris (1957); by raising and lowering
the dosing flask the cam regulates the rate of flow. Sims and Jordan (1942),
Savage and Florey (1950), Dale, Amsz, Ping Shu, Peppler and Rudert (1953),
Karush et al. (1956), Formal et al. (1956) used variously adjusted piston
pumps moatly adapted from syringes. As with most piston and membrane
pumps the weak point is represented by valves and by the interrupted flow
of the liquid a number of authors preferred pumps by means of which they
could add i ly solutions even of susp haracter. The rotary
rubber tubing pumps proved to be the best ones (Weigl and Sta,llmgs 1950;
Apolcin 1953; Maxon and Johnson 1953; Hosler and Johnson- 1953; Malek
1955; and others); also the keyboard and hose pressure Sigmamotor pumps
(Holme, 1957) proved to be very reliable and exact.

The volume of passing liquid is usually measured in graduated vessels,
flowmeters (Herbert et al., 1956), or by ic drop (And
1953, 1956). Cntheron and I{a.mswort.h (1956) presented a review of flow

a diaph with an electric differential
transfer system to the electric registration device, a diaph with a pneu-
matic differential transfer system m the pneunmtw registration device,
2 magnetic flowmeter with el a cc tled regulation valve

with electronic registration etc. The rate of flow as measured by radioactive
indicators was studied, for instance, by James (1951), who designed an indue-
tion flowmeter, and Perret (1953). In his review of various dosing mechanisms,
particularly those for dosing of liquids, Henke (1955) considered also the prob-
lem of corrosion. Fuld and Dunn (1957) described an apparatus for continuous
refraction index measurement by means of W}uch they cantrol sugar concen-
tration during yeast propag and ically control
the pH, temperature and the anti-foaming agent. Bartholomew and Kozlov
(1957) designed an for control of the addition of the
anti-foaming agent and of the nutrient medlum to the bactery of fermentors,

One of the most important problems of fer is d
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by continuous preparation and sterilization of the substrate. A solution to this
problem was sought, for instance, by Unger et al. (1042), Gallagher et al. (1942),
Stark et al. (1943), Pfeifer and Vojnovich (1952), Whitmarsh {1954), Tomisek
(1936) as well as by others.
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AN IMPROVED CELL FOR MAINTAINING BACTERIAL
CULTURES IN THE STEADY STATE

JorN H, NorTHROP

If bacteria are grown in a constant volume of culture medium, the compo-
nents of the medium, the growth rate, and the physiological state of the cells
are constantly changing.

' If the concentration of bacteria is kept constant, on the other hand, the
composition of the culture medium and the growth rate and physiological
state of the bacteria are also constant. X

The bacteria may be kept at constant concentration by diluting the culture
at a constant rate which is less than the maximum growth rate of the bacteria
in that culture medium. Under these conditions, the concentration of bacteria
will increase, and the growth rate decrease, until the latter exactly equals the
dilution rate. The system is now in stable equilibrium. This principle has been
used by Monod (1950) and Novick and Szilard (1950), Novick (1955), and
Perret (1957) to maintain the culture in continuous growth. It has the advan-
tage of experimental simplicity.

It has the disadvantage that it is not possible to maintain a culture at its
maximum growth rate, since this would be an unstable equilibrium. In order
to maintain the culture at its maximum growth rate, it is necessary to control
the rate of flow of the culture medium in such a way that the cell concentration
remains constant, no matter what the growth rate. Several types of apparatus
for this purpose have been devised (Felton and Dougherty, 1924; Myers and
Clark, 1944; Bryson, 1952; Andetson, 1953; Northrop, 1954). This method is
more complicated experimentally, and is restricted to a range of cell concentra-

* tion which may be determined by optical methods. It has an advantage in that
it is poss ble to make automatic records of growth rate with considerable

Unde these conditions the growth of the organism in the cell is exactly
ooml.)emfedii:or by the addition of more culture medium so that
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- _ 4B d¥ W
= @B, T av, T
growth rate dilution rate

dB is the number of organisms washed out of the cell in unit time, B, is the
number of organisms in the cell (a constant), ¥ is the volume of the ccll and dV
is the overflow from the cell in unit time.

On integration

-_ B ¥
K=gr=7vr

since whent =0, B=0and V = 0.

The value of ¥ may be determined by measuring the volume of culture
medium which flows through the cell or calculated from the kymograph
record which shows the fraction of the time during which the culture medium
flowed into the cell. In this case

ml. hr-t

- time of flow
K= _V,]_ -

clapsed time

where ml. hr.-1 is the ml. of culture medium which will flow per hour without
interruption. If the drops per ml. of the culture medium from the capillary
tip is known,

drops culture medium min.—! 60 time of tlow
K= - — o =
drops culture medium ml. e © elapsed time

It may be noted that under these conditions the increase in bacteria (assum-
ing that growth occurs only in the cell) is arithmetic, instead of logarithmic,
as under usual diti since the i in bact. is removed as fast
as it is formed. If this were not the case, the growth rate could not be balanced
by an arithmetic dilution rate.

The time for the number of bacteria to double, therefore, is equal to the
generation time 1/K, instead of l"—2 as in growth at constant volume.

In case the culture contains 2 organisms growing at different rates, the ratio

of the 2 is P

W,

M Mye

where % is the ratio of the 2 cells at ¢ = 0 'and % is the ratio at time ¢,
o
K, and K, are the respective growth rate constants. The time required to

reach various values of % is (Northrop, 1954)
M M,
2 — il N
= ('°g 7~ 8 W.,)
. T T K.-F.
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EXPERIMENTAL

The principal experimental difficulties are foaming and sticking of the
organisms to the walls of the cell, For practical purposes this may be an advant-
age, as in the quick vinegar ‘process, or the continuous acetone-ethyl aleohol

fermentation (Northrop, Ashe, and Morgan, 1919).

! For th 1 purposes, h , it is
that the ion of in the !
is the same as that in the cell, since this is assumed
in deriving the If the cell foam,

the foam contains fewer bacteria per ml. than the
bulk of the suspension (Northrop and Murphy, 1956),
If the organisms stick to the walls, they interfere
with any optical system and also cause an error in
the growth rate deter ion. If these i
differe qualitatively from those in suspension, ana-
lysis of the overflow may lead to entirely erroneous
conclusions,

The cell shown in Fig. 1 has been found to overcome

Fig. 1. Cell for maintaining bacterial cultures in the steady state.
1 — Culture medium inlet, 3 mm I. D. with fine tip; 2 — Tube,
10mm L.D.;3 — About 2mm1. D. 4 — Lactic acid inlet, 3 mn,
LD; 5 — Tube, 3mm I D.; 6 — Water outlet, 5mm L. D.; 7 —
Water inlet, & mm I. D.; 8 — Voesel, 22 mm O. D., 85 mm high
(up to the water outlet); 9 — Black tapo, 15 mm; 10 — Overflow,
SmmI.D;11 — Air,3mm 1. D.; 12 — Vessol, 35 mm O. D.

both of these difficultics. The air does not bubble through the suspension so
that there is little foam. The solution is kept saturated with air and the cell
walls are kept clean by the rapid motion of the wipers.

The wipers are made from Lusteroid test tubes and arc transparent so that
they do not interfere seriously with the optical system. A 10 per cent solution
of lactic acid, ining formaldet or any suitable disinf , is dropped
continuously (excopt when a sample is taken) into the collar of the cell where
it mixes with the overflow from the cell. This keeps the overflow clean and
sterile, and p taminating i from growing back up the
overflow tube.

The rate of flow of the culture medium is controlled by a galvanometer
connected to the photoie]eccric colorimeter in which the cell is placed. The
gal ter operates a photoelectric realy which in turn activates a solenoid
controlling the flow of culture medium.
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In case the growth in a large vessel is to be controlled, the overflow from the
tank is allowed to flow through the cell. The flow of culture medium into the
tank is then controlled in the same way as that of the cell.

In case pathogenic organisms are grown, the cell may be put under slight
negative pressure, instend of positive. The rubber stopper and stirrer guard
tube may be enclosed in a cylinder filled with strong disinfectant.

CONSTRUCTION OF THE APPARATUS

APPARATUS REQUIRED

Cell and wipers as in Fig. 1.

Klett-S: Industrial Colorimeter, Model 900.3.

Worner Photo-electric Relay, Model 5-100R.

Galvanometer, Leeds and Northrup, No. 2420, Coil P. I. 102 B, S.

Potter and Brumfield Relay, 6V-50-60 C (For kymograph pen).

General Electric Solenoid. CR9503-209C modified as in Fig. 2.

Westinghouse double contact projection lamp, 100\-PH/100T8/108.

Bodine speed reducer motor, NSE-12RH, 115 AC-DC, 1.1 amps., int. duty,

5000 RPM, 1/18 HP, with 10: 1 reducing
1
teos |“ /—\

gear, with eccentric crank having about
1 cm stroke.
100 Q resistance.
100 2 var. resistance.
40 Q var. resistance.

200 Q var. resistance.

Bird kymograph (No. 70—060) with pen
attached so as to drop 5 cm every re-
volution of the drum.

6 cm UF Pyrex filter.

[

Fig. 2. Control of flow of culture medium
by General Electrie solenoid.
1 — Culture medium; 2 — Pins.

The Cell Wipers

A 15 X 110 mm lusteroid test tube is cut open lengthwise and the closed
end eut off. It is cemented to a No. 16 stainless steel wire by means of a solution
of lusteroid in acetone. The tube is cut about every 1'5 cm as shown in Fig. 3.

Electrical Connections

The wiring diagrams are shown in Fig. 4. It is advisable to have a constant
voltage transformer in the lamp circuit, since the sensitivity varies somewhat
with the light intensity.
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.’l‘he wires from the photo cells in the Klett-Summerson colorimeter are
d ted from the colori; gal and ted to the Leeds
and Northrup galvanometer. A 40 ohm variable resistance is put in parallel

jected through the opening in the screen and on the photo-relay tube so as
to operate the relay.

with the galvanometer.

i

1MoV =

Fig. 3. Wiper for culture Fig. 4. Wiring diagram. Fig. 5. Galvanometer light
cell. . 1 — 110 V conatant voltago trans. and photo-relay.
1 — Rubber tubing, 5mm  former; 2 — Colorimeter lamp and 1 — Photo-electric relay;

LD.;20cm long; 2~ Glass 100 Q variable resistance; 3 — 2 — Sereen; 3 — Lam,

i 2~ Gla a - 53— ;4 —
tube; 3 — Lusteroid with  Galvanometer lamp and 100Q ro-  Lens; 5 — Galvanometer
cuts; 4 — 16 Stainloss stecl  sistance; 4 — Photo-olectric rolay Mirror.

wire, — operating circuit; 5 — Photo-

electric relay cirouit, solenoid, ky-
mograph; per magnet; 6 — Wiper
motorand 200 (2 variableresistance.

The 100 W projection lamp is put in the galvanometer case in place of the
usual ]amp. 100 ohms resistance is put in series with the lamp. A screen is put
around the lamp so that light from the lamp cannot strike the photo-cell of the
relay (cf. Fig. 5).

Thfa g:n!vahamiater, photo-relay, and light are adjusted so that, when the
galvanomeéter is at rest, the image of the galvanometer lamp filament is pro-

110

Rubber to Glass Connections

Coat glass with rubber cement, wet rubber tubing with acetone and slip
over glass.

Connection between Culture Medium Tube and Intake Tube
of Cell

Cf. Fig. 6. .

%: A

5 4

V-

Fig. 6. Mothod of connecting tube from culture medium stock bottlo to intake tube of coll. Tho
* connection is immersed in 50 per cont alcohol.
1 — Clamp; 2 — Wire binding; 3 — Culturo modium; 4 — 21 Hypodermic neodlo; 5 — Rubber
tubing, 3mm I.D.

Operating Directions

Connect glass air filter and culture medium inlet tube to cell. A fine glass
capillary tube to regulate the flow of culture medium is put in the culture
medium intake line. The air intake tube is closed with a spring clip to prevent
the filter from becoming wet when the cell is autoclaved. The lip of the cell,
in which the rubber stopper will be inserted, is coated with rubber cement,
and the cell and connections autoclaved for 1/2 hour. The cell stopper and wipers
are inverted and i d in a cylinder containing 5 per cent formaldehyde
for 24 hours. The stopper and wipers are then inserted in the cell, and fastened
in place with strong rubber bands. The apparatus is then assembled as in
Fig. 7.

The culture medium is allowed to flow, and the motor regulated so as to
operate the wipers as rapidly as possible, without foam. This is usually 200
to 500 strokes per minute. If this is not sufficient to prevent organisms sticking
to the glass, a commutator may be put in the kymograph axle which will
speed the motor up to 700 to 800 strokes per minute for 5 to 10 scconds every
half hour.

The colorimeter is now adjusted so that the relay operates when the colori-
meter dial reads in the range of 0 to 400, and the sensitivity of the system
regulated by means of the intensity of the colorimeter lamp and the galvano-
meter damping resistance so that the relay operates in a range of about 3-5
divisions on the colorimeter scale. If the system is too sensitive, the time during
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which the culture medium flows will be too short to read from the kymograph
record. If it is not sensitive enough, the bacteria concentration will vary too
much during the cycle.
The culture medium is allowed to flow for several hours, until all the formal-
- dehyde has been washed out of the
cell. The cell is then inoculated by
injecting a fow milliliters of culture
! through the rubber guard tube of
the wiper, by means of a hypodermic
syringe. The flow of culture medium
is now stopped and the organisms
allowed to grow up in the cell until
the concentration is reached at which
the culture is to be maintained. The
colorimeter dial is adjusted so that
the relay operates at this point. The
system should now operate automa-
. 4 o tically 80 as to maintain the bacterial
’<>— S |~ concentration at this level.
J In case a kymograph record is
? made*), it is necessary. to adjust the
] k sitivity of the gal , the
flow rate of the culture medium, and
Fig. 7. Diagrammatic flow sheet. the speed of the kymograph so that
:: gﬂi";’_’"‘&d}‘:"h}; o _ns"o“:‘ 3 e C'a'.‘z_‘ the time interval durin; which the
rimeter; 8 — Overflow; 9 — Air in. culture medium flows into the cell
may be accurately read from the re-
cord. The beet condition is when the culture medium flows into the cell about
half the time. This arrangement allows for quite wise changes in the growth
rate. The -faster the growth rate, the better the automatic control, since the
optical density changes rapidly. Very slow growth rates < 0-1 hr.-1, cannot
be controlled accurately since the change in optical density, and hence in cur-
rent through the galvanometer is too slow for satisfactory operation.

EXPERIMENTAL RESULTS

The results of experiments in which the growth rate of B. megatherium
ltures has been determined under various conditions have been reported
previously (Northyqp, 1954; Northrop and Murphy, 1956; Northrop, 1957).

*),The kymograph record may be made more rogular by macrting & 5 minuto time delay
relay”in"the circuit whick rogulatcs the kymograph pen and the flow of culturo medium.
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A STUDY OF THE METABOLISM OF MYCOBACTERIA
INA FLOWSYSTEM

J. KuSka

In the static culture of microbes the results are frequently influenced and
even often distorted by a number of factors. Thus with this type of cultivation,
for example, the effect of the progressive exhaustion of the nutrients in the
medium, the accumulation of various metabolites during the growth phase
and their action on the cultivated microbes all play a role. Similarly in the
study of the sensitivity of different strains to various antibiotics or antituber-
culotics as in following the influence of various chemical substances the culture
is also exposed to the effect of their metabolic products.

‘We can eliminate the influence of these factors by means of culture in a flow-
ing media. This method of culti makes it possible to study the d;
of the growth and metabolism of the bacterial cul being studied under
constant conditions of the culture medium. The problem of flow culture in
microbiology has been most thoroughly worked out in industrial microbiology
where, by using acration and mixing under constant optimum conditions, the
maximum metabolic activity of the culture is achieved.

A number of instruments for flow culture are described in literature. They
are constructed for submerged cultures and their purpose is to attain the
maximum multiplication of the culture or the maximum concentration of
a certain metabolite with complete utilization of the culture medium.

We have endeavoured in our laboratory to set up a simple apparatus for the
continuous surface culture of the Mycobucterium tuberculosis group which would
make it possible to establish approximately such exp 1 conditions
as would in their dy ics duplicate the dy of the p in the
organism.

The culture apparatus consists of a supply vessel containing the culture
medium, the culture vessel (Fig. 1) and the receiver for collecting waste
products.
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To prevent the flushing of microbes from the apparatus the cap (3) is placed
on the outlet tube (4), on which it is maintained in vertical position by bending
the walls of the cap inward at two points. The nutrient medium drips from the
drop counter into the tube which
extends to the bottom of the cul-
ture flask, thus permitting us non- J 6
turbulent addition of nutrient
medium to be attained. 1n this
way complete diffusion of the new-
ly added medium is ensured with-
out disturbing the level of the
medium in the vessel. Experi-
mentally it has been ascertained
that for a complete exchange of
the nutrient medium in a vessel
of 500 cem volume it is necessary
to feed one litre of fresh medium
per 24 hours.

In this apparatus we followed
the influence of fresh and auto-
oxidised forms of 1 — ascorbic
acid on HyRv strains freshly iso-
lated from lupus, BCG and My-
cobacterium smegmatis on the sur-
face film of these strains on.
Sauton’s medium. The rate of ex-
change of medium was one litre

per day, the concentration of vita-
min C being 4 mg/ecem. Vitamin C
was freshly added daily to the
medium in the form of Celaskon
(for injection). The auto-oxidised

7
Fig. 1. Growth vossel.
1 — Drop counter; 2 ~ Cotton plug; 3 — Protec-
ting cop; 4 — Ovorflow tubo; 5 — Inoculum; 6 —
Medium supply from resorvoir; 7 — Ovarflow to
wuste storngs hottlo.

|
|

product was obtained by storing

the medium with the same concentration of vitamin C in an incubator at
28°C for a period of six days. Subcultures werc cultivated for cight days
on Sauton’s media. For each experiment three preparations from the same
subeulture were simultaneously inoculated with a bacterial film, onc with
fresh vitamin C, the second with the auto-oxidised form, and the third
without vitamin C. The cultures were then incubated for a period of three
wecks. Only Mycobacterium smegmatis was cultured for four days. The cffect
of both forms of vitamin C was followed by weighing the inerement of the
bacterial mass. The decomposition of the vitamin G was followed by determin-
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ing the decreaso of its reducing activity in Sauton’s medium and in a physiolo-
gical sol by titration with 2,6-dichlorophenolindophenol and the d
of the f of hyd with 2,4-dinitrophenylhydrazine.

Both the frosh and auto-oxidised forms of vitamin C have an inhibiting action
on the growth of these strains. With the strain from lupus and H,,Rv the inhibi-
tion by both forms of vitamin C is, on the whole, the same, and in this series

Lupus HyRv BCG 725 Smegmatis Myco-tbe
1
]
A A
“ [L e
2

3 ] -3

1

2
24 -2
! 2

. .
14 1
0 o e— o

B 28 2 kil 4 21

Fig. 2. Effoct of medium exchango on growth of Mycobacteria.
A — Grams; B — Time of cultivation (daya). 1 — Continuous flow culture; 2 — Static culture.
of experiments the increment of the bacterial mass is decreased by approxim-
ately half in comparison with the control experiments without vitamin C.
With the BCG strain the auto-oxidised form of vitamin C inhibits to a greater
extent. Neither constituent has an effect on the growth of the Mycobacterium
smegmatis group.

The actual effect of the exch of the i dium (Fig. 2) on the
growth of the lupus, HRv and BCG strains was favourable and with all
strains increased the yield of the bacterial mass by approximately a thicd
and with the 1476 strain by more than a half. The exchange ‘of medium has
no effect on the growth of Mycobacteriuwm smegmatis.

The curves of decomposition of Celaskon determined by this technique do
not différ in physiological solution and-Sauton’s medi The curve of decrease
of redacing activity (Fig. 3) in comparison with the curve of decrease of
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hydrazone formation has a sharper fall because it does not indicate the
dehydroascorbic acid and further decomposition products which can still
form hydrazones.

A A
50019 roo
400+ 400
3004 300
2004 200
1004 100

o T T T T o
B 5 10 15 20 25 30

Fig. 3a. Formation of hydrazones.
A ~ g %; B — Days.

A A
5001 500
400 400
300 300
200 F200
100 F100

0 0

8 5 10 5 20

Fig. 3b. Reducing activity.
A — mg %; B — Days.

The auto-oxidised solution of vitamin C obtained by the above technique
had approximately two-thirds less reducing activity and gave a correspondingly
reduced formation of hydrazones.

The influence of INH was followed by the same cultivation technique with
the Mycobacterium tuberculosis 1476 strain which is resistant to 100 gamma
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INH/ml in a static culturo. The strain was simultancously inoculated from an
eight day subculture on Sauton’s medium into four flasks:

18t flask: INH — flow culture (INH — F)
2nd flask: INH — static culturo (INH — §)
3rd flask: flow culture without INH (C — F)
4th flask: static culture without INH (C — S).

A A
3 Lupus HyRv 8CG 725  Smegmatis Myco-tbe 1476 F3
[l 6
1
24 k2
1
3 2
3 7 .
” 2 2 3 I
1 3
Qna ]
. .
0 _L ﬂ ﬂ ~ 0
B 28 21 21 4 21

Fig. 4. Effoct of vitamin C and INH on growth of Mycobacteria.
1 — Without vitamin C; 2 — With natural vilamin C; 3 — With auto-oxidisod vitamin C; 4 —
INH — P;5 — INH — K; 6 — K — P; 7 — K - K; A — Grams; B — Time of cultivation (days).

The INH is added to sterile medium in the amount of 50 gamma INH/ml
from the supply of sterile solution. The media are stored under refrigeration
and before use are incubatod for 24 hours at 38 °C. The flow rate of the nutrient
media and the cultivation period as well as the evaluation of the growth of the
cultures are carried out in the manner already described.

In a flow culture of the Mycobacterium tuberculosis 1476 strain o significant
suppression of tho growth occurs at a concentration of 50 gamma INH/ml of
culture. The static cultivation of the strain with the same INH content in
comparison with the static cultivation without INH does not show a signi-
ficant difference in the amount of the bacterial mass,

The rations of the increments of the individual strains and the action of the
natural and the auto-oxidised form of vitamin C as well as the effect of INH
on them can be seen in Fig. 4.

The values of the respiration quotients Qo, for the various cultures as well
a8 the catalase test show that the properties of various cultures from different

1043R002800080004

culture environments will probably be identical. Similarly the rough qualitative
determinations of faity acids obtained by hydrolysis of the cultures show in-
significant variations and probably only quantitative differences of the fatty
acids occur here.

te

Fig. 5. Threo stage continuous flow eulture.
1 — 6 sco Fig. 1; [ — Ist stage; I[ — Lind stago; ITL — ITIrd stgo.

As follows from these experiments, natural vitamin C, just like its auto-oxid-
ation decomposition products of unknown composition, has approximately
the same inhibiting effect on the growth of Mycobacterium tuberculosis, the
human type of lupus and the HyRv and BCG strains. These constituents
lower the growth of the bacterial mass by a half in the case of these strains
during three weeks of cultivation, while they have no effect on the growth

1n9
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Moarend,

M fum is. The hange of Sauton’s medium without
vitamin C under the cited experimental conditions i the growth of the
bacterial mass by a third in comparison with the static control for the strains
from human lupus, H,,Rv and BCG; it has, however, no effect on the growth
of Mycobacterium smegmatis.-
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Fig. 6. 1 i hange of médium and gas.
1—~17 — woe Fig. 1; 8 — Cotton air filter; 9 — Gas flowmeter; 10 ~- Gaa inlet; 11 — Culture veesel.

Massive suppression of the growth of the INH resistant Mycobacterium
tuberculosis 1476 strain occurs in continuous culture with only half the dose
of INH, i. e. 50 gamma INH/m! of media, while in the static culture with the
same amount of INH no significant difference in the increase of the bacterial
mass in comparison with that of the static culture without INH is observed.

The difference in the amount of bacterial mass of the Mycobacterium tuber-
culosis strain 1476 in the static and continuous culture also explains to a certain
extent the differences between the values of the resistance found in vivo and
in vitro, whero the degree of resistance of the strains in vivo is as a rule smaller.
We assume that in the flowing environment as well as in the organism the
microbes are always attacked in their logarithmic growth phase by fresh
materials, 8o that they appear more sensitive to a given environment.

Our equipment can alsé be used for studies of continuous utilization of the

‘ b _’; m and the infl of metabolites on the culture, by using
it-as a-unit in a cascade of flow culture units (Fig. 5).
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With a sufficiently fast flow rate of the nutrient medium it is possible to
study a given culture at different ages in a single experiment by using acascade
of flow units.

A modified type of apparatus (Fig. 6) is arranged so that in addition to
constant conditions of the nutrient environment (liquid phase), it is possible
also to set up constant conditions of the gaseous cnvironment (gas phase)
in the flowing culture. This method of cultivating Mycobacteria affords good
possibilities for the study of their metabolism.

This cultivating procedure will be especially suitable for the study of the
metabolism of atypical tuberculosis bacteria in comparison with the meta-
bolism of the remaining types of tuberculosis Mycobacteria since, as shown
by preliminary exp certain differ in the multiplication of the
culture and in its metabolism can be expected among the various types.

In conclusion we can say that this apparatus for flow culturc has proved
very satisfactory in practice and affords good possibilities for wider use in the
study of the metabolism of Mycobacteria and of other microbes growing on
a surface. It can be.stated that the goal which we set ourselves of approaching

the dy ics of p: in the ism has been 1in the study of the
dynamics of the cultivation process. This question has, however, still not been
solved pletely and depends on further develop t of the technique of

flow culture. Most probably, as indicated by preliminary experiments, this
question will be solved by the use of flow micro-culture, with a solid substrate
such as cellulose, fibrin, etc.
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CONTINUOUS FLOW CULTIVATION OF BAKER'S YEAST
ON BEET MOLASSES WORT

KAREL BErRAN

Technologists have for a long time been int, din f i ti
flow processes by means of which it is possible to i iderably the
P ity of the app and to introd tomati into the whole

procedure. Interest has also been shown in this process for a long time for the
production of baker’s yeast as can be seen from the number of patents, espe-
cially in the years 1920—1930. Among others (Reiner 1879, cit. Irvin 1954;
Hayduck 1923a, b), Sak was the first (1928, 1929, 1932) to study. this process
intensively. In addition to processes with one fermentation vessel processes’
using two vessels (Biihring 1929) and more vessels (Olsen 1930, Darényi 1936)
were patented together with a special fermentation apparatus constructed
for this purpose (Seidel 1943, Harrison 1930). Attention was also paid to alter-
nation of molasses wort and wort prepared from starch raw material to climinate
degoneration of the yeast which occurred during these processes (Meyer 1929).
Some of these p are actually more of the i-conti type (Davinyi
1936) and their modification is used also elsewhere (Stuchlik, whose work was
discussed by Pis, 1956). As can be deduced from these patents procedures
were workod out entirely on an empirical basis. It is difficult to decide which
of the processes has the most advantages, but we believe that Biihring’s pro-
cedure is the summit of these works (1929).

In addition to older patented literature possibilities of continuous flow
formentation have been considered more recently for baker’s yeast in techno-
logical processes with fuhdamentally differont aims, e. g. Harris et al. (1948),
Unger et al. (1942) .The work of Adams and Hungate (1950) and Maxon and
Johnson (1953) were concerncd with the clements of continuous flow culti-
vation of Saccharomyces cerevisiae. Maxon Ppresented the most complete review
of continuous processes also from the technological point of view (1955),
In general however, there are no systematic data regarding the bases of the
3 of continuous c’l’llt",‘iviiﬁm} of baker’s yeast.

The mathematical bases of flow cultivation claborated in 1950 by Monod,
Novick and Szillard (1953, cit. Novick 1955) Northrop (1954) and others were
further developed by Herbert (1956) and Powell (1956) and form also the
theoretical basis of continuous flow cuitivation of baker’s yeast without which
further elaboration of basic problems is unthinkable. Also work on problems
of the biology and physiology of microorganisms, ecarried out especially by
Malek (1943, 1955) forms a basis for their deeper studium.

Basically it is possible to scparate the flow processes that arc of interest
to technical microbiologists into two groups: 1. The production of biomass whero
growth is the result of pure acrobic metabolism. 2. Tho production of the

quired metabolites, possibly in co tion with the growth of the given
microorganism. In between these two groups we have fermentation of such
a type that growth is the result of mixed metabolism, as is usually the case
in the production of baker’s yeast. The lator type of fermentation process has
its practical problems. From the practical point of view it is necessary for tho
process to oceur at the maximum rate of flow with the maximum yields,
as far as possible, in one operation. With regard to the yield it is thus necessary
to exclude side metabolism and with regard to production only one formen-
tation vessel should be used if possible, and the most rapid growth, which accord-
ing to theory, depends on the concentration of the substrate. We believe
that the production of baker’s yeast has a speeind position during these fermen-
tations as it is connccted with certain indication of quality, fermentation
strength, dough tests and keeping properties.

If both types of metabolism appear during formentation where growth is
the result of mixed metabolism, then a steady concentration of cells is not the
only function of the flow rate, as is the case in pure aerobic metabolism. Thus
if in continuous flow cultivation of baker's yeast the feed of medium is so great
that alcohol formation occurs, this metabolism results in lower yields and a new
equilibrium is established with a lower cell concentration.

It is known that in cultivation of baker’s yeast alcohol formation can be
prevented only by decreasing the carbohydrate sources below a cortain level
(White 1954, Lemoigne et al. 1953). This means that during continuous flow
cultivation the growth rate is considerably smaller than the possible maximum.
The question arises, therefore, whether under such conditions there is a change
in the physiological state of the yeast and what properties are acquired by it
from a practical point of view. Obviously this limitation of carbohydrate
sources can only be considered if the yeast has a sufficient supply of other
factors necessary for growth. These are especially biotin, pantothenate, ino-
sitol, pyridoxire, and in parts also thiamine, trace eloments and salts contain-
ing especially nitrogen and phosphorus. Acration must also be sufficiently
effective so that oxygen does'not become a limiting factor.

A group of workers led by the academician, Malck (Dr. Ritica, Dr. Chaloupka,
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Ing. Hospodka, Dr. Burger, Dr. Beran) worked on problems of the physiolog

of bitk‘m"s yeast during continuous flow cultivation also in relation to its bakiny
qualities. We used a laboratory and asemi-plant apparatus described in nnothcg
DPaper prosented in this symposium (Ritica 1968). Cultivation was carried out
on molasses wort containing 1%, and 39, of invert sugar. The molasess were
cleared al.ul onriched in the usual way. MgSO,, (NH,),HPO, and urca
as .th(.)‘ main nitrogcn mzuwe‘ were added. The nitrogen content, including the

gen of , was adjusted so that the protei

of yeast was.50%. Experiments were started by feeding a sl;laltlc‘:']ol(:::ze 2:
y?a.st p in diluted mol, wort i d with dried yeast correspon-
ding to tho equilibrium flow state. The amount of word fed was caleulated
according to the chosen doubling time and the expected yield. When the
full working volume of the fermentation was attained the flow of the wort
corresponded to the rate determined for cont flow cultivati

SOME FUNDAMENTAL FACTORS IN CONTINUOUS FLOW
CULTURE OF BAKER'S YEAST ON BEET MOLASSES

THE EFFECT OF ADDING BIOTIN

. As ‘1')-.: been mentionoq above the growth of . cerevisae yeast of the baker’s

'ype depends on various conditions and also on the presence of some growth
fw.cum.. As we used beet molasses in our experiments it was necessary togdeter-
mine first of all to what extent the necessary growth factors on which the

It_ls known that beet molasses are to certain extent deficient in biotin
(White 1954). We therefore first tested this growth factor. A rate of wort
flow was used co ding to the calculated three hour doubling time in
asystem of three tanks in series. Fig. 1 shows that the yeast dry matter (curve3)
dec_rey-;gs to 02 % during 54 cultivating hours. If after this period a medium
enrw.l]pgi_, wﬂz.h,; b{of.i_n is used (10 pg/l) the dry matter again increases to the
Tequired eq}lﬂlbltl_um value of 0-5%, Changes in pH (curve 2) and the amount
of aleohol formed: (curve 4) follow this increase,
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Without the addition of biotin the required equilibrium dry matter was
also not achieved in the second and third fermentation tanks. The yeast dry
matter was higher, but did not exceed 0-35%, in the third tank, This is best
apparent from the yields calculated from the amount of yeast gained from the
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Fig. 1. Effect of adding biotin on the growth of bakor's ycuat in continuous flow cultivation on
bect molasses wort containing 1% of invert sugar. First formontation vossol.

A — 9% of yonat dry matter, alcohol and invert sugar; B — pH; C — flow rate of molasses wort
in litrea/hour; Curves: 1 — flow of wort; 2 — pH; 3 ~ % of dry mattor; 4 — % of alcokol; 5 —
% of invert sugar.

wort flowing from the third fermentation vessel. The yield was 41:7%, in the
24th hour, 32:1%, in the 48th hour and 329 in the 72nd hour. After the addition
of biotin during hours 54 the yield was 48%, in the 96th hour, 49-3% in the
120th hour and 548% in the 114th hour.

The above is not surprising as it is known that beet molasses have certain
defeciency of biotin. During flow culture a steady state occur corresponding
to this limiting factor. As biotin is not considered as a limiting factor in the
production of yeast by the feed method from the point of view of technology,
we idered it 'y to d ate the effect of biotin addition experi-
mentally. Biotin must be considered as an important factor especially in view
of the economy of the flow process. In further experiments wort enriched
with biotin was compared with wort enriched also with other vitamins neces-
sary for good growth of yeast of the S. cerevisiae group of the type, used in
Yeast technology: pyridoxine, Ca-panthothenate and inositol (200, 100 and

125

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/05 : CIA-RDP81-01043R002800080004




ed Copy Approved for Release

1043R002800080004

1000 ug/l of wort). Some trace elements were also added (Zn, Cu, B and Mn
in amounts of 410, 25, 120 and 100 ug respectively). We found that there were
mno considerable differences in the results with wort enriched only with biotin
and worts with an addition of the other substances,

White (1954) studied the need of baker's yeast of individual vitamins and
found that in order to achieve maximum yields 1 ug biotin was necessary for
every gram of yeast grown. We proved this for continuous flow cultivation
of our yeasts. Using a biological test with yeast (Snell et al. 1940) in a modified
medium according to Olson and Johnson (1949) it was found that the molasses
wort used containing 19% invert sugar had a content of 2 g biotin per 1 litre.

In view of the fact that the expected dry matter in our experiments was
0-5%, per litre of wort a further 3 ug biotin were added per litre of wort. This
content was found to be fully sufficient for the attainment of maximum yields.
The proportion of 1 ug biotin per Ig of grown dry matter was maintained in all
further experiments,

Experiments were carried out in a system of threo tanks with the same
volume of cultire fluid. We always attempted to use two stage ferment-
ation in which the first tank was mainly intended for growth and the second
for ripening of the Yeast. Even though it may be assumed that the second
tank should have a smaller volume than the first, this was not the case in our
Iaboratory experiments: The rate of flow in all experiments in which biotin
was added corresponded to a calculated three hour doubling time. We deter-
mined the dry matter, alcohol, invert sugar yield and Qo, on glucose*). An

mple of the basic f ion curves is given in Figs. 2 and 3. Fig. 2 shows
that the concentration of dry matter in the first vessel (curve 4) had the requir-
ed steady state values of 0-45—0-5%, after the initial drop. The concentration
of alcohol was about 0-1 and 0-2% (curve 5). The first 8 hours belonged to the
foed method tho technique of which has been described above. The invert
sugar was actually completely utilised in the first fermentation vessel and the
values shown (curve 6) are mainly reducing non-sugar substances that have
been demonstrated in molasses, (Erb and Zerban 1947). Chromatographically
only very small amounts of glucose and fructose could be demonstrated.
The pH value remained below 5, usually 4-5 (curve 3). The Qo, was about 110
or 100 (curve 2). The initial temporary decrease in dry matter was considered
characteristic of flow cultures of Yeast especially during fermentation with

) When dotermining metabolic quoticnts the Warburg vessol contained 1 ml. of buffer solution
and 05 of ml. yeast in physiological salino. Tho sido arm sontmned oy mL. of substrato, the funnel
0:2 ml. distilled water or 0-2 ml. of 10% KOH. Whon dotermining Q¥c,, on glucoso and maltoso
and Q, on theso sugars (when not indicated othorwiso) the medium consisted of a mixture of
Phtalato butfer, pH 45, with a final concentration of 0-05 M wey KH,PO, with tho samo final
somconttation. When detormining Qq, on glucose, othanol and wootate ¢ phosphate buffer pH 6 5
o sed, tho final concontration being 0'IM. Tho final concontrations’ ot glucoso und maltaso
wroro 0:6%. Concontrations of ethanol, acetato and glucoss wors s in such & way that 1 mg.
carbon was preso nt in the vessel, -
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Fig. 2. Basic fc ion curves in i flow of baker’s yeast on beet molnsses

woet containing 1% of invert sugar and fortifiod with 3 g biotin in ono litro of wort, Firat, fer.
mentation vessel.
B — v invort sugar; € — pH; D — flow ruto
A — Qg on glucose; B — % of dry matter, aleohol and invort p - n
of wort i liteee/hour; E — titmo in hours. Curves: 1 — flow of wort; 2 — Qg 3 — plfy 4 — 9 of
dry mattor; 5 — % of alcohol; 6 — % of invort sugar:
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Fig. . Bosic lormantation ourves in continuous flow cultivation of huker's yenat on beot molnsses
wort, containing 1% of invert sugar and fortificd with 3 g biokin in ono fitro of wart, Sooond
fermentation vessot.

inve ; C — pH; D — time in hours.
A — Qo, on glucose; B — 9% dry matter, alcohol and invert sugar; C — pH; D ~ time in
3;’&5: g Qo,i 2 — PH; 3 — % dry mattor: 4 % invort sugar; 5 — 9 of aleohol,
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1000 g/l of wort). Some trace elements were also added (Zn, Cu, B and Mn
in amounts of 410, 25, 120 and 100 ug respectively). We found that there were
no considerable differences in the results with wort enriched only with biotin
and worts with an addition of the other substances,

White (1954) studied the rieed of baker’s yeast of individual vitamins and
found that in order to achieve maximum yields 1 ug biotin was necessary for
every gram of yeast grown. We proved this for continuous flow cultivation
of our yeasts. Using a biological test with yeast (Snell et al. 1940) in a modified
medium according to Olson and Johnson (1949) it was found that the molasses
wort used containing 1% invert sugar had a content, of 2 ug biotin per 1 litre.

In view of the fact that the expected dry matter in our experiments was
0:5%, per litre of wort a further 3 g biotin were added per litre of wort. This
content was found to be fully sufficient for the attainment of maximum yields.
The proportion of 1 ug biotin per Ig of grown dry matter was maintained in all
further experiments,

mined the dry matter, aleohol, invert sugar yield and Qo, on glucose*). An
example of the basic fermentation curves is given in Figs. 2 and 3. Fig. 2 shows
that the concentration of dry matter in the first vessel (curve 4) had the Tequir-
ed steady stato values of 0-45—0-5%, after the initial drop. The concentration
of alcohol was about 0-1 and 0-2% (curve 5). The first 8 hours belonged to the
feed method the technique of which has been described above. The invert
sugar was actually completely utilised in the first fermentation vessel and the
values shown (curve 6) are mainly reducing non-sugar substances that have
been demonstrated in molasses, (Erb and Zerban 1947). Chromatographically

characteristic of flow cult of yeast especially during fer ion with

2 ovhon dotormining motabolic quotionts tho Warburg vossol contained 1 ml. of buffer solution
ol 06 of ml. youst in physiological saline. Tho sido arm sontained o ey of substrate, the funnel
0:2ml. distilled water or 0-2 ml. of 10% KOH. \Vhon determining Q¥co, on glucoso and maltoso
and. Quy on theso sugars (when not indicated othorwise) the esies consisted of a mixture of
Phitalate buffor, pH 45, with » final concontration of 0-05 M wed KH,PO, with the samo final
coicontsation. When detormining Qo; on ghicoso, ethanat oo ucotate a phosphate buffor pH 6:5
Yoo wsed, tho final concontration being 0-1M. The final concontratieet 1t glucoso and maltcse
wére 0-5%. Congontrations of othanol, acotato and glucsss aer: chiosen in such & way that 1 mg.

n was prese nt'in the vessel, .
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Fig. 2. Baoaic ¢ ion curves in i flow ivation of baker's yeast on beet molasses

wort containing 1% of invert sugar and fortified with 3 g biotin in ono litre of wort, Firat, fer,
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Fig. 3. Basic ion curvesin conti rflow cultivation of baker's yeast on beet molasses

wort containing 1% of invert sugar and fortified with 3 g biotin in ono litro of wort. Second
fermentation veasel.
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127

p - P : - R @ 4, P 43R002800080004
Declassified in Pal Sanitized Co| Approved for Release 5 r 2014/03/05 : Cl. DP81-010.
| Declassified In Part - sanitized Copy Appl



1043R002800080004-5

more concentrated worts, This was obviously due to the fact that during the
flow older cells were rapidly removed. These cells were grown in the feed phase
and the rate of flow was not in agreement with their gencration time. In the
second formentation vessel (Fig. 3) alcoohl was used for growth as can be

2.20.

2.00

300 320 340 360 380 400 420 440 460 480 500 B

Fig. 4. Maximum yicld of baker's yeast in continuous flow cultivation,
A — gdey mattor in onelitre of wort/hour; B — flow of wart in 1/hour.

deduced from ita pletely disapp (curve 5) and from the increase
of dry matter to 0-5—0-55% (curve 3). The content of residual reducing
substances expressed as invert sugar ined practically hanged (curve 4).
The Qo value was steady and lower by about 10 units in comparison with the
first vessel. The pH value was somewhat higher in the second tank and remai-
ned nearer 5 (curve 2), The constancy of these conditions was verified in longer
experiments lasting up to 14 days.

MAXIMUM PRODUCTIVITY

While further developing the theory of continuous flow cultures worked out
by Moned (1950), Novick (1955) and others Herbert (1956) calculated the
relation for such a dilution rate at which a given system has maximum pro-
ductivity. Fig. 4 shows results of experiments in which maximum productivity
‘was tested. As can be scen maximum productivity was attained at a rate of
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flow of about 450—460 ml./hr which, under our conditions, corresponded to
the calculated approximate three hour doubling time. This was the time
chosen by us in previous experiments. .

CONCERNING THE PHYSIOLOGICAL STATE AND QUALITY
OF BAKER'S YEAST FROM CONTINUOUS FLOW CULTUR ES
ON BEET MOLASSES

In all the experiments outlined above a very diluted molasses wort was
used containing 1% of invert sugar and giving in our experiments the expected
equilibrium yeast dry matter of 0-5%. As is known a yeast dry matler of
1-2 to 1:5%, is usually obtained in the production of yeast by the feed method.
We attemped, thercfore to obtain such equilibrium dry weights and also tested
some further aspects. We wanted to ascertain the phase of the physiotogical
state of the flow culture with respect to the state of batch fermentation cultures,
According to White (1954) the baking value of yeast depends on (1) the total
activity of yeast in fermentation obligatory sugars, especially glucose, (2)
the malto-zymase activity of yeast (i. c. the rate at which maltoso is fermented),
(3) the dispersibility of yeast and (4) the osmosensitivity with respect to the
addition of salt to dough. Further should bo mentioned (5) the dependence
of the baking value on the keeping propertics, i. ¢. the time during which yeast
deteriorates under certain conditions. It scems of interest therefore to study
changes in the acrobic systems of yeast (indicated by the respiration of different
C sources) in flow cultures and also anacrobic systems responsible for the fer-
mentation of glucose and maltose. We further studicd changes in the rate of
antolysis in flow cultures and the relation of some of the tests to the quality
of the yeast obtained (especially to the dough test).

Saccharose is the main source of carbon in molasses in the production of
yeast. The question avises, therefore how the yeast activity changes during
flow culture with regard to maltose. As the maltose produced by the action
of flour amylase is the final substrate in dough after the fermentation of sac-
charose and laevosine it may be expeeted that yeast having a high maltase
activity ferments maltose more rapidly and is of higher baking strength than
yeast with a low maltase activity. According to White (1954) the maltase
activity in yeast depends on the ability of such baker’s yeast to become adapted
rapidly to the fermentation of maltose. Fig. 5shows the fermentation of maltose
and glueose by baker’s yeast as reported by White (1954). The fermentation
of glucose is more rapid than that of maltose and its course is lincar. The rate
of maltose fermentation is at first slow, but constantly increases as the yeast
becomes adapted to maltose as a substrate. It must be added, hawever, that
the problem of fermentation of maltose by . cerevisiae is complicated by opi-
nions eoncerning the mechanism of fermentation. The generally accepted
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mochanism is that put forward by G

halk (1950) implicating hydrolytic
enzyme maltase. Hestrin (1949) believed hovever, that direct fermentation
occurs. This opinion has again been discussed recently (White 1956).
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Fig. 8. The courss of glucose and maltose formontation by baker's yeast (White 1954).
A — ml. CO/g] yeast; B — time in minutes. Curves: 1 — fermentation of maltoss, 2 ~- forment-
ation of glucose.

THE PHYSIOLOGICAL STATE OF BAKER'S YEAST IN BATCH
> FERMENTATION ON BEET MOLASSES WITH THREE PERCENT
INVERT SUGAR

If the total of culture dium is i lated with a certain amount
of yeast and if aeration is sufficient, the growth curve is divided in two phases
in response to changes in the as alcohol b the substrate in the
socond phase (Lemoigne et al. 1953).
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We studied changes in such on mol wort, ining 3% of
invert sugar and fortified with mineral salts and biotin. Fig. 6 shows the course

of the basic fermentation curves, the ct ges in the ril leic acids tent
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Fig. 6. Basic fermontation curves, RNA content and autolytic rato of yoast in batch cultivation
on beet, molasses wort containing 3% of invort sugar.

A — % invert sugar; B — 9 dry matter and alcohol; C — RNA in ug/mg dry matter aad % of
sutolysed proteina in yeast. Curvos: 1 — % of dry mattor; 2 — 9% of alcohol; 3 — % of invert
« sugar; 4 — RNA; 6 ~ % of sutolysed protoins. RNA — ribonucloio acids.

and the autolytic rate of yeast in such batch cultivation. Tt can be seen that
a sudden change in growth intensity occurred (curve 1) during the 6th hour
of cultivation, i. e. at the time when the substrate contained the maximum
amount of alcohol (curve 2) and when the sugar had nearly disappeared (curve
3). The maximum in the ribonucleic acids content was reached (curve 4) during
the 2nd cultivation hour (97 #g/mg) and during further cultivation there was
a continuous decrease down to 54 ug/mg in the 14th hour of fermentation. The
rate of autolysis also changed with the growth curve (curve 5). The method

* for determining the former was basically that of Vosti and Joslyn (1953).

. 131

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/05 : CIA-RDP81-01043R002800080004



ed Copy Approved for Release @ 50-Yr 2014/03/05 : CIA-RDP8 17043307025300708000 5 i

v

2 4 & 8 10 12 1%

1
i8:7- Qco, of yonst on maltoso nd glucose in batch cultivation on hoot molasses wort containing
: , 3% of invort sugar.
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Fig.8. Qo, of yonst on maltoso in butch eultivation on oot molnsses wort contnining 3% of invert
ughr.

A — ul Oy/Hourfiiig dry mattor; B — timo in hours. Curves: 1,2,3 — Q, on maltoso during
Lo the lst, 2nd and 3rd hours of manomotric detarminaton.
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‘The rate increased to 509% during the 2nd hour of fermentation nnd dropped
t0 30% in the 8th hour, this being the beginning of the second growth phase.
Then it rose again to 55 or 60%. As the presence of trehalose in yeast may be
related to the fermentation rate and the dough test (Pollock and Holmstrom
1951), we also studied its content in yeast chromatographically. Tt was found
that the first traces of trehalose appeared in yeast from the Gth fermentation
hour, increased in the 8th hour and remained unchanged from the 10th hour
up to the end of the cultivation process.

Fig. 7 shows the course of QE’Ol on maltose and glucose in relation to the
same growth curve. The Q;}., on glucose (curve 4) remained high up to the
end of the first part of the growth curve (6th hour of cultivation), then dropped
rapidly but still remained above 200. The QE},, on maltose for the first hour
of manometric determination (curve 1) and for the 2nd and 3rd hours (curve
2 and 3) had a characteristic course. Tn yeast from the 2nd hour of fermentation
it dropped to 10, but during the following hours it rose and reached the highest
values at the end of the first phase of the growth curve, i. ¢. in the 6th hour of
fermentation. The value for the 2nd and 3rd hours of manometuic determination
showed an increasing enzymatic system not only in the 6th hour of fermentation
but also at the time when the end of the first part of the growth curve was
reached. The value for Qo, on maltose have a somewhat different course
(Fig. 8) according to the values in the first, 2nd and 3rd hour of manometric
determination the increasing affinity to maltose appeared in the second hour
of the experiment. In the G6th hour the Qo, after one hour’s determination
reached its maximum in the same way as the QS},,A The results showed that
fermentation of maltose was most rapid in yeast from the end of the first
part of the growth curve and that the ability to increase the rate of fermenta-
tion was also maintained about that point. Fig. 9 confirms this in an experi-
ment in which a lower inoculation yeast dry matter was used than in the above
experiments. In this case the end of the first part of the growth curve was mov-
ed to the 8th cultivation hour. This time was also characterised by the maxi-
mum amount of alcohol and the almost complete disappearance of invert
sugar, as shown above. Fig. 9 also shows that the most rapid fermentation
of maltose oceurred during the Sth hour of fermentation as judged from the
Q%‘o,: i. e. at the end of the first part of the growth curve and increased fermenta-
tion of maltose appears in the 6th hour and was maintained even during the
10th hour of the experiment. )

Changes in the activity of the acrobic systems in relation to the growth
curve were determined manometrieally by finding the Qo, on glucose, ethanol
and acetate. This is shown in Fig. 10..The values for Qo, on all substrate drop-
ped up to the 4th hour of cultivation and then rose rapidly, especially on cthanol
and acetate (curves 2 and 3). The Qo, on ethanol reached 130 in the 10th hour
of cultivation and thus was higher than the Qo, values on glucose. The Qo, on
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Fig. 0. Q%,, of yoast on maltoss in batch cultivation on beat molasses wort coataining 3% of

invert sugar. Lower inoculation dry matter,
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A — 1l 00y hour/mg. dry matter; B — % of dry matter; C — time .
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acetate is near that on glucose. These results were in agreement with those
of Eaton and Klein (1954). The value of Qo, on glucose at the end of the first
part of the growth curve was about 100.

THE PHYSIOLOGICAL STATE OF YEAST DURING CONTINUOUS
FLOW CULTIVATION ON BEET MOLASSES WORT
WITH THREE PERCENT INVERT SUGAR

These changes in quotients during batch cultivation were compared with
values from similar tests in yeast from continuous flow cultivation under
differont flow conditions. Three values for rate of flow of medium were chosen:
a rate of flow ding to the calculated doubling time of 2-6 hours,
3 hours ding to the experil lly determined op time and finally
4 hours, i. e. the period most frequently used in yeast production when using
the feed method. Beet molasses containing 3% of invert sugar fortified with
salts and containing 15 ug of biotin per litre of wort were used. The molasses
wort contained 3% of invert sugar. Fermentation occurred in two fermen-
tation vessels in series. Their volume was 2 litres. The apparatus is described in
another paper presented in this symposium (Ritica 1958).

Table 1
Basic cultivation values at difforent rates of flow of wort
Fermentation vesscl 1 Fermentation vessel 2
Rate of flow Hr. of
corresponding - Yoast Yoast
to doubling '::;‘l’:: dry |Alcohol ‘!"":'r‘ RNA®%) | dry  [Aloohol| I¥rt | pyae)
time matter UBAL | g/mg | mattor BT | pg/mg
% % % % % %
0 2:90
24 143 0-16 69-9 145 000 015 63-0
40 96 144 014 | 616 | 150 | 000 | 012 | 625
] 34
24 140 024 | 658 | 175 | 007 | 021 | 470
30 9% 144 023 | 688 | 182 | 010 | 021 | 507
0 335
26 24 1-08 015 | 867 [ 157 | 014 | 043 | 505
96 090 0-23 | 854 | 125 [ 033 | 020 | 522
*) RNA = ribonucleic acids
Table 1 gives the ch istic values of fer tation from the first and

second vessel. It can be seen that at a rate of flow corrgsponding to a doubling
time of 4 hours all sugar was practically utilised in the first vessel mainly for
growth, equilibrium weight of yeast dry matter was attained and alcohol was
only formed to a small extent. With a rate of flow corresponding to 3 hours
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doubling time a considerable amount of alcohol was still formed but cultivation
Was in a steady state as the cquilibrium dry matter of I-4—1-4; % was main-
tained throughout cultivation. Alcohol was utilised for further growth in the

350

250

200

150:

100

8 8 % 8 7 9% 120
Fig. 11. Q%co, on glucoso in continuous flow cultivation of bkor's ¥yeast on beot molasses wort
A contuining 3% of invort sugar.
A = 1100y hour/ing. dry mattor; B — timo in hours, Curvas : i
0, ) 5 : ves: &~ Q¥g,, for tho first i
minometric detormination; b — for tho socond houss 1 . Q¥g, 8t 1 flow sato oqual to :l«w‘::lri:gf
timo of 2:6 houirs, 2 — doubling Limo of 8 hours; 3 = “oubling tim of 4 hours,

scco'n.d \:essel. With a rate of flow corresponding to a doubling time of 2-6 hours
equilibrium dry matter was not attained, as is evident from its low value of
(0-90%, in hour 96) and alcoho! was formed to such an extent that it was not
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fully utilised even in the sccond vessel. All of the invert sugar was practically
used up in the first fermentation vessel in all cases.
The ribonucleic acids content of yeast in the first vessel was nearly the same

R R S

Fig. 12. Qgo, on maltoso in continuous flow cultivation of baker's yonst on beot malasses swort
containing 3% of invort sugar. Marking us in provious figure.

ab all rates of flow at about 62—70 ug/mg of ycast dry matter. In the sccond
vessel the ribonucleic acids content of yeast decreased at rates of flow cores-
ponding to 3 and 2-6 hours doubling time. This was evidently in agreement
with changes in the ribonucleic acids content observed in a study of growth
curves.

We studied further the metabolic quotients of yeast at the three rates of
flow indicated. "Fig. 11 gives the ng. values on glucose. With a rate of flow

137

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/05 : CIA-RDP81-01043R002800080004-5



Declassified in Part - Sanitized Copy Approved for Release

corresponding to a doubling time of 2-6 hours (curve 1) the yeast on the average
slightly increases its fermentative aktivity during flow cultivation. With a rate
of flow corresponding to 3 hours doubling time (curve 2) and 4 hours doubling
time (curve 3) the ability of
yeast to ferment glucose de-
creased relatively rapidly.
With a rate of flow corres-
ponding to a doubling time
of 4 hours the ngl of yeast
from the 96th cultivation
hour decreased to 118 and
with a rate of flow corres-
ponding to 3 hours doubling
time it lay between 200 and
230 from the 24th hour of
cultivation. It thus appears
that the rate of flow consi-
derably affects the rate of
fermentation of glucose.
Fig. 12 shows the same
relations when. maltose is
fermented. qu. values for
the yeast from continuous
flow cultivation in the first
hour of manometric deter-
mination decrease more
rapidly with a rate of flow
corresponding to 2:6 hours
doubling time (curve 1) and
more slowly with a rate of
Fig. 13. Formentation of maltoso by baker's yeast from flow correspondin, to 4
continuous flow cultivation at a rate no-yoqunl *  hours doublipr:)g timge (curve

a doubling time of 3 hours.
Ao 1 COhour/mg. dry matter; B — time in minutes, 5 D€ CUrve for Q¥ for
The figures on the curves aro for yeast of the correspond.  the second hour of mano-
ing formentation ti metric determination shows
that at the slowest rate
of f!ow there is also an equal decrease in the abi ity to strengthen the enzy-
matic systems tdung part in maltose fermentation. At higher rates of flow,
how , the i e d fer ion rate of maltose is intained for the
w.hf’l" time of observation. Fig. 13 gives an example of the course of fermen-
tation tose by yeast under anaerobic conditions at a rate of flow corres-
ponding ’

4004

8 60 120 180

blng time of three hours.
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The course of maltose fermentation is shown directly on the curves of mano-
metric determination. It can be scen that in all cases the ability to increase
the activity of the system responsible for maltose fer ion is preserved.
Similar curves could be demonstrated for yeast also from other experiments,
especially with a rate of flow corresponding to a doubling time of 2-6 hours.
We can thus conclude that at all rates of flow used the rate of maltose fermenta-
tion decreases for yeast in the first vessel. At slow rates of flow the ability to
increase the activity of bi ltose fer ion decrenses togetl
with the rate of maltose fermentation, but at higher rates of flow the decrease
ceases ab certain values and the ability to speed up fermentation is preserved.
Table 2 shows the Qf:‘o, for the 1st, 2nd and 3rd hours of manometric dotermina-
tion on maltose in yeast from the second fermentation vessel. The Q;}'o' values
are all lower than those from the first vessel and also the ability to increase
the rate of fermentation is small, or absent, excepting only a rate of flow cor-
responding to 2:6 hours, doubling time. The endogenous QE},. which has low
values was not taken into consideration in the above experiments. It only
reaches a value of about 5 during the first hour of determination. The Q‘c"o. on
glucose is also lower in the second vessel and is about 150 at the slowest rate
of flow, 170 at the medium rate and 260 at the highest rate.

Tablo 2
QX values on maltose of yeast from the 2nd Tormontation vossel at different flow ratos
Rato of flow corres- | Hours of Q,
timo ; . >
23 353 50-7 683
48 407 825 77
40 72 68-1 738 856
9 36-0 475 58-9
24 610 470 405
48 472 497 85-3
30 72 492 39-1 413
96 488 443 433
120 780 50-3 371
24 398 778 142-2
48 462 120-0 177-0
26 72 50-2 1285 167-5
9% f il "
120 575 355 42:7
12,3 — Valuos for Ist, 2ad and 3rd hour of ic detormination. Tho end valuos

are not subtracted.
Thus both the fermentation rate of glucose and maltose and especially

the ability to increase the activity of the system participating in the anaerobic
fe ion of maltose are iderably d d in the second vessel. It
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will probably be 'y from a 1 point of view to determine empiri-
cally the volume of the fermentation liquid in the second vessel in order to
Preserve as far as possible the physiological state of yeast grown in the first
vessol.

In addition to the rate of glucose and maltose fermentation by yeast in the
above experiments we also studied the rate of oxygen consumption by the
same yeast in different substrates. The Qo, values on maltose, glucose, cthanol
and acetato during the first hour of manometric determination at the rates
of flow studied are given in table 3, The Qo, values on maltose and glucose
from the first vessel are stable during cultivation and cqual about 100. Oniy
with a flow rate corresponding to a doubling time of 2-6 hours were there
greater variations in Qo,, especially towards lower values, The Qo, values on
ethanol were nbout the same at all rates of flow and equal to about 80. The
same holds good for acetate with a value of about, 50. In general at a rato of
flow corresponding to a doubling time of 2:6 hours the values varied more in
relation to the timo of cultivation than is apparent from the table.

Tablo 8
Qo, vituos on maltoso, glucoso, othanol and acotuto of yost from tho Ist fermentation vessol ab
difforent rates of flow

Rato of flow cor. [ - Q.
responding formentation.
to doubling timo | O " | Maltoso | Glucoso | Bthanol | Acotate
24 100-0 1080 81-0 49-0
40 9% 101-0 900 740 320

100-5
094

Tho ondogonous rbspiration valuos aro not subtracted. Tho PH of tho buffor on glucoso was 6 5.
The glucoso concontration was cquimolur to that of othano! and Acetuty.

Fig. 14 gives examples of the course of oxygen consumption on maltose.
They give a clearcr picture of the oxygen consumption duving respiration
of maltose than the Qo, values. Curves are drawn for the oxygen consumption
at different times of flow cultivation at a flow rate corresponding to a doubling
time of three hours. This is the same yeast the curves for CO, evolution during
maltose fermentation of which are shown in Fig. 13. It is evident that the
oxygen consumption in yeast from the flow culture had, on the whole, a linear
course. It must, of course, be pointed out that the values for endogenous

piration were not subst d, as they were small. The Qo, values on maltose,
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i
1
i

glucose, ethanol and acetate for yeast from the 2nd vessel are given in table 4.
As can be seen there was no significant difference between the Qy, values
on glucose for yeast from the first and second vessels and the course was also

, 912
%
4 /,
4
Yy 8
A /l/
’
2007 /;./ 248 72
’
4
///
2
//
'/
100
/)
8 60 120 180

Fig. 14. Oxygen consumption of baker's yeast from continuous flow cultivation at n flow rate
oqual to a doubling time of 3 hours.

A — pl CO/hour/mg. dry mattor; B — timo in minutes. The figures on the eurves wro for yenst
N from the corresponding fermentation time.

the same. The Qo values arc lower on maltose than in the first vessel, but the
course of changcs’rcnmincd the same. The rate of autolysis of yeast from both
vessels was also determined at a rate of flow corresponding to a doubling
time of threc hours. This was stable during 120 hours of cultivation and was
equal to 50—60%, of autolysed proteins in the first and 60—70% in thesecond
vessel. Trehalose could not be demonstrated in yeast from the first vessel.
In yeast from the second vessel this oligosaccharide oceurred irregularly and
only in very small amounts.
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Tablo 4

Qo, values on mnltose, glucono, othanol and acotato for yeast, from the 2nd formentation vessel
at differont flow rates

Rato of flaw Hour of Q,
(SorroAponding | forantation
g Maltoso Glucose Ethanol Acotate
24 73.0 91.0 87 5
40 96 70.0 100-0 82 : ;

24 456 98.0 86 79
30 9 7.0 80.0 7 4

y 2. 100-5 3 45

2. 101.0 83
Summ N — S R
The endogonous rospiration values aro not subteactod. The p of the buf s
The glucose concentration was equimolar o that of ethancl and sertate " O B0 Was 66,

B

M
>
2
P

T the results obtained when studyin the physiol

of yeast from batch cultures and those from oontinuou:'I ﬂgw culltjuzes. ’;ﬁi
physiological state of Yeast from batch cultures at the end of the first part
of the growth curve is characterised y & high rate of glucose fermentation,
a i rate of maltose f¢ i ied, in additi , by a consi-
derable ability to acti the enzymatic system participating in
fermentation of maltose. In addition, we find a certain decrease in the ribo-
nucleic acid content in yeast as compared to the state of the culture at the
beginning of the growth curve, The ©Oxygen consumption on maltose is the
highest in yeast from the end of the tirst phase of the growth curve (Qo, = 100)
with only small or even no ability to increase the activity on maltose. The Qo
value on glucose is the same as that on maltose and does not show such charac-
teristic changes as those for maltose. The Qo, values on ethanol have a growing
tendency at the end of the first part of the growth curve.

When compared with that from the end of the first part of the growt]
curve in batch cultivation Yeast obtained from conti flow cultivation
in the first vessel Preserves its ability to i maltose f ion at
higher rates of flow ding to the det: d doubling time of three
hours and also a high rate of glucose fermentation, especially at higher rates
of flow. The values for ribonucleic acid indicate that the culture is not in the
logarithmic phase during the first part of the growth curve in batch cultivation.
Also the Q,, values on maltose and glucose indi that the physiological
state of yeast from flow cultivation corresponds to that of yeas‘e at theeend
of the first part of the growth curve in batch cultivation. The Qo, values on

ltose are more in with this conclusion as they cht;nge more,
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This is evident from observations on yeast cultivated in batch fermentation
on one hand and from those on yeast from the second fermentation vessel in
continuous flow cultures on the other. The Qo, values on ethanol and acetate
are lower than would correspond to the state of the culture at the ond of the
first part of the growth curve in batch cultivation and indicate that the state
of yeast corresponding to this part of the growth curve has not been exceeded.
This is also the case as judged from the trehalose content of the yeast.

From a comparison of these results it is concluded that yeast from continuous
flow cultivation is in a physiological state cor ponding to the cnd of the
first part of the growth curve of the batch fermentation process at higher
rates of flow and more or less below this state at slower flow rates. This con-
clusion is also confirmed by further decrease of some values in yeast from the
second vessel. This applies to ng, on maltose and glucose, the values of which
d and which lly also d the ability to increase the
affinity to maltose under anaerobic conditions. The same conclusion can bo
reached from decreased values of Qo, on maltose or, on the contrary, from
increased Qo, on ethanol and acetate.

SEMIPILOT-PLANT EXPERIMENTS WITH CONTINUOUS FLOW
CULTURES OF BAKER'S YEAST

Reaults obtained in small laboratory vessels were verified in vessels ten
times as large. We used a two vessel system with a fermentation liquid capa-
city of 20 litres in the first and 10 litres in the second tank. The fermentation
system is described in another paper in this symposium (Ritica 1958). Molasses
wort containing 3%, invert sugar was used fortified in the same way as in
laboratory fermentation. The speed of the mixer was 500 r. p. m. in both
vessels. The first was aerated with 10 It air/min., the second with & 1/min. The
oxygen diffusion rate under these conditions was 110 mmol Q,/1t/hr in the
first and 80 mmol O,/lt/hr in the second vessel (measured by the sulphite
method of Cooper, Fernstrom and Miller, 1944). The oxygen diffusion rate into
the fermentation liquid was the same as in the laboratory experiments.

We used a rate of flow corresponding to the determined 3 and 4 hours
doubling time. Two different plant strains were also used. Fig. 15 shows the
course of the basic cultivation curves in the first fermentation vessel at a rate
of flow equal to a doubling time of 3 hours. The results were similar to those
obtained in the laboratory. In the second tank the results were also similar
to those in the laboratory experiments, the alcohol content decreasing to
below 0-1% and the yeast dry matter increasing to a steady state of 159,
This applied also for experiments with a rate of flow corresponding to a doubl-
ing time of 4 hours, exepting the fact that the equilibrium dry weight was alrea-
dy about 1-5% in the first vessel and the content of alcohol about 0-2—0-3%,.
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Table 5 shows the values for Qf%, on glucose and maltoso and for Q,, on

maltose for yeast from the first fermentation vessel for both strains. Strain 1
was used for all fermentations in the laboratory. Tt can be seen that in these
experiments not all relations found in laboratory cultivation could be confirm-

bee-on 4
0.5 [t oo T T PR, SO P ) N
‘ ~ e
[} 10 20 30 ) 0 0 70 80

Fig. 15. Basic f fon curves during cont flow cultivation of buker's yeast on beet
unolnssos wort contnining 3% of invort sugur in u somi-pilot phunt apparatus.
A~ pH; B — % of dry mattor, alcohol and invort sugnr; C — flow of wogt, . I/hour; D — timo
in hours. Curves: 1 — flow of wort; 2 — % of dry matter; 3 - PH; 4 — 9% of alcohol;

5 — % of invert sugar.

cd. The QE},} values in strain 1 on glucose did not show such a deep decrease
with a rate of flow corresponding to a doubling time of 4 hours and a drop
of from 290 to 220, this being the fall found with a rate of flow corresponding
to a doubling time of 3 hours in the Inboratory. This was even more evident
in the QE’O’ values on maltose. Thesce decreased in exporiments a higher rate
of flow. The decrease in affinity to maltose could not, of course, be explained
by the extent of multiplication. Tt was evident, however, (table 5) that cven here
in all cases a considerable ability to increase activity during maltose fermenta-
tion was preserved. Thus Yyeast appeared more active here than in laboratory
experiments from the point of view of glucose and maltose fermentation.
This can be explairied by the fact that the preparation of the inoculum for
laboratory experiments and for those with larger volumes differed fundamental-
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Table 5
Qq, vnlues on glucose and maltose and Qq, on maltose in yeast from the 1st fermentation vessel
Tow Multos Glacose
Flowrato |00 o
' . N <
to doubling | formen o, | Qo, .
. tation
time l,ﬂl:lllli!l:!
Strain 1, ono stage fermontation
5 T8 1T65 | AST | 832 | 800
15 117:8 | 202.0 | 210-0
3 5 1300 | 2000 | 1985
65 977 | 2020 | 2240
95 652 | 1500 | 1t
h
17
40 46
72
96
Strain 2, two stugo formentation
5 140 | 978 | 711
15 1395 | 1050 | 879
10 38 1370 | 1050 | s
62 130 900
85 1105 66-3
1,23 — values for Ist, 2nd and rd hour of e d The ond values

are not subtracted.

ly. For laboratory experiments the inoculum was prepared by transferring
a culture grown on 10° Bg malt wort to molasses wort fortified and containing
3% of invert sugar. Cultivation was carried out in a shaker. Pitching yeast
for larger volume experiments was prepared on more concentrated worb of
14° Bg, a mixture of 14° Bg molasses wort and 14° Bg malt wort. This wort
was inoculated with a corresponding volume of culture grown on 14° Bg malt
wort and cultivated under slight acration. These preparatory conditions pro-
bably affected the development of enzymatic systems responsible for glucose
and maltose fermentation. Plant strain 2 showed even higher activity for glu-
cose and maltose formentation which it maintained for the whole time of the
incubation period. The strain is not only somewhat different, morphologically
from strain 1, but is also cultivated differently under laboratory conditions
and renewed from plant fermentation. The values for Qo, on maltose were
about 110 for strain 1, i. ¢. about the same as in laboratory fermentation.
They were somewhat higher in strain 2.

The values of the above mentioned tests for yeast in the second vessel showed
a similar decrease in comparison to those of the first vessel, as was observed
under laboratory conditions. Q‘c\'o_ on glucose fell to 190—200, on maltose to
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about 50 with a small capacity under these conditions to increase the activity I'he baking strength in the case of pressed yeast from flow cultivation is
t0 70 in the second and 80 in the third hour of the manometric determination. — 145 minutes of dough test. The baking strength in the ease of pressed
The values for Qo, remain at about 80— 90, yeast from a rate of flow corresponding to a doubling time of three hours
The capacity of the PI used was pl 150 as to obtain an amount was determined without the

of yeast enabling pressing ‘and thus quality tests (macrotests). We also stu- use of kitchen salt as it was

died baking strength and keeping propertics of pressed yeast. - found that this yeast was A 3
more osmosensitive than in
other experiments. In other
experiments the differences
inbaking strength were small 2
with or without salt. The
changes in baking strength

did not correspond to the 400
considerable variability of

the QF, values on maltose

and to the difforence in the
ability, under these condi-

tions, toincrease the activity

to this substrate. Thus ba- 200
king strength was 140 min.

in pressed yeast from the 1
15th hour of cultivation whi-
le the ngl on maltose is
32-5. There was hardly any

600;
Table 6

Vihies for Qco, on glucoso and wmaltoso, Q, on maltoso and baking strength in pressed youst
from continuous flow eultivation

Flow rute Maltoso Clucoss
equivalent
to doubling

timo

Hour of | Baking
formontu-|strongih
tion | min.

71 109:0) 100-5
196-0 | 191 25 807
2410 | 2 131-0) 962
1275 [ 1710 | 880 754

1635
1415
142-0
137-0 | 1475

157

6222270 f 1p2.0
483 ] 183-0| 185 5

Strain 2, two stage formentation

H
i

61 1025 516 226-0 | 2400 ability to i the rate B 60 120 180
40 | 302 430 782 201-0 | 2360 bility to inoreaso h. ae . .
66 145 389 7 of maltose fer: in  Fig. 16. F of maltoso by prossed yonst from

485 | 196:5 | 205 0 . !
[ Bt this yeast. Yenst from the C°ontinuous flow cultivation at a flow eate equal ta g dorel:
yeast. ing tuio of 3 hours.

95th hour also had a baking 4 _ ul CO,/hour/mg dry mattor; B — time in minutes.

Put{ermix‘mﬁon mado in pressed yeast, kept for 24‘ hours‘ at about 5 °C. 1, 2, § values for the Ist. strength of 140 min. with Curves: 1 — yenst from the l-’ith.houAr of eultivation; 2 —
2nd and 3rd hour of d Tho values have not been subtracted. N 1. yeast from the 35th hour of cultivation; 3 — yomst from

* Baking strongth dotormined without addition of salt, 2 Qgo, of 517 and a con- g gars o er cultivation; 4 — yonst from tho 95¢h hoar

siderably increased rate of of cultivation.

Table 6 shows the values for QE‘O_ on maltose and glucose, for Qo’ on maltose i fermentation. Yeast from
and the baking strognth of pressed yeast. The values given in the first two { the 35th hour had a baking strength of 145 min. and o QE), of 121 and
experiments with strain 1 are from yeast separated and pressed from the Ist also inereased its affinity to maltose under these conditions. The same ap-
fermentation vessel. It was kept at 5 °C for 24 hours. Pressed yeast with both plied for pressed yeast from the second vessel. Here also yeast with a small
rates of flow maintains & considerablo f ion rate on glucose and maltose maltose fermentation rate and a small ability to increase its activity to this
in comparison with yeast taken directly from the fermentation vessel. Yeast substrate had the same baking strength as yeast with high Q&Vo, values in the
from the 15th hour of fermentation was an exception. The oxygen consumption 4 previous experiments. Tn all these cases the intensity of the aerobic breakdown
on maltose was also high. The values for ng, and Qu, on maltose decreased of maltose, however, was higher than the intensity of its anacrobic fermentation.
considerably and also the ability to increase the fermentation rate on maltose These relations are especially apparent on the graphical represontation of the
varied a lot in pressed yeast from the 2nd fermentation vessel, This was in 1 course of CO, evolution or oxygen consumption by this yeast. As an example
agreement with the above results with yeast from the 2nd vessel. we show the CO, evolution and OXygen consumption on maltose in pressed
146 100 147
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Fig. 17. Oxygon consumption of pressod yoast from con-
tinuous flow cultivation at a flow rato to a doubling timo
of 3 hours.

A — pl Oy/hour/mg. dry mattor; B — timo in minutcs,
Curves: 1 — yoast from tho 15th hour of cultivation; 2 —
yoast from tho 35th hour of cultivation; 3 — yeast from tho
83ed hour of cultivation; 4 — yoast from the 95th hour
of cultivation.

evolution during manometric determination of gl
be seen from the curves the CO, ovolution from
cases and on the whole varied only slightly.

yeast with a rate of flow
corresponding to a doubling
time of 3 hours. Fig. 16 shows
thecourseof CO.evolutionon
maltose. Curve 1 is for yeast
from the 15th cultivation
hour and a baking strength
of 138 minutes, curve 2 from
the 35th hour of cultivation
and a baking strength of
145 minutes, curve 3 from
the 63rd hour and a baking
strength of 135 minutes and
curve 4 from the 95th hour
with a baking strength of
140 minutes. The course of
the curves indicates that the
maltose fermentation incro-
ased gradually as the affi-
nity to the substrate incre-
ased. The course of oxygen
consumption, on the other
hand, as shown in Fig. 17
was different. In all cases
there was a high oxygen con-
sumption and the difference
between CO, evolution and
oxygen consumption (Fig.
16, curve 1 and Fig. 17 cur-
ve 1) was especially evident
in presed yeast from the 15th
caltivation hour. Fig. 18
completo the picture of the
fermentation ability in pres-
sed yeast. It shows the CO,
ucose fermentation. As can
1 glucose was rapid in all

In view of the disagreement between the baking strength and aerobic

and anaerobic maltose fermentation in pressed yeas

t obtained during continuous

flow cultivation we studied the sawe relationships in yeast from various

stages of commercial production of baker's yeas
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results obtained are given in
table 7. The baking strength
in the Ist, 2nd and 3rd ge-
neration of pitching yeast
are practically the same —
130 — 135. The fermentation
rate of glucose is fundamen-
tally high, but quite diffe-
rent from that of maltose.
The fermentation of maltose
is slight in the 1st generat-
ion and somewhat higher in
the third and there is no abi-
lity to increase the ferment-
ation rate. The 2nd gene-
ration has the highest fer-

>

600 -

Fig. 18. Formentation of glucoso
by prossod yeast from continuous
flow cultivation at a flow rato 1
oqual to a doubling timo of 3hours.

A — 1 CO,/hour/mg. dry mattor;
B — timo in minutes. Curvos: 1 —
yeast from tho 15th hour of culti-
vation; 2 — from the 35th hour;
3 — from the 63rd hour; 4 — from

tho 95th hour of cultivation. B

Table 7

Values for Qo, on maltose and glucoso and for Q, on maltoso, baking strength

different stages of yenst production

of yoast from

Maltose Glucoso
Baking _ -
Yeast strength R, Qo, b,
mn 1 2 3 [ 2 3 1 2

Ist generation .. 135 92| 41 218:0
2nd generation 130 | 571 | 793 2520
3rd gencration . . 130 | 317 | 275 2030
Final stage )

5th hour of feed .. ... - 768 §S | 860 | 676 | 2880
10th hour of feed ... - 14-2 447 | 450 | 1945
12th hourof feed .. . - 151 | L1 82:0 | 320 | 40 | 148:0
Finalstago ... . .. 160 35 [ 128 360 | 203 | 312 | 1650

d The ond; values

1,2, 3 — values for Ist, 2nd and 3rd hour of
wre not subtracted.
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120
19. Formentation of maltoso by yoast from differont
0d.

stagos of youat production by tho food mothod.
ul COy/hour/mg dry mattor; B
1 — yoast from tho lat goneration

timo in minutes. Cur-
2 — from the 2nd

genoration; 3 — from the 3rd generation; ¢ — saloable

yoast.

mentation rate of maltose
and also has a considernbly
incroased ubility to ferment
maltoso as can be seen from
Fig. 19 (curve 2) which shows
the course of CO, evolution
during anaerobic formenta-
tion of maltose. Tn final
saleable yeast, conditionsaro
similar, as can be scon from
curve 4, Fig. 19 and from
table 7. The intensity of the
serobic breakdown of the
maltose is in all cases greater
than the rate of CO, evolu-
tion under anaerobic con-
ditions (cf. table 7 and Fig.
20). This difference is espe-
cially considerable in the Ist
goneration of pitching ycast.
It is ovident from the ng,
values on glucoso and mal-
toso in yoast from different
formentation times during
the production of saleable
yeast that the fermentation
ability develops in the 5th
hour of flow. At that time
there is also a considerable
ability to increaso activity
during the anaerobic break-
down of maltose. In the
10th and 11th hours the fer-
mentation rate of the mal-
toso is small and the above
ability has been lost.

It can bo scen from a number of the abovo results that the fermentation

of maltose by Yeast and the ability to increase

the fermentation rate both

the fermentation rate of maltose and the baking strength (within a range

of 125—145 min.) Even in those cases, howe
baking strength did not have the ability to

150

ver, in which yeast with a good
ferment maltose more rapidly or

increase its activity under those conditions to this substrate, L!m intonsity
of the anacrobic breakdown of tho maliose was great, and wos linear on the
whole. We believe, therefore, that strictly annerobie fermontation ur'u.mlmsc
is not a reliable test related to the rising of flour. Under normal conditions of

200

180

s y 120

i 2 08 of youst production by the
i ygon consumptior on maltoso by youst from differont, stuges o
¥l 20. Oxygen ' Toed method.
o in mi furves: 1 — yenat from the lat goneration;
— 1l CO,, ng dry mattor; B — time in minutes. Curves: 1 yenat ot
f»\_ [;vlo(.(g‘élrf.‘.‘\r/in.ﬁ 2.311 gonoration; 3 — youst from the Brd gonoration; 4 — suloublo yenst.

deter tion of the for ion rate of maltose by yeast the Ia\AM.cr‘ ferments
maltose in an artifial substrate during shaking in a closv.:d culhvu(’rl‘m] \'Ltssl!l
from which air has not been expelled by an inert gas (White 1954). This diffe-
rence in method may explain the difference between our results au?d those
in literature. These conditions will, however, have to be verified. Tt must
further be taken into consideration that yeast in f]O\lgl\ forments m}\lbﬂsc
only after the fermentation of saccharose and levosine. The fermentation of
these substrate can favourably affect increased activity of the ycast for In}\ltosc
fermentation as was shown by Blair (1954) in quunbimtixl'c' fermcntatlon'of
maltose in the presence of a small amount of glucose. In addition flour conta'ms
substances stimulating the rate of adaptation of ycast. Thus t:hc lcrn.\cnm?mn
of maltose in flour may proceed more rapidly than in synthetic solutions. The
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rate of such stimulated adaptation d pends on the overall physiological state
of the yeast, which was good in the mentioned cases. Tt is important, however,
from the practical point of view that baking strengths of 125—145 minutes
were obtained in pressed yeast from conti flow cultivation. This indi
good baking properties.

Another sign of quality requested in good baker’s yeast are the keeping
propertics. This was studied in pressed yeast from continuous flow cultures
using two tests: the liquification of yeast in a Petri dish at 35 °C and the rate
of autolysis. I'he keeping property as tested by liquification was 49 to 120 hours,
mostly 75—80 hours. It is thus lower than in usually required for good ycast
(120—144 hours). No conclusions can as yet be drawn from the results concern-
ing the cffect of caltivation length or rate of flow on the keeping property.
The keeping Property changed even in the same experiment but the lowest
time mentioned was found only in yeast at the beginning of the experiment.
The rate of autolysis was about the same as in the laboratory experiments.
Here too the yeast had a higher autolytic rate at the beginning of cultivation
70 or 80%, of broken down proteins — which settled down at various levels
during the cultivation Process. At a rate of flow corresponding to a doubling
time of 4 hours they remained at 70% and for 3 hours and in strain 2 at 50
to 609, At the moment we have no relationship between the keeping property

and rate of autolysis. It is pp > h , from the rate of autolysis
that the keeping properties thus studied remain at a certain level during the
experiment and do not change iderably. The relatively lower

Pproperties found with the liquification test in a Petri dish can be explained
mainly by the increased Pprotein content in yeast of 50—529%, On the hole,
however, the results indicate that a kecping property of 120 hours can be
achieved if sufficient attention is paid to this problem.

Yields (grams of yeast dry matter from 100 g of saccharose in the wort)
differed according to the rate of flow of the wort and according to whether

and a rate of flow corresponding to a doubling time of four hours the yields
were'about 50% and at a rate of flow for a doubling time of 3 hours about 409,.
In two stage cultivation and a rate of flow corresponding to a doubling time
of 3 hours the yicld was 519%, and about 53% with a rate of flow corresponding
to a doubling time of 4 hours.

MORPHOLOGY OF YEAST FROM CONTINUOUS FLOW
CULTIVATION

In conclusion I should like to deseribe shortly a phenomenon observed in all
our experiments. Morphological changes were observed in yeast cultivated
by the continuous flow method. The inoculum for our laboratory experiments
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was prepared under shaking on molasses wort, containing 3%, of invert sugar.
Under these conditions the fermenting cells of the inoculum were 7-38 X 5-04 ®
in size and the proportion of their length to width was 1-46. Fig. 21 shows a mi-
crophotograph of yeast used for inoculation in our experiments. 1t is evident
that these are normally sized yeast cells. Although it is known that in batch
cultivation both the size and volume of yeast changes, the proportion of length
to width is only slightly affected, usually changing to lower value. Also during
feed this proportion changes only slightly from an average of 1-46 to 1-57,

Under our conditions during continuous flow cultivation of yeast, however,
there are considerable changes in the shape of the yeast cells. During the feed
phase of cultivation the sizo of the yeast cells is 6:86 X 4-38 . (i. ¢. a proportion
of 1:57) and this changes fairly rapidly during the flow phase to 8-34 X 4-06 ,
a proportion of 2-05. Fig. 22 is a microphotograph of yeast from the 120th
hour of continuous flow cultivation at a rate equal to a doubling time of
3 hours. Tt can be secn that there are considerable morphological changes.

These changes in our experiments occurred at all flow rates with excessive
or insufficient amounts of biotin, in experiments in which the wort was forti-
fied with further vitamins and trace elements and in the second yeast strain
used in semi-pilot experiments. We do not yet understand this phenomenon
and are studying it further.

CONCLUSIONS

We have not found a more s report in ible litcrature concorn-
ing the basis of the process of continuous flow cultivation of yeast. It is true
that this problem has already been worked out technol ically, but the publisl
ed reports do not pay attention to a detailed analysis of this process. This is
perhaps due to the fact that at that time the theory of continuous processes
had not yet been elaborated. A number of methods of flow cultivation of
baker’s yeast and their modifications have been patented. From these it is
evident that they are based on empirical data and it is difficult to decide which
process is the best. Perhaps that is also the reason why continuous flow cultiv-
ation of baker’s yeast has not been applied to a large extent as yet. The results
of these earlier reports, h indicated that fund ly. this process
isrealizable. In our work we studied, as far as possible all problems related to
continuous flow cultivation of yeast, especially their physiology. In our opinion
it is the physiology of yeast that indicates its quality as required for practical
purposes. This is an atractive question as the process of the feed method of
Yeast production itself has not been worked out sufficiently.

Our results showed that beet molasses must bo fortified with a certain
amount of biotin during continuous flow cultivation of baker's yeast. In our
conditions 1 g of biotin per g. yeast grown proved the most suitable. The
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significance of biotin for yeast growth is well known, yet we may assume that
the requirement for biotin may be influenced by the strain of the yeast used.
When biotin was added maximum yields were obtained in semi-p}lob experi-
ments equal to 51529, as caleulated pet added invert sugar. This is the yield
attainable by the feed method on good beet molasses. We did not attain the
maximum yield reported for beet molasses fortified with biotin by White
(1954). Also the results of tho dough test for yeast from our continuous flow
cultivation (125—145 minutes) and the stability of these values throughout
120 hours of cultivation indicate that continuous flow cultivation can be
applied successfully. The problem of keeping properties, however, will have
to be studied further and the results obtained indicate that this problem can
be solved successfully. From the practical point of view the problem of an
oxygen supply is also important during the continuous’ flow production of
yeast. The results from the laboratory experiments of Maxon and Johnson
(1953) are not sufficient. We are studying this problem further in our labo-
ratory.

It follows from a comparison of the results of physiological changes in yeast
from batch cultivation and those from continuous flow cultivation that the
latter, at a more rapid flow rate, are in a physiological state cor di
to the ond of the first part of the growth curve in batch cultivation. It i.s‘impor:-
ant practically and theoretically that at a flow rato conrresponding to the maxi-
mum yield of the apparatus the physiological state of the yeast is quite stable
throughout the experiment. This was confirmed by ‘Malek (1955) and was
roported by Herbert (1956). It is characteristic of Yyeast from continuous flow
cultivation at a more rapid flow rate that it can increase the rate of maltoso
fermentation. The ability to breakd malt; bically, h ver, is
very variable, although aerobically this is not the case. This is especially evident
from difforent samples of pressed yeast in which we found that strictly anae-
:‘:sbic formentation of maltose is not a roliable test with regard to the dough

t.

A further interesting fact follows from the above results: yeast of a defined
Pphysiological state which breaks down maltose aerobically loses the ability
to do so0 anaerobically. At the same time the aerobic and anaerobic intensive
})renkdown of glucose is preserved. Thus the anaerobic breakdown of maltose
in its aerliest stages must be completely different from the aerobic breakdown
f’f the same sugar. It is the subject of further research whether this difference
is due to physico-chemical conditions occurring during fermentation or whether
it is due to different enzymatic equipment of the cell.
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i. Trudy

THE EFFECT OF ENVIRONMENTAL FACTORS
ON THE GROWTH RATE OF BAKER'S YEAST IN AERATED
CONTINUOUS FLOW CULTURE

E. A.PLEVAKO, O. A. BARUSINSKAJA and N. A, SEMICIATOVA

A deeper study of industrial cultures in all their stages of development is
interesting both from the theoretical as well as from the practical point of
view and offers the possibility of controlling the lifo processes of microorganisms
used in the fermentation industry. According to the teaching of Miturin
certain changes of mass transfer arise in a living organism under the influence
of environment. Marked changes occur in yeast cells in a twelve-hour feed
cycle under plant conditions with adequate acration, where every hour the
amount of yeast in the nutrient medium inereases, while the nutrient content
continuously decreases and finally vanishes.

Simultaneously metabolic wastes gradually accumulate in the medium
as well as water soluble substances such as molasses non-sugars; this leads
to a rise in the density of the medium. It is considered that during the twelve-
hour aerated feed-culture with ycast of respiratory type a certain develop-
ment cycle occurs — from the progressive growth of the young gencration
from the seed culture in the first four hours of cultivation to the violent multi-
plication of the yeast cells in the second period from the fourth to the eighth
hour. In the last period it appears that the yeast cells end their developmental
eycle and they pass over in the tenth hour to a state of maturity and quicscence.
In cultivating yeast with continuous acration of the medium and of feeding
of nutrients, whose amount is increased at hourly intervals, the accumulation
of the yeast mass occurs at different velocities in various phases of the twelve-
hour process. This circumstance led to more thorough study of the physiologic-
al state of the yeast cells and of the influence on their fermentation activity
of such environmental factors as the concentration of sugar in the medium
and of the degree of aeration of the medium for various amounts of yeast in the
fermentation tank. The goal of this work was to find suitable conditions for
the long period flow culture of baker’s yeast.
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The experimental research work of I. P. Astachova c ing the ¥
tion of oxygen in the accumulation of mass of Saccharomyces yeast during
its flow cuiture on molasses preceded the work in tho field of the biology of
yeast. It was found by dircct experiments that one gram of compressed yeast
under these conditions consuines §0—100 mg of oxygen per hour at the maximum
rate of growth. It is thus necessary to supply the growing yeast with assimilable
oxygen in an amount corresponding to the amount of yeast found in the tank.

Clarification of our notions ding the chemical hanism of processes
of sugar assimilation in relation to the increase of yeast mass during acration

of the medium as well as the ption of sugar in alcoholic fer
helps us to find the optimum conditions for long period cultivation of Yyeast
by the flow method. The hanism of the lation of yeast mass has

not previously been adequately studied. It has, however, been experimentally
shown that the ition of the medium — theo P of metaboliti
products and of growth substances — is of importance in relating the consump-
tion of sugar to the growth and multiplication of yeast in media containing the
necessary amount of oxygen. The growth substances are constituents of
enzymes and coenzymes participating in the i Pprocesses and in the
lation of protoplasmic subst: which occur by a non-fermentative
process, Under these conditions of cell p )| oceurs in
deficient media in the initial stages of sugar d ,in the b
phosphate state and in the conversion of the media sugar in the Krebs cycle
with the formation of tricarboxylic acids.

Since the rate of growth of yeast in relation to the measured consumption
of sugar and the increment of a given amount of yeast is very important
for correct feeding of the growing yeast mass, our work was therefore directed
to i igating this relationship. The Ppurpose of our research was to compare
the rate of the overall increase of the yeast mass in dependence on the con-
sumption of sugar on the increment of yeast during each hour of growth under
aerobic conditions. The overall amount of yeast, its concentration in grams
per litre of medium, is certainly of importance for the consumption of sugar
in relation to the metabolic reactions of yeast at various ages. The experimental
work was therefore carried out in the laboratory experiments in fermentation

i b ing the culti of 30—35 g of yeast per litre of medium,
Other concentrations of Yeast up to 55 to 65 g/litre of medium were also tested
under pilot plant conditions.

For the purpose of studying the effect of the nutrition regime of the yeast
Saccharomyces cerevisiae VII — T on the rate of growth and multiplication
we dﬁecide{l;to carry out the cultivation with continuous outflow of part of the
nutrient medium carrying yeast colls from the formentation vessels. This
cgl}ld agg:favqurhhly: on the physiology of the yeast remaining in the fermen-
ter. The v’ol}iiﬁe’"‘rn in the fermentation vessels was compensated by

feeding the appropriate amount of nutrient medium and water so that the
amount of medium in the vessels remained constant,

"The experiments in cultivating yeast were carried out in special fermentation
vessels of a total volume of ten litres containing seven and a half litres of molas-
ses medium which was acrated. The conditions for the cultivation of tho yeast —
the temperature and pH of the medium, the amount of inoculum and its quality,
and the of the nutrient dium fed to the apparatus — were
constant.

The following determinations were carried out in the course of tho experi-
ments:

L Determination of the weight of compressed yeast with 75% water in
samples taken every hour. The rate of growth of the yeast was caleulated
in percent of the weight of the yeast mass in the fermentation vessel at the
beginning of every hour or per gram of yeast (specific rate).

2. Determination of the size of the cells by measuring their diameter. The
percentage of large cells with a diameter of 10 to 12 1, average with diameter
7 to 9 p, small with di 4 %0 6y, was det i by ting 100 yeast
cells.

3. The rate of budding of the cells was determined in a microculture and tho
ratio of adult colonies was determined after a lapse of 16 to 18 hours, where the
large ones contained more than 10 cells, the average ones consisted of 6 to 8,
and the small ones contained 2 to 4 cells. Samples for inoculation in the micro-
culture were removed every hour.

It was observed that large cells form large colonies of yeast containing 10 to
15 cells in the microculture. Cells of average size gave rise to colonies with
5 t0 9 cells, while the small cells have colonies with 2 to 4. These were clearly
young daughter cells which were still in the growth stage. Very young cells
also occurred; these were still not capable of rapid growth and multiplication
and did not bud after 16 to 18 hours.

4. The amount of sugar fed to the apparatus during one hour was determined
and compared with the increment of yeast mass durin g this period. From this
we found the ratio of the weight of sugar to that of the newly grown yeast.

5. In the first series of experiments the yeast was cultivated during a twelve
hour period by the normal method used in the baker’s yeast industry (Table T).

Comparison of the rate of growth of yeast with the morphology of the
yeast cells and the consumption of sugar during various periods shows that
the gradual deceleration of the rate of growth of yeast at the ninth hour cor-
responds to a decrease of the relative consumption of sugar at this period to
430 mg/g of yeast cells grown per hour. As a result the volume of 100 yeast
cells changes and actually decreases from 11,400 #* to 8,000 2. The amount
of small cells rapidly increases to 65%. The specific rate of growth of the yeast
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Tablo 1
Chango of tho rato of growth of yeast with periodic feoding

] Consumption of
Timo | Molsoss| AOUREOf yesat s olus o
hour % Ovorall | fucroment % " per g of W
g g/he g/be yoast
0 8 50 - 10 92 -
1 - b5 7 12 - -
2 6 62 9 15 60 077 11300
3 7 ‘71 11 17 805 073
4 9 82 15 18 10:35 0-70 11400
13 10 97 20 20 -5 0-57 —
[ 1 17 28 24 126 0-45 10100
7 12 145 32 22 138 0-43 -
8 13 177 a2 18 14:5 045 8300
9 14 209 29 14 18:5 0-57 -
10 10 258 14 6 11-5 08 8000
1 - 252 8 3 - -
12 - 260 - - - =

Total amount of yoast obtained: 260 grams,
Not yoast yield (inoculum substractod): 210 grams.
Yiold of yeaat: 80 % based on molassos containing 46.% of sugar.

mass decreascs during the eleventh hour to 1:06 as a result of the inadequate
supply of sugar and its effect on the increment of the Yeast mass in the preced-
ing hours of the cultivation.

The amount of newly grown yeast and the volume of the yeast cells gra-
dually decreases towards the end of the twelfth hour of cultivation.

In the second series of experiments we extended the period of cultivation
of yeast to fifty hours. The nutrition regime of the yeast was the same as in the
first, series of experiments in the first ten hours of the accumulation of yeast
mass. In tho succeeding hours (12 to fifty) the hourly feed of molasses was
always the same, that is 31-5g or 14-5.g of sugar per hour for 7-5litres of medium.

The medium gradually flowed out of the apparatus at the rate of 149, of the
total volume of medium (1 litre) per hour. At the same time new nutrient me-
dium and water. were fed into the apparatus, thus compensating the volume
decrement.

A study of the morphology of the yeast cells and of the rate of their growth
showed that under these conditions where the period of cultivation of the
yeast is increased with an outflow of 149 of the volume of the apparatus
per hour, the amount of small cells incapable of rapid growth gradually increa~
ses; during the twelfth hour small colonies with daughter cells predominate
in the microculture. After 24 hours the volume of a hundred cells sharply
decreases to 7,500 3. Simultaneously the yeast concentration falls from 30
to 32 grams during twelve hours to 27 grams per litre,

160

With the same flow rate of medium the relative consumption of sugar with
respect to the weight of the residual yeast increases and reaches 600 Lo 450 mg
per gram of yeast inercment. As a result of this the rate of growth of yeast

A 8
18 3}ee0
16 220
1] Y 180
\
12 140
10 100
12 18 2w 30 Jo [ 8 C
Fig. 1. Effect of sugar consumption (from molasscs) on tho rato of growth of yeast.

A — % increment of yeast; B — amount, of yonst in grams; G — time in howee.
TIncroment of yeast per hour in percent: | th adoquato nutrition; 2 — with insufficiont
nutrition.

Amount of yeast in the equipment: 3 — with sdequate nutrition: 4 — with insufficiont nutrition,

1 I
o _Fig. 2. Chango of yeast cells (during 48 hours).
1 — insuficioncy of nutrionts; IT — normal wmount of nutrionts; A — microscopic oxamination
B — microculture,

gradually begins to increase towards the 24th hour, its total amount in the
apparatus remaining constant for a certain period and then decreasing again
towards the end of the second day (Table 2).
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Table 2
Rate of growth of baker's yeaat in flow culture with an insufficiency of nutrienta

Yoast | Incroment of yeast m_ui'l'g?;n eibe Yeast quality
lime | Totalin volumoof | _dongh
% - =
hours ";' ghe | Bollol] poyy | POrEOL | YogCalty | tosts)in
o b4 in min.

12 240 36 15 145 8500 13
1 236 37 13 145 ~ e
18 231 25 11 145 8200 —_
18 225 24 n 145 - -
20 217 25 12 145 7500 13
22 200 2 12 145 / =
24 205 24 12 145 7500 -
26 198 21 11 145 -
28 189 26 14 145 7300 18
30 185 2 13 145 / =
32 181 23 13 145 7000 -
34 178 25 14 14-5 - 20
36 176 20 12 145 8500
© 167 19 12 145 ~ -
" 102 19 12 145 6500 28

Yeast obtained 732 + 110 = 842 g.
Yield of yeast 70-59% basod on molasscs with 46% of sugar.

The amount of yeast leaving the apparatus gradually drops: in one litre
of medium flowing out this quantity there was first of all 32 grams, towards
the end of the first day it did not exceed 27 grams, and after 36 hours of opera-
tion of the equipment, the amount of yeast fell to 22 grams.

The yeast increment during this period amounted to 19 to 20 grams per
hour, i. e. at most 129, of the weight of the yeast in the unit does not compen-
sate the outflow of yeast with the
yeast in the unit gradually falls under such a feeding regime and the rate of
increment of yeast mass fluctuates (Fig. 1).

At the same time the morphology of the yeast changes rapidly. At the 42nd
hour small cells
lowered; and large cells are missing (Fig. 2—L.).

ent period of time for the dough test: the first 13 minutes and the second
28 minutes, which represents a more than two-fold decrease of the fermentation
activity of the yeast.

per hour with respect to the life Processes of the yeast showed that the decrease
of volw e is’

*) Ostrovaky's method.

i thd

The total of

Leod]

domi (Fig. 3), the t of age cells is

Samples of the yeast withdrawn after twelve and 48 hours required a differ-

Comparison of the volumo of yeast cells with the consumption of sugar

of the cells is caused by the inadequacy of the nutrition of the yeast;
t cells sccumulate as is related in accordance with the changes of

LTS
o

their biochemical properties — with the loss of the rate of growth and the
d of their fer ion activity.

The third series of experiments with long-period flow cultivation of yeast
was related to changes of the rate of growth of the by raising the consumption

A
704
o 1
50
] ————
~————

2 Tem——2
10

Nt P e e, 3
BI & & 5 121 16 18 20 22 2 % 28 30

Fig. 3. Fluctuation in the % amountas of cells of various sizes with insufficient nutrition.
1 — small cells; 2 — medium cells; 3 — large colls; A ~ percent; B — time in hours.

A
%04
70 p— -2
7~ -
ol A P LT NN
-
»
1
10 - 7'~ e
——t T - 3
T T T e T =v—
5451215202475313640&'5

Fig. 4. Fluctuation in the % amounts of cells of various sizes with normal nutrition.
1 — small cells; 2 — medinm cells; 3 — large colls; A — percent; B — timoe in hours.

of sugar per unit weight of yeast grown. A series of experiments was carried
out on growing yeast with an increased amount of sugar up to 630—~650 mg/g
of yeast increment. At the same time the increment of yeast mass remained
constant during the long cultivation and was characterised by a specific rate
of growth of the yeast of 1-17/br (Tabel 3).

In subsequent experiments with long period culture of yeast with correct
feeding of the nutrient medium and of the calculated of sugar, the
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Table 3
Rato of growth of baker's yonst in flow culturo with a aufficiency of nutrient
§ Sugar 5 o
N Youn, | Toromentofyomse | o Sogwr Yoast quality
ino :
Totnl in - -
hours | volumo of | dough
o unit ghe | Btolal g | pergol | TogCils | tosts)
woight youst Ay . .
in o in min.
10 43 17 270 063 9500 -
11 43 17 270 0-63 9500 13
i2 43 17 270 0-63 9500 -
24 43 17 270 0-83 9300 12
48 43 17 270 0-63 9500 -
& 50 20 31 0-62 9300 13
66 57 20 35 0-83 9300 -
72 57 20 35 063 9300 13
Yoast obtained 3025 g.
Yieldof yoaat 75 % basod on molassos with 46.% of sugar.
*) Ostrovaky's mothod.

t of biological mass ined for 60 hours. At the same time
the rate of growth of yeast was quite high as it had to compensate the decre-
ment of yeast withdrawn from the unit each hour. The total amount of yeast
in the unit also remained constant (250 gor33—35g/l).

Tt is interesting to note that during the period of the third day an acceleration
of the growth of 1-2 to 1:23 was tained, which i d the t of
yeast in the fermentation vessel of 270 to 290 g; this state was maintained
for a long time under the conditions that the nutrient medium was added in
good time, that a sugar consumption of 630—650 mg/g of increment of yeast
mass per hour was provided for and that the outflow of medium was accelerated
to 1,51/hr. The morphology of the yeast in samples after 24—36—48—56 hrs.
did not differ significantly. Yeast cells of medium size predominated (Fig. 2 —
II). The small yeast cells had o constant concentration of about 389, of the
total amount of yeast (Fig. 4).

Baker’s yoast can multiply for a long period under conditions of aerated
flow culture on mol media by the correct feeding of nutrients
calculated both for the increment of yeast as well as for the metabolic reactions
of the growing yeast occurring in the fermentation vessel.

The total increment of the UP—T yeast strain amounted to 17% of the
weight of yeast per hour where under long period cultivation cells of medium
size (7—8 i in diameter) prevailed for three days. These cells have a constant
rate of growth and multiplication. The f activity of the yeast did
not change and the dough test on a sample of yeast obtained at the end of the
third day was quite unchanged.

Good results were obtained in ehecking this procedure of yeast culture in
pilot plant and plant scale units.
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SOME ASPECTS OF CONTINUOUS CULTURE
- OF FOOD YEAST

Z. Fexcr and M. Burcer

In the period before the Second World War the first experiments were made
in an endeavour to change the process of growth of microorganisms from the
closed-system type (i. e. the type in which they grow according to the classic
logarithmic curve) to the upen-system type in which it is theoretically possible
to extent a certain part of the logarithmic curve ad infinitum.

Among the first papers those of Uténkov, from about 1922, Lebedv (1916)
and, independently, of Malek (from 1935) should be mentioned. Both Uténkov
and Milek were of the iopinion that by removing metabolic products and dying-
-off cells through the afflux of new substrate microor could be p ted
from passing from the logarithmic phase to the stationary one, continuous
cell division thus being ensured. For instance, Malek (1943) proved with
Escherichio coli that this microorganism retains the average rate of multi-
plication for a whole month without any observable degeneration. In his
paper he pointed out also that together with tho theoretical importance of,
for example, the possibility of studying microbial physiology under dynamic
conditions this method could have also practical importance, particularly in
technical microbiology.

Lebeddv developed his method independently and systematically especially
in the field of practical application (1936). In his work he studied conditions
leading to the change of single-stage alcoholic fermentation into continuous
flow fermentation. In his book he described Jaboratory and industrial equip-
ment neeessary for continuous flow alcoholic fermentation.

Development regarding the production of living matter in the form of pro-
duction of food yeast was accelerated by the Sccond World War when a lack
of foods and vitamins raised productional requirements, especially for 7. wtilis.
For economic reasons the single-stage fermentation process was gradually
replaced in production by the semi-continuous or continuous onc. In England
a type of continuous production of food yeast on the laboratory and industrial
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scale was then developed (Anon., 1944). Sugar cane molasses served as raw
ial and the prod itself was brought nearer its source. During the

war it was Germany whero production of food yeast on various raw materials
was developed, particularly on cellulose production waste. The original singlo-
-stage flow production developed mainly by Fink was changed to the conti-
nuous type as a logical consequence of technical progress. There also a new
method of introducing oxygen into the medium was materialized, using acration
and mechanical stirring. The new method of fermentation on this basis was
applied by Waldhof & Co. and is now applied in a number of countrics. The
8 { ion process was changed from the single-stage type to the continuous
typo mostly on a purely empirical basis without any dotailed study of the
physiological ch of the microor and without any experimonts
investigating the possibility of mathematical and kinetic generalization of
relationships existing in the continuous method of culture of microorganisms.
This task was taken up first by Monod (1950) and by several other workers
such as Maxon, Johnson (1953), Maxon (1955) and others. A general report
col ing these probl was d by Gaden (1956). Mathematical
caloulations were based on the assumption of a steady state in the fermentor.
As follows from the literature given at tho end of this paper, the steady state

is limited only by the time of the i provided that
the entering medium is of full value as far as tho microorganisms aro concerned
and that the other conditions of fermentation are optimal. The full value of the
medium can be achieved by adding deficient nutrients. A sufficient amount
of oxygen, which is one of the conditions of acrobic culture, can be provided

by means of suitable transportable quip t (serating and stirring). For
practical application of conti culture in the production of living matter,
e. g. of Torula, it is, h 3 'y for ic reasons to ider the
source of carbon as the invariable factor together with the t of bl

oxygen brought into the medium by means of efficient aeration usually con-
nected with mechanical stirring. These two factors become then the limiting
ones for the generation time of the yeast and thus also for the production

of living matter. From the well-known rel ps di d by the above-
named authors it is possible to deduce the conditions of maximum production
fermentation. As has been shown experi lly the ilable substrate
is then utilized fully and the capacity of the producti i

exploited to its maximum. It is commonly known that during the batch process
the yeast ia not capable of utilizing the available sugar immediately and turning
it into living matter, but rather that it glycolyzes it partly with the production
of alcohol o its derivatives. As has been shown by Maxon and Johnson (1953}
volatilization of these products during aeration leads to losses in this type
of living matter production. The possibility of limiting the amount of sub-
strate dur g continuous flow diminishes the losses caused by the formation
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and evaporation of alcohol because the fermentation is arranged in such
a way that the sugar added in the vessel is immediately assimilated so that its
concentration is very low, usually not exceeding 0,1%. Stickland (1956) who,
in studying the Pasteur effect, concerned himself also with the affect of sugar
in medium on the production of alcohol, proved that the production of alcohol
increases from 0,04 to 0,40 with a sugar concentration increased from 0,2 to
5%, while the amount of assimilated sugar remains approximately constant.
In the first case 1:80 of sugar was assimilated in all, in the second caso 2.20,
i. e. only 229, more, whereas the production of alecohol was increased by 100%,.
It follows that under the given conditions of flow the formation of alcohol
and thus also its losses due to cvaporation are minimal. Tn this way the com-
paratively high yiclds of continuous culture as compared with those of batch
culture can be explained. In our experiments (Malek ot al. 1958) concerning
the growth of T'orula on molasses we achieved quite commonly yiclds of 64 to
659% of dry weight of yeast when related to the used amount of sugar. Agarwall
(1949) almost reached these yields in his studies concerning the maximal yield
of T'orula on molasses using a batch culture in Erlenmeyer flasks in  vibrator
without aeration of the medium by air and thus preventing losses of alcohol
due to evaporation. This type of culture is, however, impossible on a larger
scale. Also the duration of the culturo process was too long (about § to 16
hours). In our case tho content of the fermentor was renewed usually in the
course of 3-5 to 4 hours. This rapidity constitutes ono of the reasons why the
continuous flow method is applied to an ever inereasing extent in practice.
The capacity of the equipment is exploited much more than in a singlo-stago
(bateh) culture. Maxon and Johnson (1953) maintain that in the fermentor
of the Waldhof type 9-1 gr. of dry weight of T'orula per litre can be obtained
per hour. 13-2—15-5 gr. of dry weight per litre per hour is given as maximum.
Such high economy of the capacity of the cqui b can be achieved only by
means of continuous culture when it is possible to limit the substratc concentra-
tion to obtain a permanently minimal level of sugar. The above-named authors
applied a medium containing initially 10% of glucose and nevertholess its
concentration in the fermentor medium did not exceed 0-1 gr. The fermentation
Pprocess requires a high rate of passage of oxygen. In the given experiment,
for instance, the rate was 310 millimoles 0./l per litre of substrate.

In one of our older papers (Leopold, Fencl 1955) concerning semi-continuous
yeast growth on waste liquor from citric acid production we obtained 2:5%
of dry weight of Torula in a “well-fermented” medium at a rate of 250 ml/litre
per hour. We used organic acids for substrate-gluconic, citric and others —
together with remainders of sugars (about 1:5%). The yield per litre of volume
was 6-25 gr. of dry yeast per hour. We did not use the modern type of fermentor
as fermentation vessel, but the so called Fink’s eylinder with no stirring
mechanism. The feed of substrate was not continuous but took place at one
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hour intervals. Although this type of culture cannot eliminate the immediato
i of sub i which, as has been shown above, causes
necessarily cortain losses, our yields of dry weight per 100 ml of substrate
were on the average 0-5% higher as compared with batch culture, The high
concentration of raw matérinl is of advantage for the separation of yeast
in soparators as it means also higher economy in exploiting their capacity.
The attained high yields and high economy of the apparatus are interestin g also
because all the above — mentioned data of other authors refer to fermentation
Pprocesses where hexose had the function of a carbon source. When other wasto
products, such as, for instance, sulphite liquors are used the Yyields and ceonomy
of the fermentation space are usually lower; mostly 45% of the total amount
of sugar added.

So far we have studied mostly the type of fermentation process where a single
organic substance (glucose) served as the source of carbon and where it is
consequently relatively simple to reach a steady state even in one flask only.

It is well-known that a steady state is very difficult to establish in a single
fermentor if the aim of the fermentation process is not just the production
of mi ! but the f tion of some other product, such as, for exam-
ple, alcohol, antibiotics or microorganisms with certain qualitics (e. g. baker’s
yeast), or if there are several sources of carbon assimilated at different rates.
For such cases it is more convenient to use a battery of fermentors. In our
case where the living matter production is concerned it is quite clear from
theoretical considerations that one fermentor is sufficient for optimal produc-
tion with the exception of cases when there are several sources of carbon present
in the medium. Maxon (1955) points out that tlie generation period depends
on the rate of assimilation of the subst and on the optimal conditions
of exploitation of the f ion space. He maintains that if, for ex pl
two sources of carbon are present in the medium, one of which is assimilated
faster than the other, it is more convenient to profit from the different genera-
tion periods and to achieve a higher production of living matter in the same
volume but in two fermentation flasks.

It is also known that sugars are assimilated by the yeast cell gradually,
preforence being given to glucose. Then, if in a single fermentation tank com-
Pplete utilization of more utilizable sugars is desired, the rate of exchange of the
medium must be adapted to the generation ponding to the ilasi
of those sugars the utilization of which is slower. This means practically that
such a steady state must be established in the formentati on tank in which the
level of preferentially assimilated sugars, ¢. g. glucose, is practically nil, and
one of the slower assimilated sugars, e. g. galactose, determines the rate of
flow. T we conneet two flasks together in the first one mostly assimilation
of glucose takes place. The rate of flow in this flask is proportional to the
generation time of the yeast for glucose. In the second flask the other sugar
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is assimilated, ¢. g galactose, and if the steady state is not to ho disturbed
the rate of flow in this flask must bo proportional to the generation time of the
yeast for galactose. As the generation time for glucose is with most, yeasts
shorter than that for galactose, it is possible to assimilate more substrate per
unit of time with the same initial amount of yeast, i. ¢. that iv the first for-
mentation flask the rate of multiplication of yeast and the Ij % matter pro-
duction is higher than in the second one and thus the capacity of fermentors
is increased by the difference in increments botween the first and the sceond
, flusk, beeause if we split the fermentation process into two mutually independ-
ent parts the increment will be limited in each flask by the generation time
corresponding to the rate of multiplication on galuetose.

As far as we know these theoretical considerations have not yet been proved
experimentally. It is possible to raise the objection that in assuming gradual
assimilation of sugars they disregard the fact that with minimal concentrations
of sugars, such as exist in the course of fermentation, the laws of polyauxin
need not be necessarily valid. Thus Burger (1958) for instance, who studisd
the mechanism of polyauxia and who maintains that this phenomenon is
caused by & mutual competition of the sugar at the yeast cell surface, used
concentrations that were of a higher order of magnitude than those existing
under the conditions of continuous flow culture. On the other hand, however,
our experiments (Milek et al. 1957) with continuous Yyeast culture on sulphite
liquors using Torula prove that the present sugars are assimilated gradually
and thus our result can bo taken as an indirect proof of the above-mentioned
theory.

In order to elucidate this problem we should like to mention one of our experi-
ments. Non-diluted sulphite liquor was heated to approximately 90 °C and then
1% (NH,),S0,, 0:05%, eryst. MgS0,, and 0-029% KCI were added. The liquid
was decanted while warm, the pH of the clear medium adjusted to 5-5 and then
sterilized for 45 minutes at an over-pressure of I atm. The pH dropped to i1
in the course of sterilization. The sulphite liquor was not treated any moré

| so that fural and S0, remained in it. Phosphate in the form of KH,PO, was\
added during the formentation process in such an amount that its concentration
| with respect to the volume of the added substrate was 0-29%. After this treat-
ment the sulphite liquor contained 3:2% of reducing substance, of which 2:6%,
were sugars, 0-0169%, fural, 0-015%, free SO,, 0-057% SO, bound by aldehydes,
and 0-2% volatile acids estimated as acetic acid. As follows from the figure
Tepresenting chromatographic analyses of sulphite liquors (Fig. 1 — S) the
sugars present are a mixture of Xylose, mannose, fructose, arabinose, glucose
and galactose. We used the fermentation apparatus constructed by J. Rigica
(1958). Tts deseription is given in another report in this symposium, The rate R
of flow of oxygen was 120 millimoles per litre of substrate per hour. The sub-
strate volume in the first flask was one litre. In the experiment three flasks
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were ted but the fe tati

process itself took place only in the
first two while the third one served for control purposes. The rate of flow was
360 ml/hr. In 1 ml of “formented” substrate there was 127 mg. of dry weight
of yeast in the waste liquid from the second fermentation flask. The yield
was maximally 49-2%, of yeast dry weight related to the total sugar in the
mash. Fig. 1 shows the chromatographic separation of sugars present in samples
of substrate in the course of fermentation taken at different hours during the
fermentation process. It follows from the figuro that in the first flask glucose
is always fully assimilated (F 1) and a marked decrease of those sugars can
be obsorved there which overlap during chromatography and form a single spot
containing mannose, fructose and arabinose. In some cases (F1at9%hrs,
19hrs. and 39 hrs.) the wasto liquid from the first fermentor contains also galac-
tose. Beside this sugar and the above tioned inders of sugars (
fructose and arabinoso), from which fructose is certainly preferentially assimil-
ated while arabinose remains intact during the whole fermentation Pprocess,
a8 shown by analytical tests, the waste from the first tank contains also xylose.
Xylose and gal are then d in the second or third
tank. The presence of these sugars in the waste from the first tank shows that
even -in the case of minimal concentrations of sugars in solution glucose is
lated pref ially together apy ly with fructose, and only then
do the other sugars follow. This means that the generation time and the doubl-
ing time dependent on it are d ding to which sugars are assimilat-
ed in the first tank and which in the second one. Under these conditions
a system of two interconnected flasks is able to ferment a higher amount
of substrate per unit of time then two ind pendently working ferment
while the yield of dry matter per unit of substrate is identical. It is obvious
that for determination of steady state conditions it is necessary to consider
also tho change in the dry weight of the yeast in the first and second tank
and to choose their volumes in relation to the amount of sugar present. The
aim of our study, however, did not lie in observing these changes and genera-
tion times and therefore our results can serve only as an indirect proot of the
considered theory.

For a basic study it is not convenient to use Iphite liquors by togeth
with sugars also volatile organic acids can be assimilated, the assimilnt?on of
which does not take'place in polyauxia with respect to the sugars — acetic acid
is assimilated together with sugar (Fencl 1958). For this reason the utilization
of organic acids affects the generation time as an unknown factor and these
problems can be solved only on an artificial substrate.

Theso conclusions can be modified to a certain extent by the adaptation
of microorganisms in the course of continuous flow culture to various sugars
w}wrcby the generation time is affected in such a way that the generation
times for both sugars are more alike. However, (Milek ot al. 1957) we did not
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obtain in the course of flow culture of I utilis on sulphite waters any strain
differing in its capacity to assimilate sugars present in the medium. Nor did
we find any quantitative changes in adaptive systems catalyzing the assi-
milation of sugars. None of the microorganisms that we used was adapted
to the assimilation of arabinose and in no case was this sugar utilized. The
amount of arabinose remained practically the same in the third fermentation
flask as in the second one, even in cases when it was present as the only sugar.
A sugar very hard to assimilate by ycast- (Lechner 1940), arabinose can be
assimilated to a certain extent by adapted yeasts. 1t is, however, more signi-
ficant that when a strain of Z'orulae is used which is not adapted to galactose
the concentration of this sugar in the medium does not change during the
fermentation process. ~

This low ability of microorganisms to adapt themselves to a new substrate
during their flow culture is probably to a certain extent connected with tho
above mentioned polyauxia which makes it impossible for an adaptive enzym-
atic system to be formed in such a short time in the last fermentation flask,
Otherwise it would be impossible to explain the very fast formation of adaptive
enzymes necessary for overcoming poisonous components of the substrate.
In our experiments, for instance. 2. uiilis adapted itself to fural to such an
extent that, after being placed on a substrate containing pre-hydrolyzates
of deciduous trec wood with a much higher content of fural, it grew at once
normally although before its passage through flow culture it did not grow
at all on this substrate (Milek et al. 1957). Verbina (1955) also reached the
conclusion that adaptation proceeds much faster in continuous culture; she
studied the adaptation of yeast to some antiseptics such as sodium penta-

hl henolate by comparing the rates of adaptation in batch and flow cultures.
She needed 76 days, i.e. 76 transfers of yeast at 24 hours intervals to a me-
dium with a gradmally increasing tachlorophenolate in
order to adapt the yeast to a concentration of 0-0019%, of antiseptic starting
with 0-00025%,. At a relatively slow rate of flow, when the content of the flask
renews itself once in 24 hours, she reached the same effect in 17 days. In the
first case she was compelled to inoculate the yeast anew every 4 to 25 days
when transferring it on to an unchanged concentration of antiscptic if damage
of the yeast was to be prevented. In the continuous flow experiment she
increased the ion of the every 48 hours by 0-0001%,. The
acceleration of adaptation can be explained here by the fact that the yeast
was in a physiologically active form.

The existing experience with continuous flow culture shows that this method
has not only a number of advantages for industrial fermentation, but maked
it also possible to study the physiology of microorganisms from new points
of view. So far however, the majority of papers studying food yeast have been
concerned almost exclusively either with empirical observation or mathematical

ation of 1
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P of flow ki or with the conditions of oxygen regime. Very
little has been done with regard to the problem of the physiological i
of yeasts in flow culture and to the state of the cell itself. It is obvious that
intonsified multiplication taking place under constant conditions must reveal
all deficiencics of the medium much more casily than a batch culture. Thus,
for i ding to ‘our experience it is necessary to supplement the
medium with malt extract orcorn-stecp when Torula is grown continuously
on mol An logous, rather freq
“peeiidonsycelium in the fermontor. We have encountered it ourselves (Leopold,
Fenel 1955) and it is described also by other autliors (Fink 1948, Fink, Gailer
1954). Our work has shown that the formation of pseudomyceelium is not
caused only by a lack of oxygen in the upper part to the foaming substrate,
but also by a change in the physiological state of the cell due to the effect
of nutrients (Leopold, Fencl, Palivec 1954). These small deficiencies in micro-
bial nutrition which do not manifest themselves in batch culture become fully
apparent only during the intensified formation of living matter in flow culture
when, tl h rep d P Yeast loses supplies of some tial
32 if it is impossible to renew thom from the medium. The study
of physiological problems should be among the principal tasks in the ficld
of conti flow f i

PYPIRTSON
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SOME EXAMPLES OF CONTINUOUS CULTURE

K. R. Butux
During the past 18 years, microbiologists at the Ch 1 Research Labor-
atory of the Department of Scientific and Industrial R h at Teddi

England, have engaged in various activities involving some form of continuous
culture of microorganisms, either specifically for the production of chemicals
or for producmg masses of cell material. This paper deals with three of these
ti and f jion which has hith been scattered
in various journals not easily available. None of them involves continuous
culture in the strict esoteric sense in which it is regarded by other conmbutors
to this Symposium. Two of the subjects illustrate the tical’ of
eon'.muoua mchmquea, one with pure, one with mixed cultures the other
1 bial process occurring in nature. The

items, wluch will be considered in chronological .order, are as follows:

1. The war-time production of food yeast at Teddington on laboratory and
pilot plant scales, whlch was later developed on an industrial scale in Jamaica.
This aerobic process involved a preliminary “i 1" period of growth
with continuous addition of msdmm until the fermenter was full, followed
by a continuous period at constant volume; pure culture techniques were
employed, though they cou]d not be fully maintained in the pilot plant.

2. The “conti of el 'y sulphur in Cyrenaican lakes,
a natural process dependmg mnmly on the combined action of two types of
strictly bic microo p ducing bacteria (Desulphovibrio)
and pho hetic sulphide-oxidizing bacteri (Cn bium and Ch IS
The process involves an ecological ity of the test interest, set

in a primitive environment, whlch may well have been a feature of early geolo-
gical times.

3. 'lrhe _prpdugtjon of hydrogen sulphide by bic f ion of raw
iched with calci Iphate, using mixed cultures, unsterile
ntmuous techniques. This process has potencial in-
nee for the productxon of elementary sulphur.

PRODUCTION OF FOOD YEAST

I igations on the production of food yeast, using Torulopsis utilis, were
carried out at Teddington during the war years (1040—45) mainly with the
object of providing a valuable protein rich in B vitamins for human consump-
tion at a time when these were scarce. But even at that time long-term objec-
tives were kept in mind. Perhaps the majority of people live on diets deficient

“in vitamii B, especially-those whose stuple foodstiitfs are ninize, Ppolished rice™ ™

and other carbohydrate foods, e. g. Africa, China, India, Latin America. This
widespread deficiency could be corrected, at least partially, by the production
of food yeast from many waste producta or from surplus agricultural products
and so lead to a great increase in health and efficiency. In particular, local
surpluses of sugar and molasses in many tropical and subtropical areas could
be utilized for yeast production with great benefit for the people of thoso
areas. The main reason for past failures to exploit this process successfully
was not insufficient need or demand, but failure to produce the yeast at a suffi-
ciently low cost, i. e. efficiently. It is in this respect that an efficient continuous
process would be most likely to help, un(l it is for this reason that our earlier and
rather crude pts to devel duction of food yeast sro
described here. The very conslderable progre%s made during the past few
years in both theoretical and technical knowledge of continuous culturo
may lead to a solution of this important problem. Allied to it is that of the
production of fat by yeasts and other microorganisms, to which Kleinzeller
(1944, 1948) has made such a notable contribution. The author recalls with
pleasure the fact that Dr Kleinzeller carried out some of his early work with
Torulopsis lipofera at the Teddington laboratories, using the apparatus and
plant described below.

Detailed descriptions of the equip t and methods of operation employed
at Teddington and at Ji have been published (Anon., 1944; Thaysen,
1957). The subject has been reviewed by Dunn (1952) and White (1954).

LABORATORY AND PILOT PLANT INVESTIGATIONS
AT TEDDINGTON
Apparatus and equipment
Laboratory

The fermenter consisted of a pyrex glass cylinder 12 cm in diameter and
80 cm high, with a total volume of 10 litres giving a 7 litre working capacity.
The cylinder was mounted on an aluminium base, fitted with an outlet tube
for sampling and emptying and an air inlet. Compressed air (25 litres/minute)
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was passed through a sterile cotton wool filter and then through three ceramic
blocks, mounted on the base, into the fermenting liquid, producing minute
bubbles about 10 microns in diameter. The eylinder was closed at the top by
an aluminium disec with inlets for adding molasses solution and nutrient
salts, and holes for a ther and an al i cooling coil. In later
models, all alumini was replaced by stainless steel. The apparatus was

Pilot plant

The fermenter was a cylindrical vessel (diameter 85 cm, height 3-75 metres)
constructed' of aluminium, of a total volume of 400 gallons (1800 litres) and
& 300 gallon working capacity. Air was blown through 8 ceramic candles
(30:em X 6'em diameter) at the rate of about 1000 I/min. The temperature
(30 °C) was regulated by water flowing through aluminium coils. The vessel
was sterilised by covering the candles with water, injecting live steam and
boiling for an hour. These were vessels for boiling and settling the molasses
solutions.

Description of process
Organism

Torulopais utilis was normally used. A special strain, 7. wiilis var. magor,
approximately double the size of the ordinary strain, was developed by being
grown in the presence of camphor (Thaysen, Morris, 1947), but it was unstable
and reverted to its normal size during fermentation, though Thaysen claims
(1857, p. 174) that the larger strain remained permanent for at least 7 years
(this may have been a later isolato). T'. wtilis was chosen because it was known
to grow easily and was rich in vitamin B. Perhaps other organisms, e. I'3
Endomyces vernalis, Candida arborea, Oidium lactis, may prove to be better
for certain desirable specific properties.

Raw materials

The chief raw material used was cane molasses, since it was decided quite
early on that any large-seale production should take place in a sugnr-prc‘»ducing
area such as the West Indies: The choice of cane molasses was fortunate,
since it ig rich in biotin, which is needed for maximum growth (White and

Tunns, 1950). Many other materials were tried, some in the pilot plant, with
considerable though varying degrees of success, e. g. potatoes, bracken, straw.
waste bananas. - ’
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sterilized internally by passing stecam through the porous blocks for an hour.

General procedure

The two essencial conditions for the maximum production of yeast are
intense aeration and low sugar concentrations. If these are not observed,
alcohol is produced at the expense of yeast. There can be considerable variations
in the method of maintaining these conditions. The method adopted at ‘L'ed-
dington was based on the industrial process for producing baker's yeast.

[ — - USSR

Incremental growth phase

The fermentation vessel was halffilled with molasses solution containing
about 0-5%, of sugar to which phesphate (as a filtered solution of arsenic-free
triple superphosphate) and ammonia were added to bring the concentration
of phosphorus (as P) to 0,006%, and that of nitrogen (as N) to 0-024%, The pH
was adjusted to 4-5, the wort being inoculuted with sufficient 7. wtilis to give
a population of 100—200 x 10% celis/ml and aerated vigorously for 1—2 hours.
The yeast was then assumed to be in an active growth phase aud “incremental”
addition of stronger wort containing 10%, sugar was started. 16 was known
from preliminary éxperiments that the weight of yeast ce!l material could, in
favourable conditions, be increased hourly by a factor of 1-4 and that a 60%,
conversion of sugar to protein could be achieved. 1f, therefore, it was expected
that 10 g of new yeast cells would be produced during the first hour of incre-
mental growth, 16-7 g sugar was supplied. During the second hour, 16-7 X
X 14 = 23-38 g sugar was added and so on throughout the “incremental
period”. Addition of nitrogen and of phosphate were increased hourly by the
same factor 1-4, the inicial requi s being caleulated by analysis of the
yeast cells. In practice, the molasses solution was run in continuously, the
rate being increased hourly, but the other nutrients were added in batches
hourly. Hourly determinations of “formol nitrogen” and of pH were made.
The pH was kept at about 4-2—4-5 and was normally controlled by an addition
of sodium hydroxide; but if more nitrogen was required, as indicated by the
formol figure, ammonia was used. The fermentation was carried out at 30 °C
and continued until the limit of capacity of the fermenter was reached, usually
in 8—9 hours; the yeast was then harvested or the “continuous” phase was
started (sec below). The final population reached at the end of the “incremen-
tal” period was usually about 2000—2200 million yeast cclls/ml; beyond this
point the percentage conversion of sugar to protein decrcased. The final wort
contained 2-0—2-3%, (dry weight) of yeast and the inicial inoculum had multi-
plied about 20 times.
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“Continuous” growth phase

Every hour a quarter of the total value of fermenting wort was run off and
replaced by an equal volume of molasses containing 4:3% of sugar, together
with appropri; of and ph us. In the cir
prevailing at the time of the experiments — shortage of labour, lack of faci-
lities for preparing sufficient wort etc. — it was impossible to keep the conti-
nuous process going for more than 1—2 days. It was still vigorous and com-

g

- paraiively fée from

iofl at theetid of this pefiod, and lateF experience
on an industrial scale in Jamaica showed that continuous runs of seven days
wero normally possible.

Harvesting and drying

In the pilot plant experiments, the final liquor was centrifuged, the cream
being washed with clean cold water and centrifuged again. The resulting ycast
suspension was immediately passed over rollers heated by steam, from which
it emerged as a light-yeliow powder ing about 5%, of moi;

In the light of modern fe ion techniques and recent. develop
in continuous culture, the methods described above appear to be both compli-
cated (the “incremental” phase) and crude and “rule of thumb”. They had the
merit, however, of working smoothly, of being easy to control, and of giving
comparatively high yields of yeast; but this was probably ‘because yeast is
easy tu late and cane mol an il dium for growth.

COMMERCIAL PRODUCTION OF FOOD YEAST IN JAMAICA
The results of the pilot plant at Teddington were sufficiently
encouraging to enable the British Government to finance the erection of
a commercial food yeast plant in Jamaica, British West Indies. The West
Indies Sugar Company of London acted as technical and commercial agents
for the undertaking. The plant and equipment have been fully described
elsewhere (Thaysen, 1957; p. 186; Floro et al., 1948) and only a short summary
will be given here. .

The fermentation process was based on that used in the pilot plant at Ted-
dingt: The fer plant isted of ten stainless stecl vessels, each
with a total volume of 3000 gallons and a fermenting capacity of 2000 gallons
(9000 litres), fitted with stainless steel water coils for temperature control.
Aerut'iog was conducted through ,,Porosent phosphobronze candles capable
of delivering 350 c. ft. (10 000 litres) of air per minute. Molasses solutions and
chqlnical}\ptrienh were supplied from overhead constant-head tanks through
calibrated nozzles which permitted any mixture of molasses and other nutrients
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to be supplied at any desired constant rate during both the “incremental”
and continuous growth periods.

The fermentation was carried out at 30 °C and at pH values between 3-9 and
4-4. After building up the yeast population by the “i I method as
deseribed above, the continuous process was started, 25 per cent of the fer-
menting liquor being replaced each hour. It was possible to maintain this conti-
nuous process for periods as long as one weck. Very little trouble was experi-

- enced with infections, and the principle factor iimiting the duration of the fer-

mentation process was clogging up of the candles, which led toinefficient acration,
The final product, after centrifuging, washing and drying was a “light cream-
coloured powder, having a pleasant nutty flavour and containing 45—509%
of protein, 29%, of phosphoric acid and the whole range of B-vitamins in balanc-
ed proportions (aneurin, 20 micrograms per gram; riboflavin, 60; nicotinic
acid, 400). (Floro et al, 1948.)”

While in some respects the process showed promise, it was not found possible
to produce the yeast at sufficiently low cost; the yiclds were not as high as
those obtained with the pilot plant and the costs of acration, power and steam
were considerably greater than had been estimated. For these and other
reasons it was decided to cease production. It should be remembered however,
that the methods employed were comparatively rudimentary. Considerable
progress has since been made in fe ion technology, efficiency of acration
and knowledge of continuous culture. If these were applied to the production
of yeast, it is quite probable that the process could be made economically
successful. What is certain is that there would be almost an unlimited demand
for this product if it were produced cheaply enough.

CONTINUOUS PRODUCTION OF SULPHUR IN CYRENAICAN
LAKES

In May 1950 the author had the opportunity of examining the production
of elementary sulphur in several Cyrenaican lakes. These lay in a remote area,
a stretch of desert and salt marshes south-west of El Agheila, which is on the
Gulf of Sirte, 200 miles south-west of Benghazi. Four lakes were examined:
one, though smelling strongly of hydrogen sulphide, produced virtually no
sulphur; from the other three about 200—300 tons of sulphur were recovered
annually by local Arabs using hand dredges made of hemp, though the total
amount formed would be larger. The lakes were small; the largest, which was
circular, being about 100 metres in diameter.

The appearance of the sulphur-producing lakes was most striking. The main
body of water, in brilliant sunshine reflected a vivid milky blue, though a bottle
sample was virtually colourless with a slight haze. Bordering the blue was an
128 179
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uneven band of red gelati torial g in some places several
yards from the banks in shaliow water. Bulbous formations could be seen in
this red material and a few red masses were floating in the water There was
a strong smell of hydrogen sulphide. A deposit of finely divided sulphur,
15—25 em in depth covered the bottom of the lakes, and large lumps of caleium
sulphate were also found there. The temperatures of the water in the lakes
variod within the range of 30—34 °C and in cach case the water was overflowing
into the surmundmg desert, showing that the lakea lakes were contmuou.sly fed by

warm springs. The fourth ]ako, producing no sulp tained none of the
red material.

A detailed t of our i both in Cy ica and subsequently
at the Ch ical R h Lal 'y, Teddi =L h 1 el +h

(Butlin, 1954) and can be summarized as follows. The water ‘was saturated
with calcium sulphate and contamod various other mineral salts, but only
traces of organic teri Ni Iphate-reducing bacteria were
present. The red gelatinous material bordenng the lakes eonslsfed of masses
of coloured photosynthetic bacteria, mainly Ck (red) and Chlorobi
(green). All these organisms are obligate auaerobes. Bluc-green algae, fish
(Cyprinodon) and a few aerobic bacteria were also present. Our observations,
supported by many experiments carried out later with mixtures of pure
cultures of the organism concerned, led to the conclusion that most of the
sulphur was produced by a combination of two microbial reaction: 1. sulphate-
bacteria converted sulphate to sulphide which 2. the coloured photo-
synt.hotxc bnct-erm oxidized to sulphur At ﬁrst it was not at all clear how the

bacteria obtained energy for the reduction of sulphate,
slnce the organic contem; of the water was very low. Experiments with mixtures
of pure cul of sulphato-reducing bacteria and of Chlorobium and Chroma-

tiwm in suitable culture media with no carbon source other than NaHCO,
showed that Chlorobiwm or Chromalium, which can satisfy their own carbon
requirements by photosynthesis from CO,, are also capable of providing suit-
able organic materials for the sulphate reducers. Thus, for the production

q

of sulphur in the lakes, only inorg were "y, with sun-
light as the primary source of energy. It is posslble, of course, that the conti-
nuous supply of organic matter (however small) from the springs, as well as
any hydrogen evolved by microbial action from the bottom of the lakes,
contributed to the final result. Also, atmospheric oxidation of sulphide was
undoubtedly responsible for some of the sulphur, but only for a very small
amount, as shown by the small quantities of sulphur produced in the fourth
lake mentioned above.

The point of interest to thls Symposium is that, in a remote desert area,

sulphur is being produced bial tions. In its simpl
form we can ider it as p to the following seq ;
180
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Chlorobium
Chromatium

Desulphovibrio sulphur in near autotrophic

Sulphate sulphide

conditions, using sunlight as the primary source of energy. The process is not,
of course, strictly continuous. It is complicated by darkness, climatic conditions,
adventitious addition of organic matter {folinge, animal and bird excrement
cte). Also, Chromatium is uble to carry the oxidation of sulphide, through
sulphur, to sulphate, and thus part of the process becomes continuous in
another, cyclical, sense.

We have been able to reproduce these reactions in the laboratory using
mixtures of pure eultures of sulphate-reducing and photosynthetic sulphide-
oxidizing bacteria in ‘batch processes. Investigations using modern techniques
of continuous culture would be not only be most interesting, but might well

be profitable.

MICROBIAL PRODUCTION OF SULPHIDE FROM SEWAGE
SLUDGE

The United Kingdom is largely dependent on imports for its sulphur supplies,
both of clementary sulphur and pyrites. Should these fail, the economy of the
country would be scriously affected. This problem caused some concern during
the war (1939—45), but the situation became much moreserious in 1950, when
imports of elementary sulphur were curtailed. Many schemes to lessen our
dependence on imports were then discussed, and one of them was the possi-
bility of using bacteria to produce sulphur from indigenous materials. 1t was
mainly for this reason that the natural production of comparatively large
quantities of sulphur in the Cyrenaican lakes, described in the preceeding
section, was investigated in the hope that it would give useful information
for industrial application. It was quite obvious, however, that the mechanism
of sulphur formation in the lakes, depending as it did for its energy on sun-
light, could not be applied in the United Kingdom, where cloud and fog arc
more common than sunshine; but the mass action of sulphate reducers in the
lakes encouraged the hope that these organisms might be used industrially.
They had been studied at the Chemical Research Laboratory at Teddington
for nearly 20 years, mostly from the point of view of preventing them from
growing: they cause serious losses by corroding buried metal pipes and can be
a great nuisance in causing noxious smells (Butlin, 1949). In past years,
however, considerable progress had been made in growing them rapidly and
in quantity and with high activity in producing hydrogen sulphide. If hydrogen
sulphide could be produced economically, its oxidation to sulphur (or to
sulphuric acid) could safely be left to the chemical engineers, who had devised
highly efficient industrial processes for it. The microbial problem therefore
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_ for the reduction and as a growth medium for the bact:

resolved itself into evolving an economic process for producing hydrogen
sulphide from sulphate by mecans of sulphate-reducing bacteria.

Everything had to be cheap — raw materials, plant, running costs — for
sulphur is itself a cheap raw material, Morcover, the raw materials had to be
available regularly and in sufficient quantities to make tens of thousands
of tons a year, for ig; was of littlo use to make less. Two main materials were
required: sulphate, and an organic reducing agent to serve as a source of energy

he red Supplies of sulphat

presented little difficulty. Not only is England largely built on calcium sul-
phate (gypsum or anhydrite), but large quantitics are available as industrial
wastes. The search for suitable organic reducing terials was much less
simiple. Some potentially useful sources were only available in relatively small
quantities or their supply was unreliable or erratic e. g. waste effluents from
the fe ion ind In this tion it is most int ing to find
that conditions in Czechoslovakia are different from those in Great Britain,
for Grégr (1957) describes an efficient process for the production of hydrogen
sulphide from the waste waters of yeast plants; these waste waters were chosen

. because of their rolatively high control of sulphate and organic matter. After

an oxhn.ustive survey of all the waste materials available in Great Britain, the
conclusion was reached that the-only material suitable biologically, likely
to be economic and available in large enough quantities was raw sewage sludge
and calcium sulphate.

LABORATORY EXPERIMENTS

'.[.'ha firat results were not encouraging. Experiments with sterilized sludge
hed with sulphate and i lated bically at 30 °C with pure cultures

of sulphate reducing bacteria yielded only traces of sulphide. We then tried
unsterilized sludge and crude cult of sulph d btained from sew-
age. This produced some sulphide but it took over six month to yield 19, of
sulphide (as 8) calculated on the weight of sludge used. However, by repeated
subculture, cultures of greatly increased activity were developed; the rate
of production of sulphide was tually i d to 1% in five days. All these
?'esulhi were obtained in batch experiments, but it soon became apparent that
it would be more advantegeous to work out a semi-continuous method similar
to that practised in some large sewage works for the production of methane.
.In this Pprocess, a certain proportion (usually ' or ) of the fermenting sludge
is removed daily and an equal quantity of raw sludge is added. Eventually
a la}.!;om!:o_ry» process was developed on these lines but adapted to the production
of sulphisle (B}ltlip: et al., 1956). The fermenting vessel held 1 litre of sludge
hg'deith 5%, of CaSO, . 2 H,0, and each day a proportion was removed

182

s

e

and replaced by an equal volume of raw sludge (with 5% of CaSO, 2 H.0).
The sulphide produced was swept out, as hydrogen sulphide, by a continuous
stream of a suitable gas, cither met! or nitrogen containing about 309, of
CO,. The pH remained at 7-1 £ 0-1 without adjustment. T'he final gas mixture
(usually 5—109%, H.,S; 60—065%, CH,, 309, CO,) was collected over acidified
saturated brine in inverted graduated separating funnels. The yields of H,S
depended both on the rate at which the sweeping gas was blown through the

_ __sludge and_on the proportion of sludge removed and_replaced cach day. 1f

a quicker turnover of sludge — desirable cconomically — was required a more
rapid rate of sweeping was necessary to give yields equal to those obtained
with a slower turnover of sludge. For example (and very approximately), to
obtain similar yields for turnover periods of 10 and 20 days, it was necessary
to sweep the fermenting sludge with 12 times its volume of gas per day for
the day period, compared with 8 times for the 20 day turnover period.

In general, these experiments indicated that a yield of H,S of at least 1%,
which rose to 1:8%, depending on the “quality” of the sludge, could
be expected, i. ¢. 100 tons of wet sludge, containing 5%, of solids, should yield
at least one ton of sulphur., Morcover, the process worked smoothly, was not
sensitive to normal variations in conditions and the fermentation process
revived quickly if interrupted by mechanical difficultics. The semi-continuous
process could be kept up almost indefinitely: one such fermentation has been
operated “‘continuously” for every 3 years and is still as active as ever. No
sterilization of apparatus or materials was needed. No attempt was made in
these laboratory cxperiments to make the fermentation fully continuous, for
the simple reason that sewage sludge will not move easily and continuously
through the comparatively narrow tubes used. :

PILOT PLANT TRIALS

Because of the encouraging results obtained in the Teddington laboratory,
it was decided to develop the process on a larger scale. ‘The London County
Council authorities kindly agreed to carry out experiments at the Northern
Outfall Sewage Disposal Works at Beckton, East London. An experimental
fermentation plant was modified for this purpose. The present plant consists
of a fermentation vessel of a 50 gallon (225 litre) capacity, fitted with heating
coils, a stirrer, a gas diffuser, storage tanks and a gas holder. The mode of
operation is essentially the same as with the laboratory experiments. The fer-
mentation of the raw sewage sludge enriched with ealcium sulphate is carried
out at 30 °C, the process is semi — continuous (with turnover periods of 10 or
20 days, as required) and H,S is swept out by passing normal “sludge gas"”
(70% CH, + 30%, CO,) through the gas diffuser.
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"The testa carried out on the pilot plant during the past year have substan-
tially confirmed the results obtained in the Teddington laboratory experiments.
Yields vary somewhat with the nature of the sludge, but normally lic between
1:0 and 1:59%, (i. e. 100 tons of sludge should yield 1—1-5 tons of sulphur) in the
case of a 10-day turnover period. At this stage no attempt is made to recover
elemental sulphur from the final gas mixturo (5—10% H,S, 60—65% CH,,
20—30%, CO,). Neither has the process been made fully continuous. But no

great difficulty is anticipated on .eithes-of these points, which will be easier

“to introduce during the next stago of development of the process.

The pilot plant experiments also confirmed what had been suspected in
laboratory experimonts, viz. that the sulphide fermentation process caused
the final sludge to settle better than it did after the methane method of ferment-
ation.While this has nothing to do with the actual microbial production of
sulphur, it could well have a d infl on its for after fer-
mentation the sludge (whether for methane or sulphide) must either be dried or
transported somewhere; and the less water there is the better. This adventi-
tious effect of the sulphide process would save sewage authorities very consi-
derable sums of money.

SEMISCALE TRIALS

Arrangoments are now being made for trials on a semi-scale plant, using
& 100,000 gallon (450,000 litre) fe . Sulphur will be ed by one
of the well known processes, e. g. the Girbitol process, for which a plant can
be bought “off the shelf”’; it is very efficient and needs little control,

Here we may perhaps be allowed to indulge in some speculation, which the
author is careful not to confuse with reality. A very large sewage disposal
works handling 6000 tons of raw sludge daily (as at Beckton) could, if it vere
decided to use all of it for making sulphur, produce 60 tons a day or over
20,000 tons a year. If it were possible to use all the sludge in the United King-
dom, one million tons could be made annually in this way. This is manifestly
impossible since most of the sludge is produced at various centres in amounts
t00 small for economic Pprocessing, but an annual total of 100,000—150,000 tons
from the larger centres of population is not out of the question. These figures,
ndmlttedly speculative, give some idea of what could be done if the need
arose.

This paper is published by permission of the Dircetor, Chemical Rescarch Labora.
tory, Teddington.
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USE OF CONTINUOUS CULTURE METHOD
FOR ALCOHOLIC FERMENTATION OF MASHES OF SOFT
WOOD HYDROLYSATE

K. P. ANDREEV

The classical contributions of S. V. Lebedev (1936) have opened great per-
8pectives in the industry for the continuous fermentation method. This method
has become the main method of alcohol fer of sugar ing
substrates from raw materials of no nutritional value (wood hydrolysates,
agricultural waste, sulphite liquor; Sarkov 1950, Kaljunyj 1955, Kaljuznyj,
Andreov 1956). Finally, continuous fermentation is being used in production
‘where mol. and starch ining raw materials are employed (Gladkij
1949, Berenstein, Skoblo, Guljajev 1953, Jarovenko 1948).

Both the multiplication capacity of yeast and its fermentation are simul-
taneously established during the continuous fermentation process in the fer-
mentor. At the same time the growing yeast is continuously removed from the
fermentor with the spent mash. The continuous fermentation is mainly charac-
terized by the constant conditions of existence of the yeast. The whole pro-
codure of the alcohol fermentation takes practically place in one tank, i. e.
the first, where approx. 85—90% of the fermentable sugar is used up. Therefore
the yeast remains a considerable time in the substrate which contains great
quantities of alcohol and only little sugar. Under these conditions the rate
of yeast multiplication is greatly reduced.

According to the observations of M. J. Kaljuinyj (1948), in plants producing
alcohol from hydrolysates and sulphite liquor the amount of sugar fermented
Pper hour by 1 kg of yeast is relatively constant for each type of yeast.

It was found by E. E. Drubljanec in a hydrolysate plant that, for example,
4—T7kg of sugar are fermented by 1kg of Saccharomyces yeast, and 7—11 kg
of sugar by one kg of Schi: h yces. Therefore the lation of the
fermentation rate, i. e. the regulation of the flow of the fermenting mash
through the fermentor, i tant and definit ion of yeast

ires a
in the férrﬁ.entiﬁg mash. In the hydrolysate industry this regulation is achieved
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by the backflow to the first tank of the yeast separated from the spent mash.
The loss of yenst, due to ageing and destruction, but also due to sedimentation
caused by a loss of fermenting activity, is compensated by the continuons
multiplication of yeast. Therefore the assay of the rate of multiplication during
the continuous fermentation is of great theoretical and practical interest.

The rate of multiplication can be expressed by a mathematic constant as
in any physico-chemical or biochemical process. The rate constant of multi-
plication “K” indicates the amount of yeast (in kg), formed in one hour from
one kg of yeast.

The method of continuous fermentation is based on the fact that in the
course of the process an equilibrium is established when the concentration of
substrate and of the products of metabolism are maintained at a constant
level by a continuous inflow of fresh substrate and removal of the same volume
of fermented or partially fermented substrate.

The continuous culture makes it possible to estimate the rate constant
of multiplication under I and easily repeatable conditions. Further-
moze, the ic coefficient is esti 1, 1. c. the lation of dry weight
of yeast — ag/g and of alcohol — figfg, expressed per unit of the sugar utilized
by fermentation. The continuous culture method makes it possible to eliminate
the effect of the lag phase on the result. From the point of view of practico
the continuous culture method enables substantiation of the continuous fer-
mentation method as used in industry and the devising of new ways of its
improvement.

AN APPARATUS FOR CONTINUOUS CULTURE

The apparatus consists of an clevated container 1 containing a sterile store
of substrate (Fig. 1), a dosage appliance (2), (3), (4) and (5), and a fermentation
vessel placed in a water thermostat IT.

The fer ion vessel of 350—450 ml capacity is provided with a stirrer
which is inserted through a stopper with a sulphuric acid seal. ‘The stirrer is
operated by a warren motor at 60 r. p. m. A constant volume of the liquid in
the fer tation vessel is maintained by an overflow tube which opens into
the wall of the vessel. Considerable difficulties were encountered with the exact
dosage of substrate when the continuous method was put into operation in this
apparatus. The regulating taps, capillary fittings and other appliances designed
to regulate the outflow of liquid by changes of the flow were entirely unsuitablo
due to their rapid clogging. In addition, it was rather difficult to obtain a preset
rate by regulating the rate of flow of liquid according to the number of drops
in a given period of time. Therefore a special dosage appliance was constructed
enabling a dropping inflow of sterile liquids containing sediments.
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A store of sterile substrate is placed in a container (1), closed with a rubber
stopper and sealed with Mendélejev cement. Two tubes pass through the stopper:
tho first enables only preliminary dilution of the substrate in the container
at tho start; the other tube reaches to the bottom and Tegulates the filling
of dosage appli (2). The container functi ding to the principl
of Mariotte bottles. As soon as dosage appliance (2) is lowered below the orifice
of the tube, the liquid from con-
tainer (1) starts to flow and at
the same time air enters through
a cotton filter into the container.
The dosage appliance having
= been filled with liquid to the
given lovel, the further flow of
. liquid from container (1) into the
= i4  dosage appliance is stopped.

On lifting the dosage appliance
no backflow of liquid into con-
tainer (1) occurs, the liquid hav-

13 ing been replaced by the air
12 which entered the container on
5 filling the dosage appliance; in-
stead, the liquid flows to dropper
7 (e (3), whose drainage tube is placed
somewhat higher than the orifice
of the regulating tube. The rate
of flow of liquid is governed by
the volume of the dosage appli-
ance and the time necessary for its

B
[
|

Sl

] - " lifting.

iy . The lifting and lowering of
the dosage appliance is operated
by a spiral cam of a warren
motor provided with a reduction
8 gear. The cam revolves 3-3 times
L ST per hour. With each revolution
of the cam the dosage appliance
is lowered for three minutes,
1 — Elovated containor” (Mariotte-container); 2 — filled with liquid and then lifted

Fig. 1. Diagram of tho apparatus for continuous
culburo,

sppliance; 3 — and emptied within 15
“soal; Since no thin tubing is used
Contact thermometer; 10 —  jp  the system the dosage ap-

Wator thormostat; 12 —

713 * Flexibls tubing, pliance can déliver even suspen-

sions. At an inflow rate of 30—40 ml of liquid per hr. the exact dosage
differs at tho most by 29, from the set amount.

For the removal of samples for analysis and samples for the estimation of
yeast concentration a weighed centrifuge tube, inserted in a cooling mixture,
is used instead of container (S). The removed sample is quickly centrifuged
and thus the yeast separated from the liquid. The liquid is analysed for sugar
and alcohol contents, the yeast sediment is washed, centrifuged once more,
the water decanted and the sediment dried at 56—60 °C in vacuo to constant
weight.

According to the analytical results and the rate of flow of the fermenting

liquid the rate 17 of yeast multiplication, the sugar required for the
aleohol formation and the amount of yeast formed per fermented unit of sugar
are estimated, i. e. the cconomic coefficient is caleulated.
The rate tant of multiplication X, the ic coefficient and the yicld
of alcohol are calculated after the establisl of tant characteristics
and after the minimum 6—10 volumes of substrate have passed the ferment-
ation vessel.

FUNDAMENTALS OF CONTINUOUS CULTURES

Let us derive the balance cquation for the estimation of the rate constant
of yeast multiplication. We designate the volume of liquid in the fermentation
vessel ¥, V = constant; z is the average concentraiion of yeast cells in the
liquid of the fermentation vessel. Let us now assume that in an infinitesimal
time period d¢ a volume dy of fresh mash is introduced into a fermentation
vessel and the same amount of fermented mash glows out. Then the original
amount of yeas cells ¥z is reduced by x dy due to the outflow of fermentated
mash. At the same time, due to multiplication of the yeast at the rate K, the
amount (Va' — a' dy') K dt of fresh cells are formed. At the end of the dt
period the concentration of yeast cells in the fer g vessel has ch 1
by dz. Now the equation of the balance of yeast cells can be written:

Vz—zdy+(l’z—zdy)Kdt:l'(z+dz) (1

On integration of this equation within the limits of 0 — ¥, of 0 tot and of z,
to z, and their solution for K, we obtain:

gy =) 2
]\_(11+]"z,,)l (2)
If the process is stable and the yeast cell concentration constant, i. 0. z = =,
then
Y .
K= )
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i. e. in this case the rate of yeast equals the volume
of the liquid passing through the fermentation vessel. However, the rate

of yeast multiplication d on the yeast concentration. There-
fore equation (3) is valid only for a given yeast concentration, which is formed
in & given time period, and is related to the flow rate of the substrate and its
content of fermented sugar.

According to the data of V. A. Utenkova-Rancan (1954) and L. I. Jasinskij
(1953), which were confirmed by our experi the i fficient «
in the case of complete utilization of sugar is more or less constant for each
type of yeast. It is, possible, therefore, to calculate the ptimal flow rate,

which is dependent on the fficient « and on the sugar content

in the substrate.
The stabilisation of the process is conditioned by z = const., i. e. the yeast
must be Therefore in the infini 1 time period dt

the amount of newly formed yeast is ac dy, where ¢ denoted the concentration
of fermentable sugar. The balance equation is now:

acdy=(Vz —zdy) K dt (4)
After integration within the same limits we obtain:
= yxe
k= vz @)

Comparing equations (3) and (5) we find that the stability of the procees
can be maintained only when

«c
z

Equation (6) shows that during the stabilisation of the continuous ferment-
ation process the yeast concentration is proportional to the sugar concentration
and to the economic coefficient.

‘The caloulated relationships make it.
rate of the fe d sub th

=1, or z=uac (6)

possible to calculate the 'y flow
h the in the course of the

g
continuous fermentation process. When expressing the flow rate of fermented
Aubst;nw in volume units per hr.,i.e. V =¢ =1 according to equation (5),
we obtain: .

‘ y=2 @

u} the concl\]liion, already shown by Monod (1950), that the
in equilibrium (in the absence of inhibiting factors) when
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et

This conclusion is of practical importance. Knowing the value of the rate

of yeast multipli in a given sul the ic coefficient

and the content of fermentablo sugar ¢, the maximal possible yeast concentra-

tion z and the duration of the total cycle of the fermenting vessel can be pre-
dicted:

%= ac; T=% )

" 1

Many exp on the of industrial hydrolysate mashes
with adapted Saccharomyces, carried out in the flow apparatus, have made it
possible to establish the average values of & and K under conditions similar
to those of the hydrolysate industry:

« = 02, expressed in pressed ycast with 75%, of water content
& = 0-05 expressed in dry wéight
K = 0-06

If the hydrolysate mash contains 2%, of fermentablo sugar, the possible
yeast concentration is:

02 X 2 x 1000 _

16 4g/l

ac =

The rate of fermentation (cycle of the fermentation vessel):

1 1
T'= = o5 = 1667 hr

CONTINUOQUS CULTURE AT INCREASED YEAST CONCENTRATIONS

It should be pointed out that the above considerations of the behaviour
of continuous yeast culture apply in the case of intensive stirring of the
f d sub in the fer vessel, when the yeast concontration
in the outflow liquid equals that of the formentation vessel, However, if a port-
ion of the yeast for some reasons or other remains in the vessel, the conditions
of equilibrium are changed.

Let us denote the yeast concentration in the system by z, at the beginning
of the time period ¢, and , at the end of this period. We assume that during
this short period the volume y passes through the vessel. The concentration
of yeast in the outflowing mash is z,. The yeast balance for the interval ¢
is expressed by the following equation:

Va2, = yao = yz, = Vi, o)
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whero V represents the volume of the fermenting liquid in the vessel (in accord-
ance with the conditions for the continuous culture, V const), and ¢ has the
same meaning as above. .

This equation can be transformed as follows:

a=z+Lc—z) (10)

On examining equation (10) it is found that z, — zy, i. e. the culture is in
equilibrium, when Lv (ac — ;) = 0, or when ac = z,.

When ac > z,, then z, > z,. In this case the yeast concentration in the
fermentation vessel increases. In order not to affect the equilibrium of the
development of the culture, the rate of flow must be increased according to
equation (7). This enables continuous culture to be carried out with rates of
flow which considerably exceed the rate of multiplication of the yeast. This
observation was made by I. Mslek (1956) in experiments with continuous
cultures of bacteria, where the culture partially sedimented on the walls
of the vessel. In some of these iments the sub was exch d within
40—120 sec., although under given experimental conditions the culture could
duplicate its population only within 20—30 min.

It follows from equation (10) that even if the yeast concentration in the
outflowing liquid =, is lower than the multiplication of the yeast ac, the con-
centration of yeast and also the rate of flow y in the fermentation vessel z
stoadily increases. However, in practice no unlimited increase of the yeast
concentration and rate of flow can be observed. On increasing the yeast concent-
ration to a definite limit =, the dying off of the yeast increases although
a complete amount of sugar and other i are available. The rate t;
of yeast multiplication decreases (K = 0:025—0-035), thus reproducing
* the general rate of yeast fermentation. The dying off of the yeast is connected

with the dissimilation process. The yield of alcohol, expressed per unit of the

fermented sugar, decreases due to the f of subsidiary prod An
increase in the flow rate b ical. The Xi rate of flow
is cstablished automatically:

(11)

Yiimie =

It appears rather difficult to establish the magnitude of the limiting values
%o 80d it may even be impossible because of the many factors affecting
them. First, the amount of yeast leaving the fermentation vessel, z,, does not
remain constant. Thus for example, when working with a yeast forming a fine

di the outflowing amount i with an i of the yeast con-
centration in the vessel until the equation z, = ac is no longer valid and the
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continuous culture achieves equilibrium. On the other hand when working
with a flaky yeast the outflow decreases with an increased yeast concentration
in the vessel, but wie yeast begins to sediment in the vessel and becomes
inactive. In this case continuous culture tends inevitably towards cquilibrium,

Sccondly, it appears that the flow rate is also limited by the reaction of
alcohol formation.

The experimental results of M. J. Kaljuinyj (1955) and also our experience
with the continuous formentation process using yeast backflow in hydrolysate
plants show that the maximal concentration of yeast during the continuous
fermentation of hydrolysate amounts to 35—40 g/l weight of pressed yeast
75%, of water. The flow rate corresponds to a complete cycle of the fermenting
vessel in 3—3-5 hr., instead of 16-67 hr., when the fermentation process is
carried out at a rate corresponding to tho natural multiplication of the yeast,
i. e. when z = ac.

This result confirms the possibility of i rapid fer tation of
hydrolysate mash with multiple utilization of the yeast at high concentration
of yeast in the fermenting substrate. ’

This continuous fermentation process with the use of separators for the
backflow of yeast from the mash is now being employed in all hydrolysate
plants in the USSR (Sarkov 1950). The average concentration of yeast (75%
water) is maintained within the range of 17 to 25 g/l and the cycle of the for-
mentation vessel at 6—8 hr. These conditions are optimal and provide a maxi-
mal yield of alcohol from the fermentated sugar.

LABORATORY APPARATUS WITH YEAST BACKFLOW
FOR CONTINUOUS CULTURE

In 1953 M. J. KaljuZnyj succeeded in separating from yeast from the Archan-
gelsk hydroly plant a flaky b hing yeast ponding to true Sacch
myces, designated Av-I. Later he separated a yeast of similar qualities from
the Leningrad hydrolysate plant, called Lv-4.

The branching yeast differs from that forming a fine sediment in that it
absorbs little or none of the colouring matter of the hydrolysate wort; further-
more, due to its greater sedimentation rate it is more casily separated from
the dispersed lignin which contaminates the yeast when separating the mash
(Andreev 1954).

The discovery of the Av-1 and Lv-1 types of yeast made it possible to
establish a continuous culture with a higher yeast concentration in the fer-
menter.

The lab 'y plant for conti fer with a yeast backflow
(Fig. 2) consists of two fermentation vessels connected in series (1, 2) placed
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in & water th (3). The peri 1 p is lated
by a toluol-mercury-th gul with an el ic relay (4) and an
electroheater (5).

10
Fig. 2. Diagram of apparatus for continuous culture with yoast backflow.

1 — and 2 — Fermentation vessols; 3 — Water thermostat; 4 — Thermoregulator; 5 — Stirrer;
6 — Bedimenting tank; 7 — Containor for mash; 8 — Airlift; @ — Mixer for yeast and wort,
10 — Btopeock for regulation of air supply; 11 — Air or CO, inlet; 12 — Wort inlot.

- For the separation of the yeast from the mash a conical separator (6) is used.
The fe d mash is coll dina ing cylinder (7) and the concentrate .
independently led from the apex of the cone through a capillary tube into the
airlift (8). Through the airlift the yeast concentrate is led through a capillary
tube into the mixer (9) where with the aid of the above described dosage appli-
ance fresh mash is also introduced. The amount of the backflowing yeast

- concentrate is regulated by a change of the air or CO, supply into the airlift;
this is achieved by a stop-cock (10) and the lifting of the airlift.

As fermenting vessels tubular vessels of 1-51 volume are used. Openings

_in the veasel walls serve for the overflow of the mash from one vessel into the

other and for the outflow of fermented mash into the separator, the openings

. being’closed by rubber stoppers through which overflow tubes are led. Both
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veasels are provided with stirrers operating at 60 rovolutions por minute.
This mixture ensures an even suspension of yeast in the fermenting substrate.
If the stirrers are out of motion for only a short time the ycast rapidly sediments.
The rate of complete sedimentation of the mash in the first fermentation vessel
is 0-033 mm/sec. The working volume of the fermentor is, vessel 1: 720 ml,
vessel 2: 700 ml, the separator: 180 ml, e. g. a total of 1600 ml.

The air supply for the transport of the yeast concentrate is effected by o water
pump and a water manostat, the supply of CO, out of an cylinder being effected
by the same manostat.

In this plant we fermented factory produced wort prepared from soft wood
hydrolysate, which' contained 2:55%, of fermentable sugar and to which the
usual amount of phosphorus and ammonium salts was added. The experiment
lasted 15 to 21 days. .

The flow rate during the experi was kept and cor ded
to the complete renewal of the liquid in the apparatus within 8 hrs. The volumeo
of the yeast concentrate which was led back from the separator to the mixer
was 200—400 ml/hr. The yeast in the app during the
experiment increased steadily from 13 g/l to 35 g/1.

The maximal yield of alcohol was achieved at a yeast concentration of
24-5—29-1 g/l and represented 56-7 1 per 100 kg of fermented sugar. When the
yeast concentrate in the apparatus reached 30 g/l, the ycast started to se-
diment, irrespective of the stirring. The yield of alcohol per 100 kg of fermented
sugar was then reduced to 52:21.

In all experiments the ion of the fer ble sugar in the first
vessel was less than 0-3 — 0-25%,. The spent mash obtained from the soparator
did not contain more than 0-02%, of f ble sugar and approxi ly

1—1-5g/1 of yeast.

Laboratory experiments confirm the possibility of continuous rapid fer-
mentation of hydrolysate wort with a partial backflow of yeast, using a conti-
nuously working mash separator. This conclusion was confirmed in experiments
at an experi 1 pilot plant (Andreev, Bulondr 1955), where approximately
3 m? hydrolysate mash was fermented per hour, and fermentation process
lasting 7-5 hrs.

CONCLUSIONS

1. The rate fant of yeast multipl is an important criterium of the
viability and efficiency of yeast culture under given concrete conditions of the
substrate used.

2. The continuous culture enables estimation of the rate of yeast

Itipli under easily ducibl diti In additi
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i. e. the of dry weight of
— fg/g per unit of sugar utilized during ferment-

the economic coefficient is
yeast — ag/g and alcohol
ation.

3. Continuous culture makes it practically possible to substantiate the
continuous fermentation process used in industry and to device its further
improvement.

4. Continuous culture is in cquilibrium when the flow rate per hour through
tho working volume of the fermentation vessel equals the rate constant of
yeast multiplication, i. e. when y = K. However, this rule is valid only when
the yeast ion in the outflowing mash equals the average yeast con-
ocentration in the fermentation vessel.

‘5. If the yeast formed during the fermentation process is for some reason
or other partially withheld in the fe vessel and its concentration
in the oucflowmg mash is lower than its natural multiplication, i. e. z, < «c,
then the flow rate may be considerably higher (2-5 to 4-5 fold) than the multi-
plication rate of the yeast.

6. If the yeast is partially withheld in the fe vessel or
from the fermented mash, the yeast in the fe
and the flow rate increase only up to certain limited value.

After this. 1 yeast ion in the fe
reached, the rate of yeast multiplication di
that a further increase of the flow rate is impossible.

7. During the fermentation of hydrolysate wort from soft wood the llmmng
values of yeast ion and rate of yeast multipli were
estimated in a series of observations:

P g

vessel

vessel has boen
to such an extent

z235—40g/l; K = 0-025—0-035 .
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THE VIABILITY AND FERMENTATIVE ACTIVITY
OF YEAST DURING THE CONTINUOUS FERMENTATION
OF WOOD HYDROLYSATE

M. J. Kauinys

W‘ood hydrolysates prepared in various ways do not represent a complete
medium for the vital activities of mi i Of subst suitable
for the biosynthesis of the cell mass of microorganisms they contain approxim-
l?ely 3:0% of carbohydrates and some parts per million of phosphorus and
nitrogen. On inoculation with small amounts of yeast the development of
the. Yyeast is inhibited, not only due to lack of nutrients and vitamins, but
mn.nly due to the presence of toxic substances (Sarkov, 1950). Many o’bser-
vations (Zubkova et. al. 1936; Kaljusnyj et. al. 1955; Leonard and Hajny, 1945)
showed that with a small inoculum up to 30 X 10¢ yeast cells per ml of ;nydro-
lysate, or about 3-0 g/I, may late in the mash, ding to about
0-} of the sugar weight of the substrate. With this amount of cells th:«'a ferment-
ation procoss proceeds slowly and the alcohol yield is low. Therefore it was
fol;nhd dlflﬁc)ult to forment hydrolysates with a natural yeast population.

.us‘ lop f a conti fer ion method L
During the fermentation by this method conditions are established whei(;
the' population of a stationary culture i several fold, ied
by a decresae of viability of the old yeast cells and an increase of youn;v cells. .
In addition, the number of colls increases with each renewal of the substmte‘
and thus their weight increases in relation to the initial sugar content of tlu;
wort from 1 : 10 at the first renewal to 1: 1, or even more in the casc of con-

tinuous utilization. Periodicity is excluded by the cl of the procedure
and the sugar is dy ically utilized. Rei of the w}}o]e cast
mﬁsa must bo considered, however, as artificial ion of the sub .

with cells which rep a rather hoten from the point
of view of their age, especially during conti w‘ori{. The majority of f:e:e

cells consists of resting forms which have finished their development, only

'12—-15% budding: Tﬁemfor_g the fermentation ‘process takes place with an
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old and weakened culture. In order to increase.the activity of such a culture
it is necessary to define more precisely the nutritive regime.

1t is known from literature (Kvasnikov and Boguslovskaja, 1956; Lebedey,
1936; Higlund, 1914) that the fermenting activity of yeast reaches a high
level only when proliferation also takes place during the fermentation process
and the decreasing activity of old cells is compensated by the high activity of
young ones. If this proliferation does not take place, the fermentative activity
declines. Under conditions of flow of nutrient substrate microorganisms proli-
ferate and produce more intensively (Aristovskaja, 1955). Monod (1950) and
Malek (1956) point out that a culture under flowing conditions is characterized
by self-regulation and that its can be maintained at an arbitrary
level which, of course, cannot exceed that conditioned by the supply of nu-
trients.

Self-regulation of the number of cells in a continuous fermentation with
a backflow of yeast is confirmed by experience in plants where this method
has found application. However, there cxists a basic difference between the
self-regulation of a continuous culture with an outflow of cells with the sub-
strate and the method where cells are reintroduced for fermentation. In the
first case self-regulation takes placo with a young population consisting of
a great number of proliferating cells. This state may possibly serve as a crito-
rium for evaluation of the maximal activity of the culture.

Other conditions of self-regulation occur with the backflow method for
an old population, where the cells consist mainly of resisting forms. Hero
the self lation does not cl ize a maximal accumulation of cells
under given conditions (this maximum has been considerably exceeded),
but characterizes the viability of a concentrated culture under conditions
of a lack of i Theref: If. lation does not ch torizo the activ-
ity of the culture, but indicates only the number of cells viable in the case
of minimal utilization of the nutrients. In order to cvaluate the activity of such
a culture a quantitative analysis of the metabolism and formation of products
was necessary. In order to use the continuous culture method with backflow
of yeast it was thus necessary to establish in the first place the number of
viable cells in a wood hydrolysate wort under conditions of varying cycles
of backflow, and secondly, the amount of sugar which ensures a high productiv-
ity of yeast. At the same time the conditions of removal of weakened yeast
and the dynamics of the alcohol fermentation in wood hydrolysate wort wero
examined.

EXPERIMENTAL METHODS

The experiments were carried out with different cultures of yeast and
varying cell numbers in 400 ml flasks. A wood hydrolysate of pH 4:8—5-2,
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aining 2:8%, of fa ble sugar, was used. The wort was then supple- under stationary it with ot 0,' 30“:‘&% f"‘d renowal of sub
mented with supcrphosphate and i Iphate (both 0-3 g/litre). strate the number of the culture poy y g
Fe rmentation  was carried out at varying numbers of times of renewal of the
e per day; the state of the culture after a single renewal corresponded

) Table 1

thus to the stationary conditions of the experiment, while a four to sixfold ; Orig- Timo of sampling (hr) Moan
w ponded to the conditions of a i culture. At the end ber ox-
01;9_“’}‘1'”"';"{"'5“0“ cycle the yeast was centrifuged, the spent mash decanted ! c::‘ s | ag | as | o6 | 120 | res | 1es | 102 | 26 | Pon
and the yeast again mixed with the substrate. After uniform distribution of the H 104/mif =
y smple of the suspension was d for ting of the cells in {
a’ ing.chamber and for estimation of the increase and dying off of cells Culture A,
during“the fermentation process. The number of dead cells was estimated i Livingcolla 10/ml [120:0 124 [111:3 1 110-1 lg?u l:g; f‘ 121}:2 ";“]’:3
according to their dying with colouring substances of the hydrolysate (Nizovkin Doad colls 104/ml | 0 2‘07 87 g:]’, "_.::0 211|207 00| 20
and Ochrimenko, 1047) Suriemensi.cy | 2
Experiments directed towards study of the activity of yeast and of tho por 100 kg RS/litres o] — [ asc]asc]aro] s
d; ica’ of the fe ion, process were carried out under industrial Rapidly proliferating youst culture
'odﬁditiohlc.r'ﬂfe amount of reducing sugars (RS) in the wort was estimated . /mi | 870 | 870
using the ebulliostatic method. The amount of alcohol in the mash was estim- m‘;ﬁ:’llw{;."] £ 0
ated by the flotation method of VNIIGS. Sugar formented, % o2
: Yield of alcohol a2 | 874
Gt - per 100 kg RS/litres| 381
VIABILITY OF DIFFERENT YEAST CULTURES IN THE CASE Strain XII
OF SI)E{GLE’?;EnnwAL OF THE MEDIUM PE}R DAY ) Livi"‘u"':,wml 960 | 965 | 858 | 870 n:g-i 138.3 122:3 |g§:3 12::;
alreadybeen_pointed out that during: the fermentation cycle up to . ';:;‘f,”,‘,',',‘,,',?.'g;‘_ l% ° '2’,02 ;Z?I gf?, 207 205 200 210 204
30 X104 cells accumulate per ml, or about 3 g per litre. This population number ' Yield of -lcnhol.t s00| — | 36| are| 377| 377 | 381 | 360 | 370
at the time of removal of. the cells with the substrate as well as the stability r:e:‘m:fms&,:ﬁ!
of . their. composition, limit the rate of fermentation. In order to accelerate living colls from 1010 | 1024 | 060 | 017 [ 1085 | 1050 | 1080 | 1017 [110:2
the process, it was of imp to use repeatedly the yeast d from threecultures ... -
the ,Apentvmleh,'this Yeast representing a great store of enzymes. For this . 1 with
reason it was:necessary to evaluate the increase of cells during the ferment- In another series of experiments the culture A, was f_ompﬂ"“ wi \
ion :process under conditions, where the amount of Yeast starter was 3—6 ! culture L,;, which was sub-culti d for many ? n wgo(l
times greater than,the number of the natural population. hydrolysate wort. 20 g of yeast were used as inoculum, which Cg"”l[;"" (I:l(
The, yeast culture A,,:a.rapidly proliferating yeast, and strain R XII, | to 244 g of sugar/day X g. It was calculated that 1 ml .contmn’cd 132 x | C:I 8
all n beer wort, were, tested. In order to evaulate their viability of culture A; and 150 X 10* colls of Ly;. From these figures it follows that ﬂm
.wort an.inoculum of, 10 g of yeast per litre was used, the viability and increase of cells depend on the type of culture and mainly on the
‘being renewed nee a.day. The concm_lcr.ition‘ of reducing sugar presence of nutrients.
- .the wort was 2859 nd that of fermentable sugar 2:11%; thus'1 g of yeast
- sugar per day. It follows from analyses (Tablo 1) that VIABILITY AND PRODUCTIVITY OF YEAST UNDER VARYING
each culture dead cells appeared, on the second day. On the fourth day CONDITIONS OF INOCULATION

ecreased.on an average to 10, X 104ml. i tho fol-

' In a second experimental series the effect of the renewal number of sub-
2 1'the yeast at ;‘}}yd'm-' . strate on the viability of the culture A, accumulating in wood hydrol'ysuw
This experiment showed"that i wort ‘'was investigated.
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The femenh.ﬁon was carried out with varying inocula; the substrate was
mn?wed l—f times s day; thus the daily quantity of sugar per g of yeast
v.med. Furtl in an additional flask, i lated with 50 g yeast per
litre, the wort content of phosph and ni was i d by the

addition of 2 g (NH,),HPO, per litre. For the first threo concentrations the
dun?ion of the experiment was 10 days and 7 days for the concentration of
50 g per litre. The initial count of cells, their increase, dying off and alcohol
pmdu.ctivity are shown in Table 2 as average values for the duration of the
experiments.

Tablo 2
Forment- | Number i Dail, T
m:::in m:: ) Yoast inoculum le‘;‘uly (4:';:2:"52 Yield of alcohol
ala of sugar | croaso (—)
mah | of media | ) 1otmi | 8ol | ofliving [ Aper 7] 9% -
per day yoaat  feolls 10%/ml| (0 & roticalyiold
28 1 10 123 28 -
28 1 20 227 14 i 820
28 3 20 240 42 +
28 1 40 460 07 -
28. 3 40 468 21 -
24 1 50 750 048 | —
2.4 5 50 54 24
24 4
(NH),HPO,| & 50 54 24 + 22 49-3

It follows from these data that in the case of an inoculum of 10 and 20 g
per litre the yeast not only survives, but that proliferation of the cells takes
place c ponding to the q ity of sugar ilable. Thus at a level of
4:2 g of sugar and a threefold renewal of the wort the yeast weight increases
from the original 20 g to 27 g per litre. The alcohol yield produced by the yeast
is closely rolated to the proliferation of the cells. Lower values of the alcohol
yield and the state of the yeast were obtained with inocula of 40 and¢50 g
per litre. In.these variants a threefold renewal of substrate per day did not

lead to proliferation of the cells. With a sugar content of 2-1 g and less a con-

siderable. docrease of the cell number in 1 ml substrate can be observed as
compared .with the itinial number; at a level of 2-4 g of sugar, both in the usual
wort and in that with an addition of (NH,),HPO,, only the surviving of ino-
culated, resting cells is found. Thus an i d i
and nitrogen does not produce an increase of yeast.
In ':hcse p " a clear ple of self 1 of the amount of
yeast in the case of insufficient nutrition was observed. On the strength of these

level of phosphorus

- ‘experimental results it is concluded that a yeast concentration of 20 g per litre
o

is well suited for
yeast - backflow.

of wood hydroly wort with
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FERMENTATION COEFFICIENT AND PRODUCTIVITY
OF THE CULTURE

Experiments in which a small amount of sugar was fermented by a great
inoculum showed that the process is carried out by resting cells, without
proliferation, even if the substrate is ropeatedly renewed. However, the fer-
mentation of sugar with small inocula leads to cell increase and also to an
increased alcohol yield. This increase of cells is but small and does not exceed
one half of the cell number of the natural population. Jt may be asked whether
it is possible to obtain in a concentrated culture an increase of cells greater
than the cells number of the natural population, and how much sugar will
be required to form one g of yeast under these conditions.

In order to solve this problem it was necessary to estimate the fermentation
activity of a young culture in wood hydrolysato wort.

The relationship between the fermentative activity and the yeast concentra-
tion, found earlier (Slator, 1908), enables the coefficient of the rate of ferment-
ation to be calculated. However, for the yeast which is required for the fer-

tation of wood hydroly wort, it was sought to estimate tho ferment-
ation coefficient experimentally under industrial conditions.

Yeast A, separated in the plant, was mixed with wood hydrolysate wort
in such proportion that its final concentration was between 2:3 to 10 g per
litre. The duration of tho fermentation process was defined as the time required
from the mixing of the wort with the ycast to the moments when the reducing
sugar in the wort ccased to fall off, the R. S. value being controlled cach hour.
The results of these experiments are shown in Table 3. The last column shows

Tablo 3
Living yonst Formontation
Volume of | Fermentablo Duration of coefficiont, for
i 3 P, 1 kg of yeast
formonting sugar fermentation|  Product Bt
mixturo D a axt r
m? kg @ (hr) P
kg s/t Ny
19 115 160 0-303
48 139 130 0-300
48 149 12:0 0-300
47 153 110 0270
47 192 80 0-200
20 137 50 0-300
19 153 45 0-300
20 188 40 0-204
17 175 35 0-305.
Averago + 0300kg
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the average rate of fermentation of sugar by one kg of yeast per hour accord-
ing to the formuls K = -~ _ s
o amins D.xt
= the amount of fermentable sugar, D = livin, t i = i
o Tormentation, ° I'{ g yeast in kg, and ¢ = duration
These experiments show that 1 kg of
. Th PXperime yeast ferments on the average 0-3
of sugar per hour; i e. 7-2 kg in 24 hrs. e 00k
me t,heu experiments it follows that the fermentation coefficient repre-
-m‘lu the ratio of sugar weight to yeast weight and duration of active forment-
ation, whe!| tl.lp oe.lln are not starving and their alcohol producing capacity
thus not belng‘l.mplued..lt might be assumed that with such a level of carbo-

where K = fermentation coefficient, m =

hydnte ion ¢ would be established for an i d multi-
plication of cells even in a ¢oncentrated culture.
In order to”confirm this ion the hydrol was f d with

inocula of 10-20'and 40 g per litre at a sixfold renewal of substrate during
24 hn‘.' ’.l'havsrmounb'of fer}nent.bln sugar per one'g of yeast was between
l‘~20 m 10~l2 '3 md in one variant of this experiment it corresponded to the
fermentation ?oefheiene, i. o; amounted to 7-59 g per hr. The average results
?f these gx'penmmh for a period of 8 days (Table 4) confirmed that on increas-
ing th::.h.lly'tmwnt of sugar up to 10-12 g with an inoculum of 10 g per litre,
:ﬁe L g';a;t o o,]], ion above the original amount represented
0 average 37-2'X 1 /ml, i. e. 7-2 X 108, th,
prirugbun il more than the cell number
The total number of living cells in 1 ml increases in 8 d

. rof] ays from 120 X 104 to

:::u:(“lno'. I:l l;ho uut!nltphues dtlle Yeast was not capable of fermenting the
ount of sugar in time and the separated mash contaii i

S rontermmio e pa mash contained a high amount

Tablo 4
Yoast inoculum : 10 20 40
Number of renowals of media
per day 12 4 12 4 6 4 6
Buger per g of yeast 2:53 508 10112 | 1:26 253 506 7-59 | 2:53 3.79
Tncrease of cells 10¢/ml _ 80 200 372 00 27:5 422 56:2 60 90

Yield of alcohol from fermented
sugar, % of theor, ' *°

)
&
*

g, % 776 768 | 772 777 775 822 | 76.6 774
Nitrogen in
weight

., 683 7«%7 7-60 6-40 681 6-96 665 671 68

2
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Of particular interest is the fermentation process with an inoculum of 20 g
per litre and a sugar amount of 7-59 g, corresponding to the activity cocfficient
of the yeast. The cell increase per ml here was 56:2 X 10, thus exceeding
twice the cell number of the natural population. Tn this experimental variant

the cell population corresponds to a cont rather than stationary culture.
In addition to i 1 cell multiplication an i 1 aleohol yield is found.
Therefore it may be luded that the capacity for alcohol formation is closely

related to the state of vegetation of the cells. he fermentation coefficient
for an inoculum of 20 g per litre can thus be considered as the main factor
a sufficient i of cells and their high productivity.

REMOVAL OF WEAKENED YEAST DURING CONTINUOUS
FERMENTATION

Tt has boen shown above that the use of yeast under conditions of insufficient
nutrition leads within a short time to self-regulation of the number of cells in
the population. The viability in this case is not determined by the concentra-
tion of cells, as assumed by Bayle, but by the conditions of the medium, by the
Jovel of nutrition. The last experimental serics convinces us that the level
of self-regulation should not serve as criterium for tho maintenance of a high
activivy of the culture, as believed in industrial practice, but instead tho lovel
of carbohydrate nutrition, ensuring a prepond of cell ltiplicati
ovet their dying off, should be used as criterium. As shown by the experiment,
already on the fifth day a doubling of the cell number can bo observed as
compared with the initial count, due to active multiplication of the cells.
It is clear that a double amount of cells requires an increase of the medium
inflow. However, under industrial conditions, the amount of sugar supplied
for fermentation cannot exceed a certain limit. Therefore the only way of
maintaining a high metabolic activity of the cells is removal of the weakened
cells with normal nutrition of the ycast mass.

Considering the diff tivities of suspended and sedimented cells an
attempt was made to carry out the removal of yeast from the sedimented mass.
p of yeast in hydroly wort or fermented mash was placed into

a cylider of 9 litres capacity, provided at its lower end with a funnel and a stop-
cock of 25 X 15 mm boring, and left standing for one hour. Then by a rapid
turn of the stopcock one litre of mash was removed together with the sedi-

mented yeast, which was then esti d by weighing after sef ion from the
mash. The sedi ion value was calculated according to the-formula
PS— (B— 4) x 100
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.whmPS=. age of sedi| ion, 4 and B the ions of yeast
in g/l before sed: ion and in the sedi 8 the volume of the mash

. in litres from which the yeast sedimented in time T'.

Table 5
Dopendenco of sedimontation on tho inoculum and concontration of sugar in tho mash

Sugar in mash Yoaat, g/I Sedimentation por hour.
o insuspension | in sediment %
0100 40 50
, 0225 130 72
Mash without 0250 20-0 100
formontable sugar 0350 35:0 30-0
0400 1210 380
0450 1810 500
286 20-0 50 31
071 20-0 100 62
1-30 25:0 68 34
170 250 27.0 135
160 30-0 62 26
061 300 850 353
2:86 400 110 30
065 40-0 176 49:0

Experiments showed (Table 5) that in a spent mash not containing ferment-
able sugar, the sedimentation of yeast was lineraly related to its concentration.
Thus at 25 g/1, 10%, or even as much as 159% of the yeast sediments per hour;
at a-conoentration of 35—45 g/l, up to 50% of the Yeast sediments per hour.

In a fermenting mash with a rapid evolution of carbon dioxide and at a sugar
conoentration higher than 19, a suspension of 30 or 40 g/1 remains suspended
and there is only a small age of sedi ion. , at a sugar
concentration of less than 19, and a weak CO, formation, the suspension
shows the same picture as the mash without sugar, i. e. up to 50% of yeast
sediments. This shows that i fe ion of wood hydrol
with high concentrations of yeast is not feasable due to the rapid sodlimenzwion
of the )reut.‘With an i lum of 20 g/1 the sit; is greatly different. Here
thg. main p?rtion of yeast remains in suspension and only a small amount of

-occurs, irrespective of whether the CO, evolution is high or
low. ;l'hamfore‘the concentration of 'yeast should not exceed 20 g/l for continu-
ous fors tion of wi hydrolysate with a sugar content of 3-0—3-5%,
since with these yeast ions little sedi ion occurs even during
stoppages of work.. , KR

: ‘Yeu?{mmn‘,’ ly. plant, fe ing for a prolonged period at a con-
f:entrgt:gqn of 1.8—20 /1 with a fourfold renewal of medium per day was divided
into two 1 . ) — sedi ing and suspendéd; — and these were examined
206 .
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for their cicohol forming capacity. Experiments showed (Table 6) that sedi-
menting yeast ferments more slowly and gives a lower yield of alcohol than
suspended yeast.

‘Table 6
i Alcohol contont of mash Duration of
No. Yoast RSin wort formentation
No. % volumo vield por | % of theor. e
% 10 kg sugar yield
1 Suspended 326 1-38 547 850 10
Sedimented 320 1-28 504 82 18
N Suspended 18 1-39 674 800 8
= Sedimented 318 133 549 850 20
3 Suspended 300 137 585 00-8 12
Sedimented 3-00 131 560 86-9 18

Therefore a fourfold renewal of medium per day does not remove the inactiv-

ation of the sedimenting yeast. The removal of yeast sediment from the fer-

ing tanks rep thus an indisp ble part of the regime of continuous
fermentation with backflow of yeast.

THE DYNAMICS OF FERMENTATION OF WOOD HYDROLYSATE
WORT

Carbon dioxide plays a fund 1 role in the i of ferment-
ation and mai of yeast in ion by its mixing effect of the con-
tents. In order that this factor be better utilised when working with high
concentrations of yeast, the dynamics of fermentation of wood hydrolysate
was studied in a plant where tanks of 100 m® capacity were connected in series.
Continuous fermentation was carried out with a backflow of separated yeast
and at a flow rate of 25 m® of mash per hour. The degree of sugar fermentation
in the individual tanks is shown in Table 7.

Tablo 7
Plant RS Yoast | tation of sugar Duration of
consisting | 1n wort, in % of initial tank No. total | fermentation
of % g/l T 3 3 : % hr.
2tanks 296 20 8| 37| - | — 80-5%) .| Q.
3tanks 292 142 | 602 | 88| 27 | — 805 Qo i
4tanks 297 102 618|161 | 20 { 10 80-0 L1am.40min.
*) Tho residual sugars in the maah are pentoscs.
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“The resulta show that under all variations of work the main portion of sugar
is fermonted in the first tank. In the remaining tanks at the most 0- 2%, sugar
of the miash is fe d, this requiring, h , more time than the main
ferimentatio
flndmg can be readily explamod by the fact that the end of the fer-
under i bl ged conditions, since the CO,
vhmh brmgs about mixing of the mash and thus ensures better contact of the
yeut with the sugar, evolves mainly in the first tank. It follows thus that the

of wood hydrol, by the co method should be carried
oiit in & plant connshng of one or two tanks.

CONCLUSIONS

Thé-conditions of f of wood'h 1 were ined, using
the methiod of renewal of substrate, in order k) establish the basis for continuous
fernientation vnh yeast backflow. The following results were obtained:

* 1. During rmcnhtlon thh repeated ‘use of yeast a greater number of cells

survive:in*1:ml: of than in without renewal.

2: Under conditions of renewal of substrate the viability and increase of
yeast' oella are controlled by the amount of nutrients in the medium.

is the decisive d t of the 1

ation of. yeast and:its productivity.

4. In"wood-hydrolysate one g of yeast (75%, water content) ferments in the
course of the fermentation period on an average 0-3 g of sugar per hour, or about
7 Sg r 24 hriy;

vel of: 7-5 g of sugar per 1g of yeast, the sugar level being
V. : by renewnl or flow of medium, the state of the Yyeast corre-
sponds momto contmnona than stationary conditions and gives high yields of
alcohol also, with,an.inoculum of 20 g/

f P ity of yeast fe t
ation, of wood hydrolyum shou.ld be carried out in a plant consisting of two.
unh ;with 1 of ‘the sedi g weakened yeast.
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FORMATION OF NEUTRAL SOLVENTS
IN CONTINUOUS FERMENTATION
BY MEANS OF CLOSTRIDIUM ACETOBUTYLICUM

Joser DyR, Jiitt PRoTIVA and RoMaN Praus

This paper deals with the fc ion of neutral sol in the

fermentation procees by means of Cl. b Conti f

has been applied with ad age to some classical fe ion p even
on a pilot plant scale. Attempts have been made to use this continuous method
also for other industrial fe i but i igati carried

out 8o far have been only on laboratory or semi-pilot plant scale. This applies
also to the acetone — butanol fermentation process which.is a comparatively
young branch of the fermentation industry. Althought acetone-butanol batch
fe ion has been fully employed for decades in different countries,

few reports have been published on the conti 1ti of strains of
Cl. butyli P ing neutral sol 5

The report of Logotkin (loc. cit. by Malek, 1955) is one of the available
papers on the conti Itivation of Cl. butyli and deals with the

evolution stages of Clostridia under various conditions of o continuously
supplied fresh cultivating medium. However, no data on the course and yields
of tho fermentation are given. Another work by Nowrey and Finn (1956)

describes the repeated propagation of a culture of CI. acetobutylicum. On the.

contrary, a number of papers have been published which seem to reject the
Ppossibility of carrying out acetone-butanol f ion by the i
method.

Many investigators (Dyr, 1952; Kutzenok and Aschner, 1952; Hejnalovi,
1955; Nowrey and Finn, 1956) showed that repeated transfers of the culture
of Cl. acetobutylicum at the stage of acid formation resulted in a diminished
ability to form neutral solvents in the following stages of the fermentation,
in & longer acid forming period and after a certain number of transfers it
b;onghb» about physiological degeneration of the culture.

Theeeﬁ dings were élucidémted in different ways. Some authors, admitting
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the evolution cycle of CL. acetobutylicum, suppose that the culture, which owing
to repeated transfers at the acid formation stage did not end its evolution
cycle with spore formation, impairs the process of its evolution and loses its
ability to respond to the outer environmental conditions with the formation
of neutral prod The above ioned authors, Nowrey and Finn reported,
that the butyric acid bacteria degencrated after a number of transfers owing
to the sp lection of at a low pH, which was reached at the
initial stage of fer Thus acet butanol for i pE to
be itable for the method inevitably requiring prolonged
propagation period of the culture without losing their physiological activitics
in any way.

In the present paper we report the results of some of our experiments with
the i tone-butanol fer i hnique on lab 'y scale,
carried out in 1956—1957. ’

METHODS
MICROORGANISMS AND CULTIVATION

Cl. acetobutylicum, strain Ca 3, isolated by Dyr in 1946, was used for our
experiments. Tho strain was intained by ional microbiological
practices in potatoe mash and transfererd once in two months, the culture
being subjected to heat shocks. For experimental purposes fresh subcultures
were always used.

Repeated vegetative transfers of the culture Cl. acetobutylicum, strain Ca 3,
were performed in a potatoe mash containing approximately 4%, w/v of starch.
The culture was propagated after 12 or 24 hours by inoculating 500 ml of
fresh potatoe mash with 10 ml of fermenting culture without the application
of shocks. These subcultures were allowed to complete their fermentation
for another 48 or 60 hours, resp ly, and determinati of the acctone
content and titratable acidity were made.

Continuous cultivation was carried out in a complex liquid medium consisting
of tuber water and 4% w/v ot glucose. The pH values of the medium prior
to sterilisation was 6-5, the titratable acidity after sterilisation being 0-56 to
09 of 1N NaOH.

CONTINUOUS FLOW SYSTEM
Continuous propagation and cultivation of CL. acetobutylicum were carried
out in cylindrical glass vessels fitted with side outlets. The contents of each

vessel were continuously agitated by means of stirrers slowly rotating at 200 r.
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p- m. Fresh medium was fed by means of a slightly modified Mariotte bottle

basod on the gravitational flow of the liquid under steady hydrostatic pressure,

‘a8 described by Malek (1955) and further elaborated by Ritica (1956). This
is illustrated di ically in Fig. 1.

Throughout the experiment the
storage container was connected
with the outer atmosphere only
with the vent pipe A reaching with
its lower contracted end the bot-
tom of the storage container.
This arrangement made the feed
independent from the level of the
liquid surface inside the storage
container, because the theoretic

. surface of the liquid was on the
same level with the mouth of the
lower end of the pipe A. The rato
of the feed was controlled by ad-
justing the height of the surface
levels (A) at the end of the over-
flow pipe C (L,) and those of the
storage container (L,). The neces-
sary fine control of the flow was
attained by means of a capillary
of a suitable diameter (R) incor-
porated into the flow system of
the fresh medium. The feed system
tube; L, — heorotcal oval of cultiva ing medium  gnd the fermentation vessels were

the storage container; A — valuo of hydrostati > "
in the s eon m::o..um veluo of fydrostatio placed in a thermostatic chamber.

NOA

'
T
1

ANALYTICAL METHODS

. Butyl alcohol and ethyl alcohol were determined by Johnson’s method (1934),

acetone according to Gdodwin (1920) and glucose according to Shaffer-Hart-
mann (1921). The bacterial dry weight was determined by weighing, the titrat-
able acidity by titrating 10 ml of the centrifuged cultivating medium with
0-1N NaOH, using phenolphthalein as indicator.
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XPERIMENTAL
VLC]"I‘:\I‘I\’I‘ TRANSFER OFACULTURE OF CL.ACETOBUTYLICUM

Wo started by checking earlier experiments by transferring vegetativoly
a culturo of CL. acctobutylicum, strain Ca 3. Forty transfers of the culture at
24 hours intervals were made. From the data in Lab. 1 (reproduced in concise
form) it can bo seen that cven after forty transfers the culture did not tend
to an increased formation of fatty acids, neither to a lower production of neutral
solvents. In the course of repeated vegetative culture transfors only the appear-
ance of the fermenting mash was changed. Approximately after the 30th
transfer the fermenting liquid lost its characteristic appearance, the solid re-
mainders of the mash did not rise to the surface and the foam formation was
reduced. There is no doubt that together with the vegetative forms also a cor-
tain amount of cells with prospore and spores were transforred. Thoy were
formed owing to the heterogenuity of the cells in the culture already at the
logarithmic phase of growth. This applied even in the case of trapsferring 24
hour old cultures. The experiment showed that repeated transfers of cultures
without heat shocks and in the stage when most cells have not yot started
sporulation did not necessarily cause lower physiological activity. By this the
problem of the neutral solvent production by continuously propagated cultures
of Cl. acetobutylicum was not entirely solved, since even cultures aged 24 hours,
i. e. at the beginning of the second stage of fermentation, rctained their ability
to produce acetone, butanol and ethanol. It should be pointed out that the
biochemical behaviour of the transferred cultures after forty transfors was
studied only in the laboratory, not in the plant.

Tablo 1
Analysis of liquors of ivo passgos of tho culturo of CL. icum, strain Ca 3

Acotono | Titratablo Acotons | Fitrutablo

Passago mg/ml acidity Passago g/l acidity
1 386 32
2, 164 33
3 483 a2
4. +15 30
5. 3-86 33
6 348 31
B 3.28 32
8 270 31

Cultures woro transforred at 24 hours intorvals.
Cultivating medium: potatoc mash containing 4 % w/v of starch.
Fermentation was comploted in 72 hours.
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series of ex ts was made with cultures transferred after
12 hours into a fresh potatoe mash in a similar way as proviously described.
The yields of acetone and the values for the titratable acidity are given in
Tab. 2.

Table 2
Analysis of liquors of vogotativo passagos of tho cul £ QL. icum, strain Ca 3
Acetone Titratable Acetone Titratable
Pasago mg/ml acidity Passago mg/ml acidity
1. 367 29 13. 425 30
2. 3-67 30 14. 367 29
3. 367 31 15. 338 29
4. 406 30 186. 4068 30
5. 338 30 17. 430 30
8. 06 30 18- 408 30
7. 357 35 19. 474 30
8. 367 29 20. 372 30
9. 396 30 21 3-81 32
10. 306 30 22, 362 32
11 425 30 23. 391 29
12, 435 30 24, 343 30

Cultures wero transferrod at 12 hour intervals.
Culbivest . " - ey

P 49 w]v of starch,
Formentation was comploted in 72 hours.

Altar the 24th trnnsler the o‘pomnent was stopped, the culture being in
good p It ined its usual ap until the
20th cnnnfer when after further transfers reduced foaming was observed.
In this experiment with transfers at 12 hour intervals the fresh media were
inoculated with an inoculum in the logarithmic phase and thus the conditions
resembled to a considerable extent those of the continuous flow system.
Only a small number of célls which have acquired the ability to produce acetone
was transferred together with the young propagating cells. This may be assumed
owing to the observation that in batch fermentation the culture entered the
second reducing stage in a short period of time, which implied great biochemic-
al uniformity of the cells constituting the culture.

CONTINUOUS PROPAGATION OF CL. ACETOBUTYLICUM

With the results obtained in the previous experiments we started to cultivate
C'l acetolmlylwum, strain Ca 3, under Ilow sysﬁeln condmons Laboratory
g of the i ired pri-
mnnly a proper culnvntmn modmm, 8o that mmple and reliable feedmg equip-
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ment might be used. For small operating volumes media of low viscosity,
free of insoluble particles, proved to be tlic most suitable. A number of them
was tested and the yields of acetone and fatty acids determined. They wero
made up of easily available materials, rich in growth factors and desired forms
of assimilable nitrogen, such as corn-steep, malt germ extract, yeast autolysato
and malt wort. Though most of the tested media showed desirable qualitics
in batch fermentation, all turned out to bo unsuited for continuous culti-
vation. For all experiments described in this paper a liquid medium of tuber
water and glucose was usod‘

Experi i tion of the particular strain
of Cl. acefobulyhaum wv.-rc started by !ollowmg the effect of continuous pro-
pagation of a culture on its ability to form neutral products in the course of
further batch cultivation. The experiment was carried out as follows: the culture
was kept at the stage of intensive growth in the cultivation vessel into which
fresh medium was fed at such a rate that the titratable acidity of the cultivation
medium in the vessel or the cultivation liquid running out of the vessel was
maintained at the same value. For this case, limiting values for titratablo
acidity, i. e. 2:5—3-0ml 1¥ NaOH per 100 ml, were cstablished. They were
slightly lower than the maximum values obtained in the batch fermentation
process. Preliminary experiments showed that 45—50 ml per hour of fresh
medium had to be fed to maintain the fixed values for titratable acidity, pro-
vided that the capacity of the fermentation vessel was 250 ml. That indicated
that theoretically once in 5 hours the contents of the vessel had to bo chm\ged

Approximately 50 ml of the medium in the culti vessel were i I

Table 3

Analysis of formenting liquor leaving tho vessol (T) and after 72 hours of bateh fermentation (1)

G T 1
ucose
Hours | Lot |T2A.| B, | A B.C. [ Glucoso |1 A.| B. | A | E.
mg/mi| ing/ml| m~/m1 mg/mi| mg/fml mg/ml| mg/il| mg/m
0 383 [ 08| - | — | — - - —
3 332 [ 17 fo0 [o002 | 024 0-95 775 2:30
15 202 | 30 foo [o023 | 132 050 840 200
27 230 | 30 [ 190 [ 064 | 0:60 0-0 787 273
39 217 | 29 | 208 | 0:98 | 049 00 $37 203
51 226 | 24 | 246 | 087 | 050 0-0 762 234
63 239 | 29 | 262 | 086 | 070 0-0 701 335
5 204 | 20 | 286 | 102 | 083 00 804 280
88 210 2.7 2-83 138 | 0-93 00 859 35
120 208 | 28 [ 275 120 | 095 0:0 $-33 225

T. A. = titratablo acidity; B. = butanol; A. = acotono; E. = othanol; B. C. = bactorial colls
Cultivating medium: tuber water with 3-80 % w/v of gluco:
Flow rate: 80 mi/hr., dilution rate: 0-16 hr.1, hold-up timo:

6-25 hrs.
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with 5 ml of a 24 hour old culture of Cl. acetobutylicum, strain Ca 3, grown *
in potatoe mash. Three hours after inoculation the feed of the fresh medium
was 20 mljhr, after another five hours 50 ml/hr. During the experiment tho
appearance and the activity of the culture in the cultivation vessel were follow-
ed pind 200 ml samples of the fermenting medium leaving the vessel were
withdrawn and allowed to complete their fermentation in 72 hours. Then
analyses were made, the results of 5 days continuous cultivation being given
in' Tab. 3.

At a theoretical total volume change of the vessel every 5 hours, the values
of titratable acidity were 2-4—2:9. The bacterial dry weight had an initial
rising tendency and after reaching the steady state it sottled at the value of
about. 0-5 mg/ml of the medium. The adaptation of the culture to the new
conditions was manifested also by the rapid utilization of the glucose and by
the formation of neutral solvents, which had a rising tendency until the 60th
‘hour of the experiment. Similarly, in the first 60 hours also the mobility of the

lostridia was i d. Morphologically the culture was uniform throughout
the whole experiment and constituted by typical short cell forms. No spores
‘were noticed. The yield of the experiment (with the exception of the first day)
amounted to about 35%, w/v. Rather unusual is the ratio of the solvents pro-
duoced; the amount of butanol and ethanol was higher, whereas the acetone
ocontent was slightly lower in comparison with the batch fermentation process.
(Tab. 4.) .

Table 4

Comparison of yields and ratio of neutral solvents in batch
and i ivation of Cl. i

Yield of neutral
solvents in % w/v

*| Bateh - 32
Continuous 33

utanol; A. = acotono; E. = othanol.

Cul  medium: tuber wator containing 3-90% w/v of glucoso, titratablo ncidity 0-7.

Batch fermontation was comploted in 100 hours, the total hold-up time of four-vossol fermentation
systom boing 30 hours.

Cultivation

From the average rate of glucose utilisation determined in the previous
expel ts arid ar ing to about 0-2%, w/v per hour, it was assumed that
ium was utilized in 20 hours in the continuous
lly, however, more time was needed owing to the

end products in the medium and their inhibitive

pproved for Release @ 50-Yr 2014/03/05 : CIA-RDP81-01043R002800080004-5

CONTINUOUS FERMENTATION

For the experiments with continuous fermentation by Cl. acetobutylicum
three successively connected vessels fitted with slowly rotating stirrers of a total
volume of 1500 ml were used. The flow system of the fermentation is illus-
trated in Fig. 2.

G

-

i)

Fig. 2. Diagram of the threo-vossol {low systom.
A — inflow; B — offluont; G, Cy, C, — sampling points; D — vent tubo; E, Ey, Ey — mochanical
s

According to the expected fermentation rate the flow rate was 50 ml/hr.,
so that the partial retention time was 10 hours and the total retention time
30 hours. In the first vessel only the growth stage and in the other two
reducing stage should take place. This applied only if the cells in all vesscls
were approximately of the same age and if the medium passed through the
whole series of vessels at a constant rate. However, the analytical cross-section
of the continuous three-vessel-cultivation of Cl. acetobutylicum (Fig. 3) showed
that even in the first cultivation stage there was a considerable percentage
of aged cells, producing acetone as well as butanol and ethanol. The data for
bacterial dry weight indicate that the propagation of the cells took place
only in the first cultivation stage.
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A iderably d amount of f ion prod in the second
vessel proved that predominantly reducing processes had set in. A slightly
higher titratable acidity with small differences in the individual stages was
in agreement with this observation. During the first four days of cultivation,
the activity of the culture roso to such an extent that in the first cultivation

A B
& 12 Tcu H
504 10 - ks F10
1
w{ 8 Le
2
30{ 64 L
¢ 3
Fo.s
20{ 4 L2
4
104 2 s Ly
6
°J 0 v 0 - Lo
0 10 20 30
| , I "
Fig. 3. Analyti jon of butanol f in the th .

t
flow syatem.
Cultivating medium: tuber water containing 3-6% w/v of glucose; titratablo acidity 0-6. Flow rate:
50 mi/hr., dilution rate for tho first vessel: 0-1 hr.-1, total hold-up time: 30 hrs. Curves: 1 - dry
Geight of bacteria; 2 — butanol; 3 — titratable acidity; 4 — acotono; G — othanol; 6 - glucose,
Ordinate: hold-up time in hours: abacissa; A — glucoso mg/ml; B — noutral solvents mg/ml;
© ~ titratablo acidity; D — dry weight of bactoria mg/ml. Abscissas markod by Roman figures
sinclinate the retention timee in individual vessols.

vessel more than half of the final amount of butanol was produced and as .

much as 60% of the glucose originally present was utilized. From this it
follows that the throughput rate was lower than the retention time in the first
forn ion vessel, ponding to the logari phase of growth. Con-
siderably more butanol and acetono were produced, whereas the value for
othanol slightly varied. Increased butanol formation was evident, especially
in the second vessel, during the 4th day of fermentation. At the same time
all the glucose present was utilized. On the 5th day, spores appeared also in the
e third cultivation stage filimentous bacterial
vero found the following day. Simultaneously, the
and-the f n' of the"final prod

and the rato of glucose utilization were identified, the glucose being utilized
the 7th day only to 60%. It was supposed that the activity of the eulturo
weakened owing to the i ing amount of i g products, especially
that of butanol, in the first cultivation stage. Thus the bacteria propagated,
under permanently unfavourable conditions. The dilution rate was, therefore,

hibiti

A B c [>)
604 12
504 10 FS F1.0
| \
404 8+ 23
2
04 64 —?
0.5
204 4 o 2
5
10] 24 6 F1
o 0 T T v o Lo
0 5 10 20 30
| I n v
Fig. 4. ytic tion of tono-butanol in tho f 1
flow systom.,
Cultivating medium: tuber r 3:99% w/v of glucoso, titratablo acidity 0-4. Flow-rato:

50 ml/hr., dilution rate for the first vossol: 0-2 hr.", total hold-up timo: 30 hrs. Curvos: 1 — dry
woight of bacteria; 2 — butanol; 3 — titrutablo acidity; 4 — acotono; 5 — othanol; 6 — glucose.
Ordinate: hold-up timo in hours; abscissa: A — glucoso mg/nl; B — noutral solvents mg/ml;
C — titratablo acidity; D — dry woight of bacteria mg/ml. Abscissaa marked by Roman figurcs
atand for rotontion times in individual vossols.

increased during the 7th day, so that the total volume of the fermenting system
was changed once in 25 hours, which led to a partially improved state of the
culture. The filamentous forms disappeared and the culture at the first pro-
pagation stage consisted of short motile cells. The yield rose during the 10th
day to 34%, w/v, the i content of bst: being 0:5% w/v.
The average yield of the whole experiment, including the period of degeneration
of the culture, was about 309, w/v of neutral solvents. The time required for
utilization of the glucose present was by about 45% shorter compared with
the time of the periodical method.

A pting to avoid the difficulties in the cultivation of Cl. aceto-
butylicuim which may be caused by an intolerable amount of toxic metabolic
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products as early as in the first cultivation stage, the cultivation system was
divided into four stages, the first two of which had a capacity 250 ml, the other
two 500 ml each. The time for the volume change in the first two stages was
by 50%, shorter than the time in the third and fourth stage. With this arrange-
ment the exchange of the medium in the first vessel was doubled, so that

it’ could be d that no lation of toxic subst would occur
at tho stages with the greatest propagation rato of bacteria. The analytical

etion of the exp in the f l-system is illustrated in
Fig. 4.

With:a retention time of 5 hours in the first cultivation stage half the time
was required for doubling of the bacterial dry weight compared with the pre-
vious experiment. The bactorial dry weight in the course of a 12 days’ experi-
ment was the highest in the first cultivation stage. The enhanced flow was shown
to favour the fermentation activity of the culture. On tho 9th day of cultivation,
the medium flowing out of the third vessel contained as little as 0-08%, of

ducing subst: indicating that the fi was sufficientlly com-
pletedin 20 hours. Inspite of theinitial activity the culture degenerated even in
this case. The cells, shortand ext; ly. motile, changed into extended fila-
mentous forms even in the first two cultivation vessels, These degenerated
forms, reputedly having a low fermenting power, could not be removed even
by the enhanced flow in the last three days of cultivation.

With regards to these unfavourable facts, the media used-in the experiments
were checked. They were subjected to batch f to offer the possi-
bility of paring both methods of f and active substances

tracted from pota were eeti d. Analyses of the total nitrogen in the
Ppotatoe tubers and in the extracted tuber water showed that only 29%, of the
total- nitroge was obtained in the p of the media, based on the
amount of potatoes used. In this respect the employed medium was very poor
in comparison with the natural fermentation mashes and it can be assumed
that this was the cause of the d i in the cultiv-
ation.

From the batch-fermentation experiments data for the comparison of the .

" b

various were d and changes in the fingl ratio
of the neutral sol produced by conti fe were partially
lucidated. The n of these ex; is shown in Tab. 4.

The batch, fermentation in tuber water, supplemented with 4% w/v of
glucose, pmceedéd:coi)]pn‘mtively slowly and it took 96—100 hours to utilize
tho,glucqse’pomplafe:ly. The final. ratio of solvents 4-5% w/v of butanol,
2-7% w|v of acetone and 2.8% w/v of ethanol was approximately identical to
that.of the ébntinqqus fermentation.-The ‘yields were 329, by weight in both
for the and batch ferme ion p , except for the time, which
waa:thme times as long in the case of batch fermentation.

220

@ 50-Yr 2014/03/05 : CIA-RDP81-01043R002800080004-5

The results obtained leave no doubt as to the possibility of employing the
method for acctone-butanol fer ion. The difficultics arising

in the course of our experiments can be ibed to fficient diff int
of the growth- and neutral solvent
production stage. In further experi- P A 8 3

ments attention was called to the
output of bacteria in the first vessel
of the fermenting system. It can bo
assumed that the conditions securing 08
the maximum output of bacteria at
the initial stage of the fermenting
system and shifting the productive 0.6
stage to the final cultivation stage
will have a decisive offect on the
entire course of the continuous ace- 0.44
tone-butanol fermentation process.
Theoretical conditions for the
growth of microorganisms i the con-

0.2

f-0.1

tinuous cultivation process, which 024
are mentioned in the works of Monod Dn De '
(1950), Maxon (1955) and Herbert l

et al. (1956) indicate that the con- 0
centration of bacteria in the culti-
vating medium and the bacterial
output, based on one volume unit
of the medium in the vessel, are pri-
marily affected by the volume ratio
of the medium flowing through the
1 vessel to the f ing
medium for a certain unit of time.
Designating the volume of the fer-
menting medium as V and the volume of the feed as F, the ratio is F/Vand is
termed dilution rate D. Theorctically it may have the value from zero to infinity.

Actually, however, the dilution rate has a limited value. If the feed passes
through the particular fer ion vessel taining a static microbial
culture in the logarithmic phase of growth, the value of thoe dilution rate is
above zero. If the dilution rate is increased and the steady state established
in the fermentor, the bacterial cc in the cultivation vessel changes
with the increasing dilution rate only very little, whoreas the bacterial output
rises rapidly. If the dilution rate attains a certain value, termed the maximum
dilution rate, the concentration of bacteria in the culture gradually falls and the
bacterial output reaches its maximum. If the dilution rate is further increased

v T T T 0
[ 0.2 0.4 0.6 0.8 1.0

Fig. 5. Steady-stato rolatioships of bacterinl con-
ion and outputof b into thoi i
valuo of dilution rato in the continuous culturo
of Cl. acetobutylicum, strain Ca3.
Curves: 1 — output of bactoria; 2 ~ bacteri
concontration. Ordinate: dilution rato ID in hr.
abscissa: A — bacterial concontration g/l of opo-
rating volumo; B — output of bactarin g/hr./l of
operating volume. Dy — maximum dilution
rate; Do — critical dilution rato.
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to the value termed “Critical dilution rate” both the concentration of bacteria
in the fermentation vessel and the bacterial output falls rapidly and the cells
are washed out of the fermentor.

A series of experiments was conducted with the varying dilution rates in the
range of 0-20—0-60 and the uptake of glucose, concentration of bacteria,

A c D
60+ 12 [
304 10 Fs  F10
1
“0{ & 4
04 6 2o I3
0.5
204 44 L2
4
4 3 1
m} 2 :
o] o o Lo
[ 10 20 ~30
' 1] v v
Fig. 6. i tion of 4 -butanol in the fi )|
flow syatem.

Cultivating moedium: tuber water containing 4:1% w/v of glucose, titratable acidity: 0-4. Flow

-rate: 79-5 ml/hr.; dilution rate of the first vessol: 0-3 hr.-3; total hold-up time: Curves:

1 — dry weight of bacteria; 2 — butanol; 3 — titratablo acidity; 4 — acotone; 5 — glucose; 6 —

ethanol. Ordinate: hold-up timo in hours; abacissa: A — glucose mg/mi; B — noutral solvonts

mg/ml; C — titratable acidity; D — dry weight of bactoria mg/ml. Abscissas marked by Roman
figures stand Tor the retention timos in individual vosscls.

bacterial output, titratable acidity and
medium leaving the first fermentation vessel were determined. The values
obtained are shown in Fig. 5. The shape of the bacterial concentration curve
and ‘that for the yield of bacteria dependent on the increasing dilution rate
were in full wivh the th ical pti .

It was shown that the optimum dilution rate for the production of the
cellular m: of Cl. acetobutylicum under the conditions employed was
y tely 0-3, which is _sh'gMIy lower than the maximum dilution rate (Dy;)
ch:is about 0'36. The éritical dilution rate (Dg) derived by
pproximately 07,
re conducted to follow the neutral solvent production

of neutral sol in the *

by continuous fermentation of a five-vessel cultivation system. The cultivating
medium was fed in such a way that in tho first vessel, where maximum pro-
pagation should have occured, the dilution rate approached the value of 0-3.
Under those conditions the retention time of the first vessel was 3-3 hours,
the time for the total volume change of the whole fermentation system being
26-0 hours. The experiment was stopped after 18 days of continuous ferment-
ation. An analytical tion of the fi ion system on the 12th day
of contil f is illustrated in Fig. 6.

DISCUSSION

These experiments showed that the culture of CI. acetobutylicum kept its
activity after repeated vegetative transfers in the laboratory stage. The results
obtained with the culture of Cl. acetobutylicum, strain Ca 3, did not .agree
with some carlier published data. In the experiments of Hejnalovi (1955) the
degeneration of the culture sct in after a fow vegetative transfers. According
to the statement of Nowrey and Finn ( 1956) the culture of Cl. acetobutylicum
lost its characteristics only after four 24 hour transfers, which corresponded
to about 23 They are ! to have confirmed the well known
theory that butyric acid bacteria degenerate after a number of transfers
owing to the spont: lection of mut at low pH values in the first
stage of fermentation. Kutzenok and Aschner (1952), experimenting with
a selected strain of CI. butylicum, observed anomalous behaviour of the cul-
ture already after the sixth or ninth passage without heat shocks. On further
passages the cultures lost their activity till they died which occured after the
cighteenth transfer at the latest. On the basis of available data and his own
experience in acetone-butanol fermentation in the laboratory and plant, Dyr
(1954) came to the conclusion that the culture of CI. acetobutylicum must pass
through all evolution stages and close its metabolis eycle if it is to be used
in the plant. The culture not closing its life cycle after a number of generations,
whether owing to unfavourable conditions of cultivation or repeated transfers
of the culture in the logarithmic phase of growth (i. . in the acid producing
phase), does not accumulate certain enzymatic systems and is incapable of
responding to the changed environmental conditions with neutral solvent
prod: In the exp ts described in this paper employing a greatly
active strain of Cl. acetobutylicum, we succceded in keeping the culture in good
condition even after forty vegetative 24 hour transfers and twenty four 12 hours
passages. Roughly culeulated, the culture produced 220 gt\mcmtions and 120 ge-
nerations respectively. The number of transfers conducted was not limited,
as shown by the unchanged activity of the culture at the end of the experiment.

Positive results were obtained also with the continuous propagation of
Cl. acetobutylicum in one vessel only. Samples were taken from the continuous
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fermentor in tho course of a five days’ experiment and allowed to complete end o the youn, e I . )
their fermentation in the usual time with the average yield of solvents of 34%,. culti:ntion stage am}ly 10“8" h‘e Pl u.':c‘ s t\\el:y m,lumd 'uvlc‘n in the firs
N e nbarial coight i PR ~ ‘ ph; activity and il 1.
ne u e vl of bt 0. mafml, & 0. approximately 50% of the Aceoding to Cokan (1534, espocaly csions and butanal wrs vy toxi
mainec ub the v: ue of &b b b” tclg m, 1. e, App The d v ntime of butanol having a strong inhibitive effect on CI. acetobutylicum at a concentra.
o X hous, N tion as low as 1% w/v. Theso difficultics with i )
o B ) . . . ics with the conti i
this experiment was .about 3-5 hours, w!uch was considerably .longer than of Cl. acetobutylicum, strain Ca 3, were successfully avoli:l:(;ulf“gi ‘Bmml]m“?"
that of the logarithmic phase of growth in the batch lermcnt:)tlozhproeoss. dilution rate, which resulted in & lower tration of toxi Y incroasing t)w
The prol d, so called “ ion time” was not caused by the conti- medium and N oxic prod in the
6 P 'gec, 80 . the regeneration of active cells. 1t is supposed that th i
{“m:‘ culltwnho:;l.nlzseﬂ, but v:u":(}lmbm::ltd?lf :'he ate':l ¥ :;ntes ntt,amc(; of the propagation stage from the neutral solvent ;)Iroductir;:‘l w:":" i::ﬁ:‘zz
in tho cu “fr?’ which wer;{co:drzgw ];’ b:rtl : u]mlmrﬁ) ",h (:1.1:”::“% :e attained cither by adjusting the dilution rate in the vessels, wh::-c the pro
:::el.; :';:R::ﬁi(m;:‘w for thc; C'lermlobo ;:‘a J‘s 'mr :'or:-lub;i:\‘gr:he Pagation takes place or by inducing such carbohydrate conditi’ons which w;\xkl
mlx’ir:um Nowre np:d Finn (1950) . 3 ion of provoke competition for the substrate between tho proliferating cclls and the
Cl. acdnbl‘dyll'cumyworked with a v’er low co;centration of‘ b::cterial dr; cells producing neutral sol - Experi with varying dilution rate
w 'igM in the vas’nel They obtained n{mut 650 ions in & one v ss:; showed that the best separation of the bacterial growth stage from the pro
eight in the . g ducti iov duki " ! -
: P after a fortnight, which means that the “generation b ‘; !::':' :::ieo:';: l:hg!;o(; at a d.lluﬁlon :ntc approaching the maximum, i. o,
time’’ was a little longer than half an hour. The low yield of such a propagation conditions in & fiv;vcss(;l :pnam tus, the maximum bacte, Al 1 d l'l';lder t.h.:le
iﬂ Ob . 3 N . Lo g acterial gmw h occur:
I ":}‘\’“"L . " com. th con of mi . in the first vew-al. In the first two vessels acids were formed and the neutral
n the 0-Ve n on system, the propagati solvent production was most intensive in the third and further vessels. Thi
occured predominantly in the first stage at the dilution rate of D = 0-1. number of generations after eighteen days was 190, s, The
‘When che steady state has been establ.lshcd, the time ncegled.foAr doubling the No morphological adaptation to tho altered w ‘ ltivati
dry weight (¢,)-was about 7 hours. (t, is a constant characteristic only for the in any of our . Th  way of cultivation was observed
continuous cultivation and can be pared with the “ tion time” of cells was always o by dimi Df. hl ; fl')rms and prolonged
a microbe in the logarithmic phase of growth of a static culture only at a maxi- culture and ol’;vioual by d > i - activity of the
mum dilution rate. It is exp d by the follewing equation (Herbert et al : changes are often obse:'v edyin.’ egonerrnol::é:o‘wu_ S"",'l“ "1:":"1;"°l°8:""|
1958): N 3 fer o formation
) of spores was observed only in the final stages of favourable continuous for-
p=tieo Lln 2) mentation processes.
e=pnE=Fn-
The propagation phase’ even in the four-vessel system, where the first two
vessels contained 250 ml each and where the dilution rate D = 0-2 was used, REFERENCES
took place practically only in the first cultivation stage at a doubling time & 5
of the bacterial dry weight of only 3-5 hours and a volume change time of “‘a" 1;61" 1934: Viijanije itéloj na acotobutilovojo broonijo. Mik giia,
about 5 hours. Dyn 7., 1952: Problé "
b . B kul i - acctonov radont. Ped
Compared with the conditions for acetone-butanol batch f ion in the potravin, 3: 262, L Ty <ultur pH butanolacetonovém levasoni. Priimysl
same medium one of thead gesof the 4 fer ion wasobvious; Dyr J., 1954: Vyroba organickych rozpouiitélel kvasnou cestou. Sbe fk il
. . e s videcks konfere: Bénské Stiavnici: - Sbornik pedndsek
the time noeded..(ot the g}'o?vth of the total bacterial dry weight in the conti Goopwix L. P, lﬂ?0’:‘°§lo‘ilific::ion :{-‘:;‘I:c‘x[‘e::li} Mothod )
nuous fermentation process was by 3/5 shorter when the steady state had J. Am. Chem. Soc., 42: 39, Hossinger Mothod for Acctone Determination, -
been ostablished than that of batch fermentation process lasting at least HesNavovA D., 1985: Diplomové priice, Karlova universita, Pral
" 12 hours. However,in spite of employing a doubled dilution rate complete Hereerr D., Esworts R., TeLLING R. C., 1956: The Continuous 'r;iumm of Bactori
. separation of the propagation stage from the production_stage could not be Juw. Theoretical and Exl’eﬁrfwfnm Study. J. Gen. Microbiol., 14: 601. "
achieved. Owing to the lation of  considerable amount of f ; ls;:z:::m N.D., 1846: O fiziologi¥eskich stadijach v razvitii bakteri]. Mikrobiologija,
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