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I. Definition of nicrobial Kinetics

Kinetics in the cheuicai-physical sense deals vith the science
of rate of reactions, i. e. the deterwination of the rules and laws
of these reactions, tie study of the factors influencing tieir various
parameters and characteristics, and tle exploration of the mechanisn

(on a molecular level) of these changes of state, In biology this field

of science can certainly be explored also, particularly in nicrobiology,

where one is in tle happy position of being able to deal vith an enor-

wous number of organisms, tie relationship to chenical kinetics is

becoming particularly obvious in viewu of the relatively high depree

of regularity according to which uicrobial cells are aple to reproduce
or otlierwise manifest their activities, and in view of tiie possiklity

of defining the environwent of microiial cultures to a very high deyree.

2. General kinetic aspects

It unas been known for a long time that unicellular organisms
extiibit 1 very characteristic way of reproduction, i. e. that each
cell is in a position of dividing once within a siven, constant &

(usually short) time. Thus a geometric progression is obtained which

in the chemical sense would be called an autocatalytic recction, and
. , , . . dx \
defined according to the differential equation T kx, where k

indicates the rate of multiplication, or the relative rate of growth

dx
k = —
( xdt

are due to this property, but it is not the intention here to deal

+ lany of the reumarkable phenomena observed with micro-organisns

with these; instead it is propused to consider, explore and discuss
a few aspects of importance in the current trends of microbiological

research which are tightly connected to some of tlse basic characteristics

of microbial growth and reproduction.




It Las been widely thought for a long time that the property
of exponential reproduction ig typical for unicellular organisms where-
as multicellular wicro-organisiis, such as filamentous fun;i wvould not
reproduce according to this law. In this respect it will have to i.c
admitted that the early observations dealing with nicroscopic obser=-
vations on the reproduction of filuaaeutous fungi had Leen forgotten
in this modern age (where so nany microbiolozists have umdergone a
metamorphosis into biochienists). These authors found that there is
a linear relationsuip Letween the logaritlm of aewly forued nycelial
tips and tine. Since prowth, i. e¢. newly formed protoplast, is limited
to nycelial tips, it can therefore be expected that the culture as
a wiole vill yrow exponentially,

I now in reprospect we want to analysc whv the exponential
phase in cultures of filamentous fungi has Lecn widely considered to
be non-existent, it will at once be clear that this plicnoucuon was
closely ticd to the tecaniques of cultivation and rethods of ostima=
ting cellular naterial. It is obvious frou I'igz. 1, that exponential
growth of a culturec of a filauentous fungus, i. c. Asperillus oryzae,
can be obtained over a reasonably wide range of wyceliun content, i,

e, from 0.9 to 160 ny/loo ul. The concitions for obtaining exponential

'

growth of this fungus arc that there is no limitation of access of

oxygen or other nutrients to the wyceiium, tiuat there is no accunula-
tion of toxic substances, and that the fungus is cultivated on a suffi-
dently large scale to allow tle taking of large sauples for the
estimation of mycelium content at early stages of growth.

Fun:al growth is often represented as an arithuctically linear
plot of wycelium dry weight versus time. It suould be noted that even
if exponential growth occurs, as shown in the previous ¢iagranm, a

considerable portion of the growth curve can, within the linits of

the error ot the expcriment, be represented as a linear relation-

ship. Tn Fip. 1 ercwth is plotted ir two different ware,




it is obvious that the aritlmetically linear phase corresponds to tle
late exponential plase and varts of the piuse of decreasing rate of
wultiplication.

Other forms of rcpresentation have at tlues been used such as
the representation of*ﬂ? =t (2), or V=1 (L), The latter lias Leen
particularly widely used, anc it has veen clained that tihis is the fune-
tion accordin; to which the major puuse, in fact tlhe puase of uninhipi-
ted reproduction, could be represented. uovever, duesplte tie possible
wide range of application it is not advisable to consider a linear re-

~

lation beteen fx and t as a phuse of unlinited growth as is liseuiately

obvious frow the following compariscn of aifferential ¢iuations,

. 5.2‘._. = ] ',‘l
"linear growtu phase" : x =5i', ¢, PRI
1] 1 1l 2 1 _(:1.}"__ = 1'.”.:;-1/2
square growth phase : Jx = L', xdt

dx 1/3
. . — = I vn..
"cubical growtl phase” fo =k'"' b, xat M %

"exponential gr. pie ' slog x = kt, xdt

Only in tae exponential phase is tle relative growth rate (rate
of wultiplication) constant, in all other cases tlLis paraneter is dependent
either upon x or upon a function of x.

For wmany studies, e. g. for investigations on relevaat factors
influencing growth properties of unicrowvial cultures, it will be possible
to usec cither aethod of representation, since tie values of ti.e corres-
ponding parameter will serve as a convenient yardstick to express clianges
in the growti characteristics. Une will, however, Lave to be aware of
the fact that in each case of the above equations a different hase of
the growth curve coues under scrutiny.

The avove consideratious on the representation of the wajor puases
of growth become of particular laportance for assessment what ig called
lag phase, With bacterial cultures the latter has been defined as
the time elapsing until exponential prowth starts (in an icealizeq vay).
This definition is sensible, because it is only in this way that growth

is considered from the point of view of the culture itself, rather than




frow a subjective outside observer. Tnus the yood sense of the Jdefini-
tion is illustrated in tue following example (Fiy.2 ) wiere two cultures

are started off with widely differing inoculum sizes.

Plotting
the vata arithmetically, and defining tiie lay phase as the tine
elupsing until this linear phase starts, would entail that inoculum size
aas really influenced tlie duration of tlie lag phase. Tals artifaet is
sinply due to the fact that with a ten thousand feld increase in cell i
umaterial (as assumed in the above exanple) the avsolutely s:aall increase
of growt!i in the initiul phases of development cannot e wade out on
an aritiwetic  ploi, and tie later occurriny linear increase of srouti
is assuned to be tlie major phase of growtii. In fact the same arpument
applies in principle also for a representation of;%ﬂr= £ (t) or
%r;'- £ (t) althoug: to a lesser depree than in tue case of a »lot of
x = f (t). In each of tliese cases a wore or less greater portion of the
early exponential plase is considered as lag nliase. Surely from the
point of view of tiue culture itself, i. e. considering the snall number
of cells with whicn the snall-inoculun culture had to start off, this
is not fair.

Working with fungal cultures one usually represents srowth In an
arithumetic  plot Lecause it is very difficult to mcasure increases of

growth in the sane absolute range as in bacterial cultures, and only

relatively advauced phuses of jrowti are represented. It is tenpting to
define then also the lag phase as tle tiue elapsing uatil linear growth
takes place, wihicu, according to the above consideratious, shiould not
be done, since tite non-ueasurable phase llay represent an exponential
increasc in cell wmatter, which was surely not the intention in the de-

finition of the lag plase.

3. Tactors influencing the various phases of growth curves.
llicrobiologists have endeavoured to study relevant factors in-

fluencing tle various parameters of growth curves, and this is surely

very important too for industrial microbiologists. This approach, if
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logically developed, sonetimes referred to as empirical, has much to
recommend it.

In the present discussion we Propose to restrict ourselves to a
few factors, i. e. the influence of the concentration of major nutrients
and of trace minerals, as external factors and tle influence of inoculun
size as internal factor.

It has been known for a considerable time that tlie concentration
of the source of carbon and energy in heterotrophic bacteria can be varied
over wide ranges without affecting the rate of multiplication, Considering

such a ubiquitous organisi as Lscliericihila coli and uany otuer bacteria

and yeasts one invariably finds that glucose, in its function as surce

of carbon and energy has to be reduced to the order of a few mg/l in order
to diminish rate of multiplication significantly, Tie practical result

of this property is that bacterial cultures, once in the exponential phase,
continue to grow with undiminished rate of nultiplication until tie source
of carbon is exliausted to more than 99,9 %, wlen an initial concentration
of sugar of as little as | ¢ has been used, Therefore tle usual thing
with bacterial cultures in conventional laboratory media is that the
growth curve changes its course very abruptly wien it approaches the
naximun yield of cell material as dictated by the carbon source concen-
tration,

One should not, however, generalize this phenouenon too widely
since a) there are reports in the literature that this pliase of de-
creasing rate of nultiplication can be quite extended in Lacterial
cultures, b) if the initial concentration of sugar is chosen very ligh,
as is usually tke case in industrial fermentations, it is generally to
be expected that long before tie sugar is exliausted there is accunulation
of inhibitory substances in some form or otier. The latter state of
affairs exists frequently in industrial cultures.

Returning once again to tlie filamentous fungi one can observe
that the so-called arithmeticaily linear phase is usually more pronounced
llere than in bacterial cultures, implying that the intermediate phase of

decreasing rate of multiplication is also longer than in bacterial cul-

tures.
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4. Aspects of continuous cultivation.

It will be interesting to consider the implications of the afore-
mentioned property in the continuous (steady—state\ cul ture of micro-
erganisms. The principle of steadv-state cu;ture with a homogeneous stirred
fermenter1 is that the rate of dilution is equal tc the rate of multinlication
(i.e. the relative growth rate) of the organism. Thus, if a culture is
operated batchwise and dilution of the culture with fresh substrate 18
started at a given time (T) during exponential prowth at a rate such as to
equal this (constant) rate of mul tiolication, a steads state (indicated by

a cell content of xl\ is obtained as shown in Fig, 3.

It is obvious that a steady state can be obtained at an- stage of the
exponential phase with the same dilution rate, The equilibrium content of
microbial cells is determined only by the stagre of reaction (i.e. growth)
at which the dilution was started., If, using the same dilution rate,
continuous oneration is started when the exponential phase has beep passed,
i.e. the phase of decreasing rate of multiplication or the maximum
stationarvy phase, the culture will settle to an equilibrium cell concen-
tration as indicated by the nosition X, at the end o7 the exvonential phase,
Higher dilution rates will of course result in a wash-out of the cul ture,
at whatever point of the growth curve dilution with fresh subs‘'rate had

been started.

Using lower dilution rates, however, at for example a siven stage of

growth in the exponential phase, it is easily understood that despite

the continuous dilution the culture will go on Frowing exponentially
until it reaches a point where the rate of multiplication equals the
rate of dilution of position Xy (or log xz\. 1t is at once clear that

in steady-state culture using small dilution rates one will always work
in a phase of decreasing rate of multiplication and the equilibrium con-
centration of cells is now directly dictated by the dilution rate, The
lower the dilution rate the closer we reach the maximum yield of cells

in the equilibrium concen.ration.

In as far as the magnitude of the equilibrium concentration in
bacterial ur yeast cultures with low substrate concentration is concerned
(where the rate of multiplication decreases only when the concentration

of the carbon source, as limiting factor, has reached very low

levels)
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it follows that tiis equilibriua concentvation of cells is always close
to the maximun yicld of cell matter, as can be seeu frow the following
calculaticon, where concentration of carvoliyurate in tue Ciluernt 18 taxen
as lo /1 and a noticeavle effect on rate of wultiplication ussumed to
occur at lo an/l:

Yield of cells in waxinum = lo Y o/land Yield of cells at the
Qghest self-resulating dilution rate = (1o =o0.01) v 5/l

= 9,80 v /1
This is the reason for a single stage continuous culture of Lacteria
being always techrnically andg econouically superior to g muiltistage
continuous calture, since tlcre is notiin, to Le aine by using a
series of vessels.

oW 15 the situation now in fui,al cultures, (or in vacterial ang
yeast culcures with ui,li substrate conceantration), wuere tje puase of
uecreasing rate of multiplication is usually very extended.

Our own strains of Sspergillus oryzdc, .. niger anu gi!léﬁilk&ﬂl
Curysogenun dat best shioweu an eiponcitiul puusc lusting up Lo avout
1,50 g/1 of wyceliun dry weigat (J), viicl unler ideal conditions
could be approximated as aaving; oripinated from about 3,0 7/1 of carbo-
hyarate. After tho stage of ec.ponential srowt!. the iaxiaun yicld in batch
cultures 15 reached approximately according to the equation

t

—‘-‘—".—-—Ba

- . t + b
log x

viere b is largely independent but a mnarkedly depencent upon the con-
centration of cariboliydrate used.

The practical conclusion is that after about 3.0 5/l of carbo-
liydrate iliave been used in would cultures in a nediun containing originally
lo g/1, the highest possible dilution rate resulting in self-resulation
of the steady state will leave us now with a residual carbohydrate con-
centration of about 7 g/1, whereas in bacterial cultures this vas
0,0l g/1. In order to obtain alnost complete utilization of the supar
in the case of funjal cultures, it is necessary tierefore to operate at
a dilution rate very much lower than the cbserved rate of rultiplication

in the exponential phase should a single stage operation be chosen. This

state of affairs is graphically shown in Fig. 44




S$ince in a sinzle-stagr operationn the equilibrium concentration is dic-

tatec by t'ie lowest reaction rate, it is now clear that in filamentous
fungi there is sometling to Le gained by a ultitude of culture vessels
operate’ in series. Tle first vessel car he oreratrd at nearly the hiighest
dilution rate possille, dictated “y the hirest rate of multiplication
(b9, followei by the next steps, dz, d3, ... 4n, representing gradually
snaller Jilution rates until the desired derree of carbohydrate utiliza-
tion fias been reaclied. The overall cilution rate 9 wvoul! he the average
of all t!:r indivi-'ual rates, dl' dz, «.. dn. If an infinite number of
sucl: fermentors is use. the overoll dilution rate N can graphically be
represente’ as the line joining the intersection points a and h. The
value of D vill alvays be liigher than that of In, thus shovwing that in
the casc of filamentous fungi a multitude of vesacls in series, or indeed
a pluy-flow rcactor, is superior to a single stage stirred fernenter.
3. Lffects of tracc eleuents and inoculun size.

Returning again to the batcl culture we would like to consider
tiie otiler extreuwe of nutritious factors: trace elenents, i. e. salts of
heavy metals, required sometines only in the order of a few ug/l in order
to exert a pronounced effect on t.ue vevelopueat of tuc cultures. It is
clear thut in the vast uajority of cases taere will ve sufti-ient trace
elesents us fupurities,even in very aigh srade comnmiercially available
caeuwiculs to allow aevelopuent «° liost microoial cultures. The iuwplications
are tuat errors in asscssing specific effects of trace clenents can readily
occur. In ruut workers in this field lave long knoun tunat cleuicals and

wvater hdve to Lo st carefully purified, tiat only bigh quality glass

culture-vessels can Le used, and that tie inoculun nas to e prepared in
special ways, shoulu any side elfects ve avoided.

In our studies on intlueace of trace elewents we consicered ino-
culua size to be an Luportaat intervent.,; fuactor. owever, it vecaue soon
clear to us tLat we were Ceallng vere with 4 .we) wore complicated pheno-
menon than we originally anticipated. Consider .o eiample the uiagrans

in Fig. 5, where the developwent of cultures of dspergillus oryzae is

represented (aritumctically) in a fully synthetic mediun prepared in the
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same batch and inoculated with varying concentrations of waslied rycelium( 1Y
The fact that a smaller rate of grovwtli and a lower naxinug yield of
mycclium is odtained if the inoculum size is reduced froa o.73 to 0.0075
mg/loo ml might suggest that some transfer of nutrients, such as trace
eleuwents lLas been responsible to allow better growth of the large~inoculum
culture in this trace clerient-poer mediuw to which suall anmounts of ferrjc
salts have bcen acded as only uwicro elewuent. liowever, if nov inoculun size
is further reduced to 0.020075 wg/loo ml a curious cffect can Le observed.,
There is full reversal of tlLe previously described effect, since now rate
of growtl, in the linear phase as well as wnaxipun yield of uycelium are
considerably uigher than witih the large—inoculum culture, Furtieruore,

the start of the lincar phase takes place very uucli later witi, tle suallest
inoculun than witl any of the larger ones. Last, put not least, it is to

be noted also that tie sane effects can ve observed if the coucentration

of sugar iu the substrate is recuced frow o /1 to lo s/l.

It will be admitted that thc avove phenonena can liardly be explained
on the basis of transfer of trace elements or other nutrients witii the
inocului, particularly if it is being re-called tnat the above plhienomcuon
has repeatedly been obscrvod Ia our strain of Asperpillus oryzae uitl
myceliun as +¢11 as wit], conldia in boti: trace elenient-,p00r and trace
elencnt-supplenenter substrates, Furtliernore, addition of 10" conidia or
piasteurized conidia to a mediun inoculated with 103 conicia per loo ml
of mediun, did not influence tie growth habit at all. In spite of all
tiese observations it Las to be hoted that the trace element conposition
has a strong influcnce on tue magnitude and on the qualitative properties
of inoculun size effects.

Not only are there ef fects of individual trace elements hut also .
synergistic and antagonistic effects. Onc system which has caught our
attention particularly and which is of practical significance consists
of a specially purified substrate with maltose as source of carbon and
energy, ammonium sulphate and some other inorganic salts as its basal

conposition. In this medium Asperpillus oryzae, inoculated with a million

conidia per loo ml develops only poorlyj with a thousand conidia, however,
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there is rapid growth in the linear phase and very high maximum yields are
obtained. In the absence of copper sulphate both the large-inoculum and the
small-inoculum culture develop equally poorlv. This extraordinary effect is

not restricted to Aspergillus oryzae; we chbserved it with Penicillium chryso-

genum, in a more restiricted fashion, and there is a necegsitv that besides

copper sulphate, traces of aluminium sulphate ~re added(”), AR Lt WS Nl
chrysogenum too, the nutritious value of the ronidial inoculum under our
conditions of testine, could be neplected,

There can be no doubt that in our svetems the described inter-
dependence of inorulum gize and trace element supplv is due to other factors
than the transfer of nutrients., This reasoning will also receive further
support from the following observations: 1) The stage of culture develop-
ment at which the trace elements are added ic of importance, insofar that
for exampnle 7n** when added at advanred stage has no influence, whereas if
included in the medium from the beginning it shows a marked effect; 2)
there is a formation of self-stimulating and self-inhibiting substances,
the formation of which depends on inoculum size and trace element supnly,
and the action of which depends very markedlv on the stare of culture
development( :, ',

The latter phenomenon appeared very significant to us in the
elucidation of the mechanism of the described effects of inorulum size
and of trace elements., The following observations are congidered to be
of importance:

(1) When after increasing stages of culture development of Asper-

gillue oryzae, inoculated with a large inoculum, mycelium in equal

quantity im used to start fresh cultures, one can observe that the ability
to grow on this medium (expressed as rate of growth in the linear phase)
first decreases, then increases and reaches in fact higher values than

the original culture inoculated with ronidia, Furthermore, small amounts
of culture filtrate from these same stages of growth added to the cultures
at the stage of inoculation showed that the conidial inoculum 18 now

strongly stimulated, whereas in the case of the mycelial inocula from

various stages of culture development this stimulation can be observed
only with mycelium from relatively young cul tures(-.),

Thir experiment
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certainly shows that self—stimulating subsiances are produced and released
into the medium, and that its action is most pronounced if thege substances
act at early stagres of prowth.

(?) Under a grent varietv of ronditions large- and small-inoculum
cultures from hoth A. oryzae and P. chrysogenum were tegted for the effect
of culture filtrate on conidial and mvcelial inocula, and in the vast
majoritv of cases one rould observe that relf-stimulating substances were
present in very early stares of ~ulture development it there wils atandant
Frowth in advanced stages, and conversgely self-inhibi tory nrinciples could
be detected if srrowth of the cultures at advanced stages was delayed(, 1,

It seemed to be of considerable interest to examine the nature of
these substances, and while we have not vet made a great deal of progress
in this line of research we consider that these substances are of a
chelating nature,

One of the most interesting observations regarding the effect of
chelating asrents hag been observed in the nreviously described system,
with A, oryzae where "u stimulated the Frowth rate of 3 small-1noculum
culture much more strongly than that of a larre one, If in this medium
maltoge is now wtorlaved together with the other componentg of the substrate

the stimulatory effect of “u 18 completelv abolished, A similar nhenomenon

wAs again observed with 7. chrysogenum/ ', rthernore oo g e Fnewn to
Y ** . . . B
us that traces of “n 1nhibit the formation of amvlase in A, oryzae
A y7ae

verv considerahly, and that caramelization of the sugar reversed thig

effect, We have shown that through caramelization chelating agents are
+4

formed which have a particularly high affinity for f‘,u++ and lesa for Fe

', zn*t,

+
L

Lo Tfficiency of metabolism of carbon and Ritrogen sources in Asper-
gillus oryzae.

That the foregoing phenomena are of industrial significance in
obvious, since rate of metabolism and yield are the verv criteria an
industrialist in arguing upon. To be aware of factors influencing rate
and yield is to be congidered a first command, Of no less importance

ig the knowl edge of the mechanisme of any such effects mince it is then

possible to improve fermentation not so mich by trial and error but by
specifically aimed experiments,




To give a full explanation to the phenomena previously described

is iuwpossible, but atteupts to uncerstand thew involved also some energetic
consicerations. Thus we .ay wonder whetirer a microbial culture growing
faster and/or showing up a uigher yield of cell waterial utilize the
availavle energy source rore cefficiently tiian a culture witii lowver rate

and yield.

With Aspergil’us oryzae it could be shown taat low Laxinua yicla

of cell waterial was couples witl a relatively faster turnover of the

energy source(’). g chown in Vi~ 6 the ritio of ecarbohvdrate metabolized

to cell uaterial forued is at all stages hi

5 hlguer for tue culture giving
a lower uaxinmum yield of cell material, wiich in tle present case is the

small-inoculun culture. Thas it las been possivle to produce an overall

incfficient cell-syntuesizin, culture merely by changing inoculua size.

Tais inefficiency seecus to be cue partly to the organism's suvitching over

to an alcobiolic fernentation, Lut there may in addition be also inefficie
coupling between the encrgy~yielding and energy-requiring (synti
reactious.

The inefficicncy of cell syntiesis in tie Previous case is expresseq

also in nitrogen wmetabolism(7), - cYtreme dis openrecented in Ve, § where
it can be seen ti:at under conditions of strong agitation in suluerged cul-
turc the carbon-ineiflicient culturc is also iuefficicnt in turning inor-

cuitic nitrogen into cellular wateiial, since ot only is nitrogen content

of cell uatter low, Lut there is also an eacretion of orgdnic ultrogeuous

CodpounLs enceediny considerably this property iu the corresponding, carbon-

efficicnt culture. Tnis kinu of lnefficiency is thuus allied to a property

wiicu we find normally associuteu witi autolysis,

7. Efficiency of metabolism

in Aspergillus oryzae and its relation to

amylase production.

The above observations bring us to another complex of phenomena

typical for Aspergillus oryzae, i. e. amylase prod

uction. In a great many
wt in liquid substrates, be it in
stationary ~r submerged form, this fungus showcd

of investigations we could sliow t!

very considerable amylase

production during the phase of autolysis, exariples of whicl, are shown in

Fig. 8 (8). The previously discussed case now showg that a culture which is
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prone to autolysis (as is shown Ly the very rapid decrease of myceliun
content in the inefficient culture as compared with the otlier) forms
amylase also during the actual phase of srowth to a considerably higher
degree than the efficient cell-building culture,

This property is best shown in Fig. 9, wiere the specific rate
of amylase production (amylase/!DW) is plotted against 'DV., Thus at any
stage of culture development (indicateq by mycelium content) the inefficient
cell-synthesizin; culture produced specifically wore amylase than the
efficient one.

1iie previous exanple shown should not create tle impression that
high yield of amylase and high (specific) rate of procduction is always
to be found in small-inoculum cultures. Environmental factors can switch
the effects to a corjlete reversal. Fig. 10 for example shows amylase
production on a synthetic substrate adsorbed onto the expanded clay nineral
vermiculite. It is obvious that a gradual reduction of inoculum size brings

about pradual reduction of rate and maximum yield in amylase production.

8. Metabolism activities in surface and submeryged cultures.

In the formation of an extracellular enzyme like the present one
(a=amylase) a number of phenomena do occur which are very difficult to
explain, but tie observation. o inoculum size effects ay give us a start
in this respect as sliown in the arguments below. Thus it is rather interesting
to compare for exaumple submerged with surface cultures under conditions
giving conmercially interesting yields of amylase. Under sul merged culture
conditions tlie maxinum yield of cell material is reached after 38 - 4§ |
(Fig. 12) and the maxinum yield of a-amylase a little later (382 - 94 h)(q)-
In surface culture a-amylase production can start very late, i. e. signi-
ficant increases in the present case take place only after about 64 h;
the maximum yield (which is considerably higher than in submerged culture)
is reached after 160 - 180 h. Apart from the fact that iiigher yields are
always obtained in stationary cultures one can calculate also that the
actual rate of amylase formation in the approximately linear phase of
Production is quite high. The observations pose the question whether not
much oxygen is needed during the phase of amylase formation. Suggestions
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to this being so were outained from observations on aitylase formation on
vheat bran and on vermiculite. lore specifically directed experiments in
stationary and shiaken cultures showed in fact that access of ouygen could
be very drastically reduccd (closure of conical {lusis with plastic
membraue or reduction of the cotton wool plug to o siall fruction of the
normal size) withwut affecting auylase production under thesc conditicns,
And yet in deep-culturc conditions a reduction of tie soration rate frou
900 to 300 ml/1, a rate still far in dccess to tue conditions existing
in stationary cultures reduces wivlase procuction very considerauvly,

That the case of statioaary culture and supierges oulture 1s not
just a question of poorer or better excuange of gases or poorer or better
contact of the cells with t'e sulstrate can Le shoun in the folbwin:
Shaken cultures i tie wvast cajority of cases ,ive nuch lover rates of
production aud waxiicun yields of anylasc than stationary cultures under
the sane conditions. farlicr on ve have shown tiat t e conditions for
s00d or poor ,rovih in [ila.cutous fungi is laia down at early stages of
cultare devclopuient. Tor auylusc prodnction in d. 0ryzae Lie smewe secus
to be the case. [f corcitions are cuosen sucu thut there is no specific
effect of inoculum size on amylasc production iu stationary culture, tucre
is then usually still a4 considera’le effect iv s 0 0 Culture, . e,
anylase production under these conditions can aow .. Corniocratay increased
if inoculun size is increased (Fig. 12 (10). We interprete the-e phenameva to
the effect that under siiaken culture concitions viti stall inoculun in
the present substrate tie organisu  has hecn unat.le to establis! ot very
early stages of culture developuent a micro clinate couducive to a conditioning
of tlie mycelium endowed witl. good auylase-forning ability, in view of tle
fact thiat thoough thc siiaking action any excreted suLstances are «iluted
irmediately. In a still culture, on the otlier hand, netavolic compounds will
be present in higlier concentrations in tle fuwediate vieinity of the ryceliun
(and therefore also inside the iyphae). If now wve imagine that thLe yro-

perty for good or poor anylase formation is laid down already at early

stages cf culture development anc that this conditioning takes place through




—'5-

self-produced substances, it will follow that on the ore hand inoculum
size can affect the culture differently in surface culture than in
shaken culture, on the other hand tle explanation for the different
behaviour of tie shaken culture (under conditions of equal rates of ex~
change of gases as for stationary cultures) would seem Lo be due to its
property of establishing a nicro ciimate in early culture developuent
different from tie one obtained in stationary incubation.

That the uicro clinate in carly stages of culture development
is important, and that the nould acquires tlen certain properties which
are not extinguished so easily later on is shown alco by tie following.

A. oryzae, when cultivated for short periods in submnierged culture iiain-
tains the property regarding auylase formation (L. e. poor production)
acquired duringthis piase, since incubation in stationary form beyond
this submerged pre-incubation phase does not improve anylase production
(Fig. 13). Conversely pre-incubation in stationary form followed by sub-
flerged cultivation results in cultures with higher amylase-producing
abilities (Fig. 14) than incubation in submerged form during the whole
culture cycle(10).

9. Energetics in anaerobic and aerobic metabolism,

91. Alcoholic fermentation

After all these hard-to-explain phenomena of kinetics and energetics
it would seem advisable to return to some better defined aud easier-to-
comprehend systems.

Probably the best understood metabolic phenomenon is alcoholic
fermentation of yeast. One can expect that this organism in a well defined
substrate with glucose as C-source produces 2 moles of alcohol and 2 moles
of carbon dioxide from ! mole of hexose. Besides alcohol and carbon
dioxide cell material is formed and it is clear that the extent of cellular
synthesis is dictated by the extent of useful energy released through
the fermentation process. This yield of energy is firmly established to

be 2 moles of ATP per mole of glucose fermented, the equation being normally
written as follows:

C6H1206-# PO‘ + 2 ADP - ZCHa—CBZOH + ZCO2 + 2ATP




It is also well established tlhat for each mole of ATP produced lo g of
cell material can be syntiiesized, so that tue following equations can
Le estabhlished, wiere ”CHZO" is a symvol for the foruation of 30 g of

cell material.

r - 8 v - A +
9 06H1206 + 15 P04 + 13 ADP ~» | Ch3 Ch20h + 1o 002 18 ATP
’ o ot 1" === ~
C6h1206 + 158 ATP +» o Cuzo + 13 P04 + 16 ADP
- ~ [ v AR ] "
lo CGHIZO() 16 Ch3 CHZO}. + 13 CO2 + 0 CHZO
1800 g -~ 823 g + 792 g + 180 g
loo g -~ 46 g + 44 g + lo g

The industrialist is only little interested in cell uaterial
produced under the present conditions. Could one mow try to increase yield
of alcohol at the cxpense of cellular material? Obviously one method to
be considered coulu consist in the re-use of cell waterial once formed and

reventing any further increase in cell material by liwmitation of nutrients,
b

Letting aside the contasination problems involved in the re-use of cell
material, it vill have to be appreciated tnat t.e s'.hility of the zymase
complex is not indefinite. With complete lack of nutrients and energy decay
of cell material will invariably set in, because of the widely reversible
nature of enzywe reactions. The next step would tlen appear to be to add
Just enough nutrients enabling the cells to keep up their organized state.
This would then effectively constitute what is usually called maintenance
energy. While in industrial ethanol production this concept does not seem
to have been used seriously, there is a good example of industrial fermen-
tations known in gluconic acid production from glucose by Aspergillus
..“.iﬁfl' By re-using pre-formed and concentrated mycelium from gluconic add
fermentation over several cycles the nitrogenous compornients of the medium
could be reduced drastically, thus limiting further increase in cell
material and increasing yield of gluconic acid to about loo 7 of the

fermented sugar(11).

Regarding alccholic fermentation by yeast it has been shown

Tecently that under certain conditions a re-use of cell materjial combined
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with a limitation of yeast growth is now possible, although it is not a
limitation by nigrogen sources. This process, in the case of brewing, has
already been established in industry in a number of places(1.). Tt is of interest
to realize that, paradoxically as it may seem at first 3ight, limitation
of growth is obhtained by anaerobiosis. The explanation to this phenomenon
is seen in the fact that continued propagation of Yyeast under complete
exclusion of air will result in a very drastic drop of growth rate unti] a
virtual stand-still is obtained if small inocula are used, It is now
thought that this reduction of growth is due to establishment of a very
low redox potential which in turn results in the yeast's inability to
synthesize some essential steroids, The process, which is operated
continuously, consists in propagating a strongly flocculating yeast in

a tower-type fermenter. The upward flowing mash passes an infinite
number of different fermentation stages, representing in fact a multi-
stage fermenter with almost 100% yYeast return, accomplished by its

strong settling tendency (Fig. 15)., The amount of surplus veast produced
is very small which explains the higher yields of alcohol obtained. The
limitations of growth are obtained by the extreme anaerobiosis in the
fermenter. In order to enable the yeast to make uee of maintenance energy
a smali amount of oxygen has in fact to be introduced into the fermenter.

One point to be conscious about if the energy of the dissimilatory
process is not used for cell synthesis is *hat it will be released as heat,
which in the case of the tower fermenter can be quite large in view of
the extremely high content of yeast., This may be advantageous in regione
with low ambient temperature; it is disadvantageous, however, in tropical
regions, particularly in arid areas,

Looking for ways and means to increase yield of ethanol one might
also consider those organisms which intrineically have an inefficient
metabolism ie e0 far that they deviate a still emaller fraction of the
energy eource than yeast to the synthesie of cell matter and yeot have
an equally high or even higher specific fermentation rate (alcohol product-
ion per unit time and unit cell weight). Such an erganism ie known in fact
and oocurs predominantly in tropical countries, 1i.e. Zywmomonas mobilip

(Pseudomonas lindneri). This bacterinm produces omly ome mole of ATP per
mole gluoese fermented, and if ome comsiders further that it produces ea




average only about 8 mg cell dry matter per mole of ATP (13), as compared with
aboat lo mg for yeast, the folbwing balance equation can be established:

Cell 20, * POZ" + ADP + 2 CH.-CH,.OH + 2 CO, + ATP

6 3 72
" " -
0.045 C6H1206 + ATP + .27 cnzo + POA + ADP
- " L
1.045 C6H1206 + 2 ",“3 CHZOH + 2 CO2 + 0,27 Cﬂzﬂ
188.1 g - 02 g+ 83 g + %.1g
loo g - 49 g * 4G g + 4.3

shoving in principle the higher yield of alcohol that could beddtained as
compared to a normal yeast fermentation. In an undistwuybed feruentatiom,
whers full use is made of the fermentation energy for cell synthesis, the
rate of fermentation in the case of Zymomonas does not fall beliind that
of yeast as a result ¢f the considerably lower generation Rime of the
bacterium. Practically speaking there are a number of considerations to
be tabken into account before applying the Zymomonas fermentation in-
dustrially, i. e. growth of Zymomonas at somewhat higher phL values than
yeast, thus rendering the fermentation prone to contamination, the lower
alcohol tolerance of Zymomonas, the inability of Zymomonas to ferment
various disaccharides.

92, Aerobic metabolisu of yeast on carbohydrates.

While in fermentation it is desirable to repress biomass formatiem
a8 far as péssible, the reverse is naturally the case in the manufacture
of baker's yeast or fodder yeast. liere the question we pose is: Can the
yield of cell matter still be further increased? It would seem that after
the operation of this process over more than a century has shown that
wnder ideal conditions the yeast dry weight to be obtaiued is about 50 I
of the sugar utilized, it would not be possible to gain much here, Never-
theless, after so much detailed knowledge has by now accumulated on the
mechanisn of dissimilation and assimilation it is interesting to make a
fov comparisons.

Yeaet has been shown to uee the citric acid cycle under aserobic
conditions together vith the electrom tramsfsr reactione typical fes

e A



mamalian cells, thys Producing a tota] yield of 33 moles ATP per mole
8lucose oxidized. If about half of , Sugar mwolecule g converted intg
&n equal weight of cell material ang the other hLalf is tully oxidized to
carbon dioxide and wvater, we conclude that }9 moles of Arp

to produce 9o 8 of dry yeast, The yield of cell matter Per nole ATP

cient, and one keeps wondering whether there can pe wuch hope to increase
this efficiency. At least one should not be Surpriseu to fing aerobjc
micto—organiams endowed wit) a better efficiency of ernergy utilizatjon,

It would seen likely that the ATP pool of tje cells under derobic con-
ditions jg higher than under anaerobic conditjong In view of tje vastly
S§reater number of ATP generateg Per wole of glycoge metabolished. Ang yet
the rate of multiplication is increased only by a factor of 2 as compared
with the danaerobic process (see Fig. 1n). It would appear that under theee
conditions the rate of ATP Production is go high that it cdnnot suffi-
ciently Quickly be made use of in cellular Synthesis, and 4 large proportiom
of ATP decays with ti. seneration of leat,

The previous discussion referred to the use of carlohydrate as
Source of energy and carbon. What is the situation now if more strongly
Teduced substrates are used? Lonsidering that the calorific value ig
higher, one would also expect the yield of biomass to increase.

One can expect this to occur only, of course, in the caee of e
serobic fermentation Process. In the cage of Klebsiella aerogenes
(5252225535 aerogenes) under anserobic conditions the yield of ATP per
mole of substrate utilised ig emaller with maunitol (2.5) than in the case
of glucose or fructose (3.0)(15). It woulu weem 1n this came that
SOme energy ig feceesary to oxidize the substrate in order to make it
Comparable to the ncrmal state of oxido-reduction of the cell materjg] vhich
is ayproxilntoly that of carbohydrate.

Substrates as strongly reduced a5 hydrocarbons could not at 41}
be made uee of under anserobic conditions or without suitable H-acceptor,

85 there is no free energy available in the reduction of hydrobarboa to
the oxido-reduction 8tage of carbehydrate vith concemitant relesse of i

z.




Under serobic conditions it has now been established in a number of
different laboratories that yeast is able to produce approximnately an

equal amount of biomass as weight in paraffins utilized(14,15,16). This balance

equation could be written approximately as follows if we assume complete

oxidation of the substrate (octadecane) to carbon dioxide and water,

C‘aﬂja ¢« 19.5 0 + 3 "CH.0" ¢ lo CO, + 1l H,O

2 2 2 p3
cell mass
2% g+ 6’4 g * 2bo g ¢+ bbo g + 198 g
loo g ¢+ 246 g ~ 95 g ¢+ 173 g ¢ 78 g

Here azain we may ask the question whether this yield coefficient
eould be expected to be further increased or whether it compares favourably
with the processes previously discussed. For this purpose we could examine
the mechanism of breakdown of hydrocarbons and of energy generation.

It seens quite well established now that the initial step of
hydrocarbon oxidation is an oxygenation of the methyl group(171.

. There does not seem to be
say phosphorylation involved in this step. After oxidation of the alcohol
thus produced to a carboxylic acid via aldehyde the further oxidation
would occur via B-oxidation with the generation of "active acetate”

(scetyl-CoA) fragnents as shown below:

R-Cil,~CH, + red. Coenz. g: SNASSY R-CH,-CH,OH + H,0 + oxid. Coens.

l-CHz-CHIOIi + oxid. Coenz. - l—CHz-CHO + red. Coenz,

R-CH,-CHO + NAD + CoA + ATP + R-CH)~CO-CoA + NADH, + ADP + ro;"

R-CH,-CO-CoA + FAD + R' - CH = CH - CO-CoA + FADH, |
R' - CH = CH - COOH + H,0 + R' - CHOH-CH)=CO-CoA

R' - crm-cn2~cow + BAD + R' - CO—CHz'CO-CoA * Mﬂlz

R' - CO-CHI‘CM + Coh + R' - CO-CoA + CHSCO—CoA

.cnz-cu3¢ozozmormozcqun - n'-cocuom3cocaozm3

omuzom.m;“‘




The Coenzymes NAD and FAD will be regenerated from the corresponding
reduced forms by oxidation with oxygen. The required Co-enzyme A will
be regenerated after utilization of Acetyl -Cpa,

The utilization of hydrocarbons thus can be reduced to g utilizg-
tion of acetate, and it would now SeeLl a reasonable procedure to
estimate what t!e yield of biowmass can be expected to Le by aeropic
utilization of acctate. Considering tiat for eacli acetate utilizec jn
the tricarboxylic acic cycle 12 ATD vill e senerated, and assuning now
a utilization of acetate for cell syntiesis with the same deprec of
efficiency as yeast does with carl.ohydrates under aerovic conditions,

we could construct tle following equations:

2 NADHz + O2 + 5 ADP + ¢ POZ—- > 20,0 4+ 6 ATP ) from deliydrogenation of

— 2 ) hydrocarions to renerate
FADHZ +1/2 02 + 2 ADP + 2 POI‘ »> [120 + 2 ATP ) acetate

Cly=CO-CoA + 2 0, + 12 ADP + |2 POZ“ - 200, 4+ Hy0 4 12 ATP + Coa

CFy=CO-CoA  12.7 ATP

.’

2 "C}‘.ZO"

cell mass

A total of 20 ATP could thus he generated by renoval of one mole
of acetate fron the hydrocarbons and oxidizin; it to CO2 and nzo. This
is more than required for tle formatior of 4o g (700" of biowass from
another mole of acetate. A balence equation for the utilization of octa-
decane basec on tle above theoretical considaerations is sliown belou, viere

for simplicity the reactions with (oA are onitted,

v v (s ] 1A}
Crglya * Op + 2 HAD + FAD + AT+ » 1,0 - .
Clty=(Cit,) | ,~COON + Cli,=CO0I; + 2 NADI, + PADii, + ADP + PO,

C!ZJ-(CII.‘,)M-COOH + 7YAD ¢+ 7 FAD + 14 1»120 + 9 CFJ"COGi +7 KADHZ + 7“,

9:wm2+arwnzos.so + 43 ADP + 43 PC. ~ 17 51,0 ¢ 0 NAD & 2 PAD o+ 43 ATP

2 4

3cu3-coon+6ozoasmoaepo;“ * 600, ¢ 61,04+ 3 ATP

*One ATP {4 considered to de Recsssary here to produce fatty aoid - Coa from the




6 C1y=COO! + 72 ATP + 12 "Q1,0" ¢ 75 ADP o 73 ro;

Cigfzg #1550, = 12 "CI,0" + € €O, + 7 1,0
254 g 496 7 =+ Yo ;5 64 g 126 -
loo 103 » -+ 142 ¢ To4 - 4o o

This halance equation, compared vith the one based on actual ob-
servation, shows that yeast does not worl in practice as efficiently as
has heen expected, Certainly rnore detailed investigations will je recossary
to clarify fully the encrsv-yielding as well as the cnercy-requiring
reactions. l'ovever, there seers to he a tendency tovards nore inefficient
utilization of the encrpy source if the AVP yield per unit ecuivalent of
C substrate increases. Thus, for yeast the folloving scquence can he

established:

type of netabolian ATP yield per Diomass (p)
C aton of suhstrate per ATP
alcohiolic fermentation 0,33 le

couplete oxidation of
sugar by oxyqgen 6.33 4.7

complete oxidation of
hydrocarbons (cctadecane)
by oxygen 3.3 1.6¢

The situation may not be as discouraging as it seems at first
sight, since there are reports on very efficient utilization of hydro~
carbons by bacteria. i. e. the Chinese Petroleum Company (Taiwan) indi-
cated that the yield of biomass can be double that of iydrocarbons

utilized (18), This in fact 1s not out of reach et all, und it would Bseen

worthwhile to investigate whether yeast might not be able to do the









