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NOMENCLATURE

inverse of first-order dependence on Nu of ul, g*hr/1.
saturation parameter for cellular nitrogen accumula-
tion, g/1.

dilution rate, 1/hr.

saturation parameter for determining the asymptotic ap-
proach of xs/Nx to K.

maximum value for Xs/Nx’ g/s.

saturation parameter for lactose consumption, g/l.
lactose concentration, g/l.

lactose ccncentration during the first, second and third

phase, respectively, of lactose consumption as deter-

mined for continuous fermentatioms, g/l.

initial lactose concentration, g/l.
exponential factor.

extracellular nitrogen concentration, g/l.

"nonutilizable N, g/l.

utilizable N, g/1.

initial Nu, g/l.

celluiar nitrogen concentration, g/l.

total biomass concentration, g/l.

nonnitrogenous nonlipid biomass concentration, g/l.

lipid concentation, g/l.



1/Y

1/Y

m

m.

m.

(ul/uml)max

iv

nonlipid biomass concentration, g/l.

lactose required for nonnitrogenous nonlipid biomass
accumulation, g/g.

lactose required for lipid accumulation, g/g.
contribution to the nonlipid biomass by the accumula-
tion of cellular nitrogen, g/g.

mass to nitrogen ratio for cellular nitrogenous com—
pounds, g/g.

value for Xf/XS during the initial accumulation of
nonlipid biomass, g/g.

maximum specific rate of cellular nitrogen accumula-
tion, 1l/hr.

maximum specific rate of nonnitrogenous nonlipid bio-
mass accumulation, 1/hr.

maximum specific rate of lipid accumulation, l/hr.

' specific rate of cellular nitrogen accumulation, l/hr.

value for ulluml at which Equation (16) is maximum.



INTRODUCTION

Lipid accumulation in yeast and mold has been studied for some
time. Interest has been spurred by thoughts of producing a fat or oil
in times of shortages, producing a high energy food source to ease

-world food problems, producing a valuable product through waste treat-
ment, producing a substitute for expemnsive oil or fat, or more re-
cently, biomodifying lipids. Lipids produced by yeast or mold
must, nevertheless, compete in the established vegetablie oil market.
As a result, improving the overall profitability of the fermentation
is also highly desirable.

One approach to this is to develop a kinetic model to describe
the relationship between growth and lipid accumulation. With such a
model, the kinetics of the system could be better understood, facili-
tating further improvements in the profitability of lipid production
by yeast or mold. As of yet, no detailed studies of oleaginous yeast
have been conducted to elucidate the kinetics of growth and 1lipid ac-
cumulation. This thesis will present such a study and the resulting

kinetic model.



LITERATURE REVIEW

Microbial Lipid Accumulation

Microorganisms

Many species of yeast and mold have been isolated which are
capable of accumulating lipid. Ratledge (1978) has listed 20 spe-

cies of yeast representing the genera of Candida, Cryptococcus,

Hansenula, Lipomyces and Rhodotorula. Also listed were 31 species

of mold representing the genera of Aspergillus, Chaetomium, Clado-

sporium, Gibberella, Fusarium, Malbranchea, Mortierella, Mucor,

Myrothecium, Penicillium, Pythium, Rhizopus and Stilbella. Table 1

lists some oleaginous yeast reported since 1977.

Nutrients

Successful accumulation of 1lipid in yeasts grown on a carbohy-
drate has been shown to require oxygen (Lundin, 1950; Nord, 1939).
Recently, however, it has been shown that oxygen required during
lipid synthesis is less than that required for growth (Moon et al.,
1978).

Enebo et al. (1946) was the first to demonstrate that a yeast
could accumulate up to 60% of its biomass when cultivated in a ni-
trogen-limited broth. Lipid accumulation has since then been re-
ported to result from limiting phosphate in the medium (Fahmy et
al., 1962; Floetenmeyer, 1983; Gill et al., 1977). However, a fi-

nite level of phosphate seems to be required to promote lipid



Table 1. Some yeasts examined since 1977 as potential fat producers
Fat
coefficient
(g fat
Fat produced/
Organism Substrate content 100 g substrate Reference
(% dry wt) utilized)
Candida curvata D lactose 57 27 Moon et al., 1978
Candida curvata R lactose 51 20 Moon et al., 1978
Rhodosporidium toruloides glucose 25.92 - Boulton and Ratledge, 1981
CBS 5490
Rhodotorula glutinis Y4 sucrose 42 20.4 Misra et al., 1984
Rhodotorula graminis glucose 24.22 - Boulton and Ratledge, 1981
NCYC 502
Trichosporon cutaneum 24 lactose 20 9 Moon et al., 1978
Trichosporon cutaneum 40 lactose 45 24 Moon et al., 1978

a
Cultures were harvested after

48 hours of incubation.



accumulation (Allen et al., 1964; Floetenmeyer, 1983). Lipid accu-
mulation has also been reported to be induced by limiting iron, zinc
and inositol (Tomita et al., 1979; Yamauchi et al., 1983).

Steinberg and Ordal (1954) reported that lipid accumulation in

Rhodotorula glutinis did not require sodium, calcium or ferric chlo-

rides, or any of the constituents of yeast extract. At a 17 level
in the broth, CaClZ, NaCl, or to a lesser extent, KCl actually pro-

moted lipid accumulation in Candida curvata D (Floetenmeyer, 1983).

A 2% level of NaCl was however less effective tham a 1% level of
NaCl in promoting lipid accﬁmulation.

Boulton and Ratledge (1980) observed that citrate synthase ob-
tained from the oleaginous yeast Candida 107 required magnesium ions
(Mg2+) for activity under in vitro conditions similar to those
thought to exist in vivo during lipid accumulation. In agreement
with this, it has been observed that limiting Mg2+ and nitrogen si-
multaneously in the fermentation broth resulted in decreased yields
of both lipid and nonlipid biomass of Candida 107, as compared to
those yields obtained when only nitrogen was limited in the broth
(Gill et al., 1977)

The inorganic compound from which nitrogen is obtained has been
shown to affect both growth and lipid accumulation (Chahal et al.,
1979; Yoon et al., 1982). The yield of nonlipid biomass from con-
sumption of nitrogen as provided by various inorganic or organic ni-

trogenous compounds has been shown in batch fermentatioms to



decrease with nitrogen consumption (Yoon et al., 1982), remain con-
stant with nitrogen consumption (Misra et al., 1984; Moon et al.,
1978; Pedersen, 1961), or more commonly, to increase with nitrogen
consumption (Allen et al., 1964; Enebo et al., 1946; Hopton and

Woodbine, 1960; Moon et al., 1978; Yamauchi et al., 1983).

Fermentation systems

Prior to 1939, it was thought that growing oleaginous yeast
on the surface of stationary substrates was the only feasible method
for producing microbial lipid (Lundin, 1950). Nord (1939) was the
first to demonstrate a successful method of aerating submerged cul-
tures of mold in which the biomass contained about 10% lipid. This
marked the beginning of the use of aerated, submerged batch fermen-
tations for cultivating oleaginous yeast.

Oleaginous yeast have been evaluated in batch fermentations by
two distinct methods. 1In the first method, growth and lipid accumu-
lation occurred in the same fermentation vessel (Duncan, 1973;

Enebo et al., 1946; Evans and Ratledge, 1983a; Fahmy et al., 1962;
Hopton and Woodbine, 1960; Kessel, 1968; Moon et al., 1978;
Pedersen, 1961). 1In the second method, following the completion of
cell growth in one vessel, the cells were transferred to a second
vessel in which 1lipid accumulation could be observed (Lundin, 1950;
Steinberg and Ordal, 1954; Roy et al., 1978). This gave the added
advantage of more easily examining the factors which might affect

lipid accumulation.



Fed-batch systems have also been investigated for lipid pro-
duction. Allen et al. (1964) observed that R. glutinis could accu-
mulate only a limited amount of lipid despite the addition of sugar
to the fermentation broth at 24 hr intervals during lipid accu-
mulation. Yamauchi et al. (1983) observed that by continuously
feeding a nitrogen source during cell replication, high biomass
concentrations of 150 g/l containing up to 50% lipid could be ob-
tained. The authors considered that the high biomass concentra-
tions were possible because 2 minimum dissolved oxygen concentra-
tion was maintained throughout the fermentation.

Continuous systems were considered not profitable by Enebo et
al. (1946) due to the low dilution rate required. But Gill et al.
(1977) reported that, for Candida 107, ; single-stage continuous
fermentation system produced lipid as efficiently as a batch system
but at five times the productivity of the batch system. Since then,
other studies of continuous lipid-accumulating fermentations have
been reported with similar efficiencies in lipid formation (Choi et
al., 1982; Evans and Ratledge, 1983a; Floetenmeyer, 1983; Ratledge
and Hall, 1979).

Hall and Ratledge (1977) concluded that a two-stage continuous
fermentation system was not better than a single-stage continuous
system. They drew this conclusion after observing a poorer effi-
ciency of conversion of glucose to lipid in the second stage of

their system as compared to that obtained in a single-stage system.



A similar study of another two-stage continuous fermentation also
showed a poor efficiency however for conversion of sucrose to lipid

(Almazan et al., 1981).

Biochemical mechanism of fatty acid synthesis

The presently accepted biochemical pathway for the conversion
of glucose to fatty acid is summarized in Figure 1. This pathway is
considered to be common for all oleaginous yeast (Boulton and
Ratledge, 1981; Evans et al., 1983a). The pathways and the enzymes
involved will be discussed further.

The rate of glucose uptake has been observed to be independent
of the specific growth rate in oleaginous yeast (Botham and Ratledge,
1978, 1979). Ratledge and Botham (1977) established that both the
Embden~Meyerhof and the pentose phosphate pathways were active in
vivo, in an approximate molar flux ratio of 1 to 2, respectively,
in Candida 107, an oleaginous yeast. Boulton and Ratledge (1980)
demonstrated that citrate synthase obtained from Candida 107 was
not inhibited in vitro under the conditions which favored lipid
accumulation.

Botham and Ratledge (1979) reported that NAﬁ+:isocitrate dehy-
drogenase which was obtained from Candida 107 was completely in-
hibited in vitro under conditions favoring lipid accumulation. But
in vitro, inhibition of this particular enzyme obtained from C.
utilis, which is not an oleaginous yeast, was only partial. ATP:

citrate lyase was found in Candida 107, but not in C. utilis.



Figure 1. Presently accepted biochemical pathway for the conversion of glucose to
fatty acid. Glucose-6-phosphatase (1); Embden-Meyeroff pathway (2);
pentose phosphate pathway (3); pyruvate dehydrogenase (4); pyruvate carbox-
ylase (5); citrate synthase (6); aconitase (7); NAD :isocitrate dehydro-
genase (8); ATP:citrate lyase (9); cytosolic NAD+:malate dehydrogenase (10);
L-malate/citrate translocase (11); mitochondrial NAD+:ma1ate dehydrogenase
(12) ; malic enzyme (13); mitochondrial membrane (14); membrane translocases.

(from Evans and Ratledge, 1983b; Evans et al., 1983a; Ratledge and Botham, 1977)
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Acetyl CoA carboxylase obtained from Candida 107 was activated in
vitro by citrate. But when this enzyme was obtained from C. utilis,
the enzyme was not observed to be activated in vitro by citrate.
Boulton and Ratledge (1981) demonstrated the ubiquity of ATP:
citrate lyase in lipid-accumulating yeast. They proposed that this
enzyme controls the rate of fatty acid synthesis in oleaginous yeast.
This was proposed as a result of observing that the in vitro activ-

ity of this enzyme obtained from Lipomyces starkeyi was cf the same

order of magnitude as required for the estimated molar rate of fatty
acid synthesis for that yeast. Evans and Ratledge (1983b) concluded
this enzyme may be controlling the rate of fatty acid synthesis in
C. curvata D after observing that the increase in the rate of lipid
synthesis corresponded with the increase in the activity of ATP:cit-
rate lyase (Figure 2). In contrast, acetyl CoA carboxylase is con-
sidered the rate-limiting enzyme leading to fatty acid synthesis in
mammals (Smith et al., 1983). Other enzymes also essential for
fatty acid synthesis have also been observed to increase in activity
during the transition from growth to lipid accumulation (Evans and
Ratledge, 1983b). This has been observed in mammalian tissues as
well, and is considered to result from induced synthesis of these
enzymes (Smith et al., 1983)

Evans et al. (1983a) reported that the mitochondrial L-malate/
citrate translocase was .more active in oleaginous yeast than in non-

oleaginous yeast. This translocase was observed to be activated by



Figure 2.

Changes in the concentrations and enzyme activity

during batch fermentation of Candida curvata D.

Specific activity of ATP:citrate lyase (/); con-
centrations of nonlipid biomass, XS (Q) and
lipid, Xf ( O), intracellular molarity of

citrate (A ). (from Evans and Ratledge, 1983b)
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conditions favoring lipid accumulation (Evans et al., 1983b), and
inhibited by conditions resulting from the breakdown and utilization
of stored triacylglycerides (Evans et al., 1983c).

Botham and Ratledge (1979) observed the effect of a pulse input
of ﬁ’}4d] acetate into single-stage, steady state continuous cul-
tures of Candida 107 and C. utilis. Roughly 507% and 30% of the
radioisotope was incorporated into the lipid of Candida 107 and C.
utilis, respectively. The authors concluded that in both these
yeasts "lipid turnover either does not occur or occurs at an immeas-

urably slow rate."

Mathematical Modeling

Barford and Hall (1978) have categorized microbial fermentation
models according to the way>the microbial kinetics can be described.
This is summarized in Table 2.

Microbiological models can also be categorized as empirical or
mechanistic (Barford and Hall, 1978). An empirical model can be
likened to a black box in which only inputs and outputs are observed.
But how this transformation is accomplished is not considered by the
model. On the other hand, the mechanistic model is based on hypoth-
eses about how transformations are accomplished. The advantage of
the mechanistic model over the empirical model is that the hypoth-
eses about the microbial system can be tested. In general however,

the model usefulness is determined by the purpose in developing the



Table 2. Definition of model types based on culture description
(from Barford and Hall, 1978)

Model type Basic culture
variable
(A) Stochastic Individual cell
(B) Deterministic Cell mass

(i) Distributed
or
segregated

(ii) Structured
or
unstructured
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Areas of application

Stochastic models are applicable to areas where possible fluc-
tuations around a mean value are of importance as well as any
phenomena specifically requiring individual differences for
explanation of particular phenomenon. Stochastic models may
be distributed or segregated (see below).

Deterministic models do not specifically include the effect of
quantization or individual differences unless they can be re-
lated to some average value.

This refers to whether the cell mass is considered as a sepa-
rate phase (segregated) or as part of the overall culture
medium (distributed). Segregated models are necessary to ex-
plain any mass transfer or partition effects between the
medium and biomass. Most importantly distributed models de-
scribe processes occurring within the cell in terms of ex-
ternal conditionms.

This refers to whether changes in cell composition are in-
cluded in the model (both distributed and segregated models
may be structured). Structured models consider the total
biomass as the sum of two or more components and the metabolic
processes achieved by the cooperation of all components.
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model, such as process optimization, data analysis, or process

control.

Growth models

Blackman (1905) observed that the rate of assimilation of CO2

in photosynthesis was influenced by several factors, such as light
intensity, carbon dioxide concentration, available water, amount

of chlorophyll, and the temperature of the chlorophyll. He observed
that when the concentration of carbon dioxide varied, the maximum
rate of assimilation of CO, was determined by the intensity of the

2

incident light rather than by the CO2 concentration. He proposed

this rate dependence could be described as follows:
Ks ;8 <v /K
c c m

v = (1)

. p>
\)m H SC Z \)m/K

where v is the rate of assimilation of CO,, mM/hr; vm is the maxi-

2’
mum rate of assimilation of CO2 as determined by light intensity,

mM/hr; K is the first-order rate parameter for CO, assimilation,

2
1/hr; Sc is the CO2 concentration, mM. This equation has not been
widely accepted, probably because of its discontinuous nature and
the nontypical description of continuous data as illustrated by
Condrey (1982).

Monod (1942) however proposed that growth of microorganisms

when limited by one essential nutrient could be said to be con-

trolled by one slow, enzyme-catalyzed step. As such, the equation
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he proposed had the same form as that for an irreversible enzyme-
catalyzed reaction using a single substrate (Henri, 1903; Michaelis
and Menten, 1913). It is as follows

-1,
M=gge s M/ (RS (2)

where U is the specific growth rate, 1l/hr; um is the maximum spe-
cific rate, l/hr; Ks is the Michaelis-Menten saturation parameter,
g/l; S is the substrate concentration, g/l; and X is the cell con-
centration, g/l. Monod's equation or modifications of this equa-
tion has been used extensively in modeling batch and continuous
fermentations (Guthke and Knorre, 1982; Levenspiel, 1980; Tseng and
Phillips, 1982).

Dabes et al. (i973) observed a similar dependence to that ob-
served by Blackman (1905) for the rate of photosynthesis of

Chlorella ellipsoidea on both carbon dioxide concentration and light

intensity. As a result, they proposed to describe such a rate de-
pendence based on an unbranched enzyme-catalyzed reaction pathway,
in which all but two reaction steps were considered at equilibrium.
The first slow enzyme-catalyzed reaction step was considered revers-
ible and the second was considered irreversible. A 3-parameter
model was obtained from the above described reaction pathway by as-
suming the maximum rates of the first slow enzyme-catalyzed reaction
step were fast compared to that of the second step. And thus it
took on the following form

§;=w (A + B/(wm - w)) (3
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where w is the specific overall rate of the pathway, 1/hr; W, is the
maximum specific overall rate of the pathway as determined by the
second slow reaction step, l/hr; A is proportional to the Michaelis-
Menten saturation parameter of the first slow enzyme-catalyzed re-
action step, gehr/l; B is proportional to the Michaelis-Menten satu-
ration parameter of the second slow enzyme-catalyzed reaction step,
g/l; and S1 is the concentration of that subs;rate first acted on by
the pathway, g/l. The authors demonstrated that both the Monod and
the Blackman models represented extremes of this 3-parameter model.
This 3-parameter model is also identical to that describing dif-
fusion-limited growth, in which growth is described by the Monod
equation (Reiner, 1959).

Bellgardt et al. (1982) proposed modeling aerobic growth of

Saccharomyces cerevisiae on glucose as resulting from the inter-

action of several converging reaction pathways. Based on the ob-
served phenomena that metabolic rates are normally controlled such
that internal metabolic intermediates do not accumulate excessively,
they proposed that the slowest reaction pathway rate would determine
the rate of the other reaction pathways. This corresponded to a
generalization of Blackman model extended however to branched, en-
zyme-catalyzed reaction pathways. Uptake of the nutrients glucose
and ethanol was also considered rate-limiting and was described
using Monod kinetics. As a result, the authors described their mod-

el as "multiple-Monod-Blackman" kinetics.
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Moser (1958) proposed a modification of Monod's equation. He
proposed that all of the single steps of an enzyme-catalyzed reac-
tion pathway would affect the overall velocity of the system in con-
trast to Monod's concept of rate-control exercised by a single en-
zyme-catalyzed reaction. And he also stated that the data avail-
able at that time were insufficiently precise to specify any one
growth model as better than other proposed growth models. His model

took on the form
- -
U= um/(l + s ™) (&)

where Y is a saturation parameter, (g/l)l; and A is a numerical expo-
nential parameter. This equation has been used occasionally in mod-
eling microbial growth (Chiu et al., 1972).

Contois (1959) modified Monod's equation to reflect the ob-
served effect of cell concentration on the saturation parameter, Ks'
He observed that in continuous culture different initial concentra-
tions of limiting substrate did not affect the maximum growth rate,
um, but did affect the saturation parameter of Monod's model. This
resulted in the following form

U= um/ (1 + st-X/S) (5)

where st is the saturation parameter reflecting the effect of cell
concentration. Monod's (1942) observations were at constant cell
concentrations and therefore did mot contradict what Contois (1959)

observed. This equation has also been widely used in describing
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microbial growth (Tsuchiya and Kimura, 1982; Tsuchiya et al., 1980;
Bajpai and ReuB, 1980).

Another interesting growth model is known which on integration
gives the logistic curve. In this model, the specific growth rate
is porportional to the difference between the estimated maximum cell
concentration and the observed cell concentration. Such a dependence
has been explained as overcrowding of cells (Kendall, 1949), and in
terms of a toxin production rate proportional to the growth rate
(Bailey and Ollis, 1977). The differential form is as follows

W= (1 - X/B) 6)

where B is the maximum cell concentration, g/l. This model has been
used in descriBing growth in batch fermentations, in which the
growth-limiting substrate(s) was not known (Constantinides et al.,
1970).

The discussion up to this point has been restricted to unstruc-
tured growth models, with the exception of the model of Bellgardt
et al. (1982). TUnstructured growth models have been observed to pro-
vide a reasonable description of cell mass production. But for
those cases in which growth is accompanied with changing cell compo-
sition, Fredrickson et al. (1971) has mathematically proven that the
model must be structured in order for growth to be completely de-
scribed. Because of the increased complexity of these models, their
relatively recent popularity can be considered to be a result of the

availability of computers.
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Williams (1967) proposed structuring a cell into two portions,
one portion dedicated to nutrient uptake and cellular synthetic reac-
tions, and the other in determining cell division. As such, the mod-
el qualitatively described the relationship between biomass and the

number of cells. Aerobic growth of Saccharomyces cerevisiae on

glucose has been successfully described by subdividing biomass into
two portions similar to that in the Williams (1967) model (Bijkerk
and Hall, 1977; Pamment et al., 1978).

Of particular interest for this study is nitrogen-limited
growth models. Contois (1959) described ammonia-limited growth of

Aerobacter aerogenes using the equation he developed. He observed a

constant yield of biomass formed from ingested ammonia.
Nitrogen or phosphate or both were limited for growth of

Chlorella vulgaris. This was modeled by allowing a variable yield

of biomass from ingested limiting nutrient(s) (Panikov, 1979; Panikov
and Pirt, 1978). This variable yield was observed to depend on the
specific growth rate.

An adenine-requiring strain of Bacillus subtilis was described

in a batch fermentation (Tsuchiya et al., 1980) and in continuous
fermentations (Tsuchiya and Kimura, 1982) by modeling the biomass as
growing on adenine and dying and releasing adenine back into the
broth. This approach satisfactorily described the stationary phase
of biomass concentration in the batch fermentation. It also de-

scribed the higher yield of biomass at lower dilution rates in
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single-stage continuous fermentatiomns.

Models of product formation

Gaden (1955, 1956, 1959) classified product formation into
three categories. In the first, the main product is formed during
the primary energy metabolism, such as in the formation of ethanol,
lactic acid, or biomass. In the second type, the main product re-
sults indirectly from energy metabolism, such as in citric acid syn-
thesis. In the final type, the biosynthesis of complex molecules,
such as antibiotics or vitamins, is not directly related to energy
metabolism.

Deindoerfer (1960) proposed however to classify product forma-
tion into four different types based on the relationship between
nutrient uptake and product formation. In the first type, nutrients
are converted to a product in a fixed stoichiometry without inter-
mediates accumulating, such as in the formation of ethanol or lac-
tic acid. In the second type, nutrients are converted to a product
in what seems to be variable yields, such as lipid synthesis by
oleaginous yeast. In the third type, nutrients are converted to a
product with the accumulation of intermediates. This type includes
the fermentation of glucose to gluconolactone and then to gluconic
acid. In the final type, nutrients are completely converted to the
intermediate before conversion to a product. An example of this
category includes 5-ketogluconic acid produced from glucose but

only after glucose is exhausted.



20

Luedeking and Piret (1959) developed a model which described
lactic acid formation. The rate of formation was observed to be
proportional to both the rate of growth and concentration of the
biomass. It had the following form

R (7)
where P is the product concentration, g/l; o is the proportionality
parameter between growth and product formation rates; and B is the
parameter for the first-order dependence of product formation on
cell concentration, 1/hr. This equation has also been shown to de-
scribe anaerobic ethanol production (Aiyar and Luedeking, 1966). By
taking into account the lag between the beginning of growth and the
beginning of citric acid production, citric acid production has also
been satisfactorily described using this equation (Roehr et al.,
1981).

Shu (1961) introduced a stochastic model to describe product
formation. His model is based on three assumptions. First, the
population contains cells of varying ages. Second, all cells under-
go a natural aging phenomena. And third, the rate of product forma-
tion for a particular cell is dependent only on the cell's age.

Cell age was described as the sum of one or more exponential decay
functions. TUsing this, he quantitatively described the dependence
of the formation of lysine on the time after imoculation at which

the precursor, o-ketoadepic acid, was added to a batch fermentation.

He also demonstrated that citric acid and penicillin production
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could be qualitatively represented with his model.

Antibiotic fermentations have been extensively studied. Anti-
biotic production is known to be inhibited by excessive substrate
concentrations. The mycelium is known to differentiate in the abil-
ity to form antibiotics, as well as to show age effects on this
ability. The time-lag between the beginning of mycelium growth and
antibiotic formation has been modeled in a number of ways. It has
been modeled using a simple time delay between the description of
growth and that of antibiotic formation (Constantinides et al.,
1970; Nestaas and Wang, 1983). It has also been modeled as resulting
from the inhibition of antibiotic formation by high substrate concen-
trations (Bajpai and ReuB, 1980; Guthke and Knorre, 1982). This
lag has also been accounted for by modeling a simplified version of
the metabolic pathways (Calam et al., 1971). The differentiation in
mycelium metabolic activity has been modeled by subdividing the myce-
lium into that which was growing or dying but not producing anti-
biotic, and that which was producing antibiotic but not growing
(Guthke and Knorre, 1982; Nestaas and Wang, 1983). The antibiotic
production rate has in general been modeled as proportional to the
concentration of that mycelium actively producing antibiotic
(Coﬁstantinides et al., 1970; Bajpai and ReuB, 1980; Guthke and
Knorre, 1982; Nestaas and Wang, 1983).

Brown and Hsu (1982) introduced a model to describe the lipid

accumulation of a batch fermentation of C. curvata R as reported by
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Moon et al. (1978). The nonlipid biomass was satisfactorily de-
scribed using the Monod equation in which the limiting substrate
was nitrogen. The rate of lipid formation was described such that as
the specific rate of nonlipid biomass accumulation slowed, the spe-
cific rate of lipid formation increased. Specific rates were ex-
pressed with respect to the nonlipid biomass concentration. The
model which best described tﬁe accumulation of lipid in the biomass
was based on the assumption that two irreversible enzymatic steps in
series controlled the rate of lipid synthesis. This resulted in
predicting the accumulation of an intermediate when using the param-
eters which gave the best fit of the fermentation data. Evans and
Ratledge (1983b) observed the accumulation of citrate using

L. curvata D. The observed maximum concentration of citric acid was
however omne-hundredth of the concentration of the intermediate pre-
dicted by the model of Brown and Hsu (1982).

Enzymes are also an important product of fermentations. The
presently accepted mode by which enzyme synthesis occurs, known as
the operon model, recognizes inhibition and activation of the rate
of transcription of DNA coding for the enzyme, the rate of enzyme
synthesis from this template, and other factors as controlling the
overall rate of enzyme synthesis (Smith et al., 1983). This con-
cept has been widely used in some variation to describe enzyme
production in fermentation systems (Gondo et al., 1978; Imanaka et

al., 1972; Toda and Yabe, 1979; Toda et al., 1979).
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MATERIALS AND METHODS

Yeast Strain

Candida curvata D which was isolated from a dairy floor drain

in the Iowa State University cheese plant (Moon et al., 1978) was
used throughout this study. The strain was maintained by weekly
transfers on medium in Petri plates and monthly transfers on slants
of medium. The medium used contained 15 g/l malt extract (Difco
Laboratories, Detroit, MI) and 15 g/l Bacto agar (Difco Laboratories,

Detroit, MI).

Fermentations

Media

Media formulations for the fermentations are summarized in
Table 3. The medium was sterilized as one unit. Twenty-gallon,
autoclavable glass jars containing 10 liters of medium were auto-
claved at 121 C for 40 min as suggested by Drew (1981). Twenty-
gallon, autoclavable polypropylene bottles (Nalge Company, Roch-
ester, NY) containing 10 liters of medium required 105 min at 121 C.
The sterility of the medium was established by holding the container
containing the autoclaved medium at room temperature for several

days. Microscopic examination of the medium verified its sterility.



24

Table 3. Media formulation for various fermentationsa

Batch 2
Component Batch 1 and
Continuous
o-Lactose*H,0 62 g/1 60 g/1
Yeast extractb 3.9 3.8
KHZPO4 2.5 2.5
MgSO, * 7H,0 1.0 1.0
Ktht:halatec 3.0 3.0
Antifoamd . - 0.2
FeCl,+6H,0 2 mg/1 2 mg/l

aAdjusted to pH 5.5 with NaOH before autoclaving.
bDifco Laboratories, Detroit, MI.

“Potassium hydrogen phthalate, acidimetric standard, Fisher
Scientific Co., Pittsburgh, PA.

dFG-lO Silicone Antifoam, Dow Corning, Midland, MI.
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Equipment

Batch 1 fermentation The batch 1 fermentation was conducted

in a MicroFerm~Fermenter System (New Brunswick Scientific Co., Inc.,
New Brunswick, NJ). The volume of the fermenter was 14 liters. The
stirring rate was maintained at 500 revolutions per minute (rpm),
except during the period of extensive foaming which occurred between
10 and 25 hr after inoculation. During this period the stirring rate
was increased to 800 rpm. The air used for aeration was filtered
with glass wool. Air flow rate was maintained at ca. one volume of
air per volume of fermentation broth per minute (vvm). Initially,
the volume of the broth was 11 liters. Silicone antifoam (Dow
Corning, Midland, MI) was diluted to a 17 emulsion and sterilized by
heating 20 min at 121 C. Antifoam was added directly to the fermen-
tation broth as needed from a reservoir connected to the fermenter.
Temperature of the fermentation broth was maintained at 30x0.5 C.
Fermentation broth was removed from the fermenter for analysis
using a sampling line located in the headplate of the fermenter.
The volume of the sampling line was ca. 24 ml. The broth was forced
out of the fermenter by pressurizing the headspace in the fermenter.

Batch 2 fermentation The batch 2 fermentation was conducted

in a 7-liter fermenter (New Brumswick Scientific Co., Inc., New
Brunswick, NJ). Air flow was kept at 1 vvm. The volume of the
fermentation broth started at 5.7 liters and was at least 3.7 liters

at the end of the fermentation. Agitation was maintained at 500 rpm
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except during the period between 10 and 25 hr after inoculation.
During that period, the agitation was increased to 800 rpm as it
was for the batch 1 fermentation.

Air sterilized by passage through a glass wool filter was hu-
midified by bubbling it through 2 glass cylinders containing sterile
distilled water before being dispersed into the fermentation broth.
Both glass cylinders containing the water and the fermenter were
immersed in a water bath whose temperature was maintained to give a
fermentation-broth temperature of 30£0.5 C (Figure 3). The glass
cylinder held a maximum of 1000 ml of water. Approximately 250 ml
of distilled water was replaced per day.

Liquid broth samples were pumped out of the fermenter through
a sampling line having a volume of ca. 2 ml.

Continuous fermentations Continuous fermentations were con-

ducted in a 7-liter fermenter which was also used for the batch 2
fermentation. The fermentation set-up is represented in Figure 3.
The air used in aerating the culture was filtered and humidified as
discussed for the batch 2 fermentation, before being dispersed into
the fermentation broth at a flow rate of ca. 1 vvm. The volume of
the fermentation broth was maintained constant at a given dilutiomn
rate; but it was greater at the higher dilution rates, varying from
3.6 to 3.9 liters. The volume was determined from the height of the
liquid in the fermenter when the stirring and aeration were turned

off.



Figure 3.

Schematic dlagram of equipment sep-up for single-stage continuous
fermentations. 1, feed reservoir; 2, burette for flow measurement;

3, peristaltic pump heads; 4, water break (Drew, 1981); 5, air break
(Drew, 1981); 6, valve; 7, air-flow rotometer; 8, air filter; 9, air
humidification columns; 10, sterile water reservoir, 11, 7-liter
fermenter; 12, pump; 13, hooded sampling ports (Balley and 0llis, 1977);

14, effluent reservoir; 15, constant-temperature water bath
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A peristaltic pump (Cole-Parmer Instrument Co., Chicago, IL)
was used to meter sterile medium into the fermentation broth. Flow
rates were maintained between 1 to 20 ml/min depending on the dilu-
tion rate. Connections between amber or black rubber tubing were
facilitated with glass tubing. The volumetric flow rate was deter-
mined in quadruplicate as the time required to pump between 2 and 8
ml of sterile broth from the 10-ml pipet (Figgre 3). The flow rate
was checked several times each day and adjusted as needed.

A water break and air break were inserted in the feed line down-
stream from the peristaltic pump (Figuie 3). This was done to pre-
vent back-flow contamination of the feed reservoir by the fermen-
tation vessel (Drew, 1981). The air for the air break was filtered
using glass wool and bubbled in a glass cylinder containing sterile
distilled water before entering the air break at a pretreatment flow
rate of ca. 4 standard liters per minute (Figure 3).

Two liquid withdrawal lines were operated simultaneously. One
withdrawal line was submerged below the surface of the liquid in the
fermenter. Broth samples were obtained from this line using the
hooded sampling port. The other withdrawal line with its opening
located at the surface of the liquid in the fermenter was operated at
several-fold greater volumetric rate than the feed rate of the ster-
ile broth.

After a steady state was obtained, fermentation broth was re-

moved from the fermenter through a sampling line located in the
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headplate of the fermenter immediately after turning off the with-
drawal and feed pumps. The volume of the sampling line was ca. 24
ml. The broth was forced out of the fermenter by pressurizing the

headspace in the fermenter.

Analysis

Sampling of fermentationms

At each sampling time for the batch 1 fermentation, ca. 100 ml
of fermentation broth were removed from the fermenter through the
sampling line. The first 40 ml collected were discarded. Two
equal portions of the remaining ca. 60 ml of fermentation broth were
collected directly from the sampling line into two 150-ml sterile
dilution bottles, which were then kept in an ice bath.

At each sampling for the batch 2 fermentation, the first 12 ml
of fermentation broth collected were discarded. Immediately follow-
ing this, 40 or 80 ml of broth were collected into a sterile 150-ml
dilution bottle, which was then kept in an ice bath.

For each steady state continuous fermentation, the first ca. 150
ml of fermentation broth collected were discarded. Immediately fol-
lowing this, ca. 320 ml of broth were collected in 4 equal portioms
into 4 sterile 150-ml dilution bottles, which were then kept in an
ice bath.

Microscopic cell count and viable cell count followed imme-—

diately. The yeast biomass was separated from the broth by
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centrifuging at 60 X g for 10 min or filtering with 0.45 um mem-
brane (Millipore Filter Corp., Bedford, MA) or both. The cells
which were isolated for cellular nitrogen determination were first
sedimented by centrifuging between 5 and 40 ml of fermentation
broth. The pellet obtained by centrifuging the broth was then
washed twice with distilled water and resedimented between each
washing by centrifuging the cell suspension. The cell-free fermen-
tation broth and supernatant fluid resulting from the washings were
combined and analyzed for extracellular nitrogen. If centri-
fuging did not completely sediment the cells, the supernatant fluid
was filtered through a 0.45 um membrane. The lipid content was
determined by assaying the filter cake used for the cell dry weight
determination or the pellet obtained from centrifuging the fermen-
tation broth or both. For this assay, the pellet was not washed.
If centrifuging did not completely sediment the cells, the super-
natant fluid was filtered. The separated cells and cell-free broth
were frozen for later analysis of lactose, nitrogen and lipid con-
tent. The filter cake used for cell dry weight determination was

stored in a desiccator for later analysis.

Steady state determination

The effluent from the continuous fermentations was sampled
periodically at a frequency determined by the dilution rate. The
broth was diluted to give an absorbance at 540 nm of less than 0.4.

The continuous fermentation was considered to be at a steady state
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if the absorbance remained constant over % fermenter volume

replacement.

Viable cell counts

Viable cell counts were conducted only for the batch 1 fermen-
tation and were performed by spread plating serially diluted fermen-
tation broth as described by Koch (1981). The broth was diluted
with sterile, distilled water. The yeast were incubated in Petri
plates containing the same medium used in maintaining this strain.
An incubation period of 2 to 4 days was required for the colonies to

become visible.

Microscopic cell counts

Microscopic cell counts were performed on a hemacytometer cell
counting slide (American Scientific Products, McGaw Park, IL). The
fermentation broth was appropriately diluted to give cell counts of,
at most, 3 cells per smallest square. Only whole cells were counted.
The counting chamber consisted of 25 large squares each containing
16 of the smallest squares. Cells were counted in 9 of these large

squares, and the results were averaged and calculated as

# cells _ _ # cells 2.5x105 large squares (8)
ml large square ml

The percentage of budding cells was determined as the average of the
percentage of budding cells in each of the 9 large squares which had

been counted for whole cells.



32

Nonfilterable dry weight

Between 3 and 40 ml of fermentation broth were filtered through
a 0.45 ym membrane (Millipore Filter Corp., Bedford, MA) with the
aid of a 1/6-horsepower vacuum pump (General Electric). The filter
cake was washed twice with 1.0 ml of distilled water that had been
filtered through a 0.22 um membrane (Millipore Filter Corp., Bedford,
MA). The weight of the membrane with and without the filter cake
was determined after drying it at 60-70 C at ca. 29" of Hg vacuum
for at least 12 hr. The nonfilterable dry weight concentration was
determined as the difference between these two weights divided by

the volume of fermentation broth filtered.

Lactose
This assay is based on a modification of the colorimetric assay

for lactose issued for lactase isolated from Saccharomyces fragilis

(Sigma Chemical Co., 1983). The assay is divided into two parts.
The first part consists of the hydrolysis of lactose by lactase over
a predetermined time interval. In the second part, the oxidation of
glucose by glucose oxidase is coupled using peroxidase to the forma-
tion of a colored‘compound from o-dianisidine. The intensity of
color formed measured as‘absorbance at 450 nm is proportional to the
glucose concentration.

The assay was modified by including a lactase activator solution,
and a higher activity of lactase at 1 unit/ml in the lactose-

hydrolysis solution (Kurz and Wallenfels, 1974). Components of the
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media excluding lactose and antifoam were added with the lactose
standard (Table 4) to account for the effect of the nonlactose media
constituents on the activity of lactase. These components are re-
ferred to as dilution salts in Tables 4 and 5. The lactose standards
were prepared gravimetrically from B-lactose (Sigma Chemical Com-
pany, St. Louis, MO) which had been dried at 90-100 C for 3 days at
ca. 29" of Hg vacuum.

The formulations of the various reagent solutions used in the
lactose hydrolysis step are summarized in Table 5. The procedure for
the hydrolysis step is summarized in Table 4. When assaying for lac-
tose, the fermentation broth was diluted 1 to 1, 1 to 3, 1 to 10, or
0.7 to 25 (v/v) depending on the concentration of lactose in the
broth. This was done to give a lactose concentration in the hydrol-
ysis solution of 0.75 g/l or less.

Analysis for the glucose released during the hydrolysis of lac-
tose was accomplished by adding 0.1 ml of the final lactose~hydrol-
ysis solution to 3.0 ml of ice-chilled Glucostat (Sigma Chemical
Company, St. Louis, MO). The absorbance of the mixture at 450 nm
was determined after incubating the mixture 45 to 75 min in a 20 C
water bath (Sigma Chemical Co., 1982). The blanks from the hydrol-
ysis step (Table 4) were treated in this same fashion. Lactose
standards were analyzed along with fermentation broth samples to
minimize the effect of storage time on the activity of lactase and

glucostat.



Table 4. Volumes, reagents and the steps used in enzymatic hydrolysis of lactose®

Reagents
and Sample Standard
Instructions Sample blank Standard blank

To labeled test tubes, add:
phosphate buffer 0.2
lactase activator 0.1
distilled wate 0.1
dilution salts - - 0.1
lactase 0.1 - 0.1 -

Place in 37cC bath, add:
sample 0.8 0.8 - -
lactose standard - - 0.8 0.8

Mix by hand by vortexing

Time 29 min., 55 sec., then add:
perchloric acid 0.3 0
lactase - 0

Mix by hand vortexing and

Store in ice bath

%fhe final volume of the lactose hydrolysis solution is 1.6 ml.

bDilution salts are diluted 1 to 1, 1 to 3, 1 to 10 or 0.7 to 25 (v/v), to simulate
assaying for lactose in media which is diluted by the same respective factors.

cAppropriately prepared fermentation broth is diluted so that the lactose concen-
tration in the sample is less than 1.5 g/l.

7€
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Table 5. The formulations of the reagents used in the enzymatic

hydrolysis of lactose

Component solution

Formulation

Phosphate buffera

Dilution saltsb’c

Lactase activator

£
Lactase

Perchloric acida

0.530 M Na,HPO

0.171 M KH2P0

30.6
20.0

8.0
24.0

12.7

8.33
8.33

2 4
4

g/l yeast extractd
g/l KH,PO,

g/1 MgsSo 4" 70 .
g/1 KHphthalate
g/l yeast extractd
g/l KH,PO,

g/1 MgSO 4" TE0

16 unit/ml lactase in 50% glycerol

3.5% perchloric acid

aSigma Chemical Co., 1982.

pr adjusted to pH 5.5 with 50% NaOH.

®One milliliter of dilution salts contains the same mass of each
of the major constituents contained in 8 ml of media, excluding lactose

and antifoam.

dDifco Laboratories, Detroit, MI.

ePotassium hydrogen phthalate, acidometric standard, Fisher

Scientific Co., Pittsburgh, PA.

£ . . . . . .
This activity-concentration gives approximately 1l unit/ml of lac-
tose in the lactose-hydrolysis solution, as recommended by Kurz and

Wallenfels (1974).
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The concentration of lactose in the fermentation broth, L (g/1),
was calculated as
L= (DF)(A

) conc. of lactose std.

a

450,5 ~ *450,58 — ;
450,L ~ #450,18

(9)

where DF is the dilution factor used in preparing the fermentation

broth for the assay, is the absorbance at 450 nm for the sam-

8450,8

ple,A.4 is the absorbance of the sample blank, A4 is the

50,SB 50,L

absorbance of the lactose standard, and A450 1B is the absorbance of
’

the lactose-standard blank.

Lipid content

The analysis for 1lipid content is a modification of the alco-
holic-KOH extraction method of Moon et al. (1978). The maximum ratio
of cells to alcoholic KOH was 250 mg cell dry weight to 10 ml 12%
alcoholic KOH. The reaction mixture was held at 2-5 C overnight and
then heated to 70 C for about 4 hr. The fatty acid potassium salts
were extracted by vortex-mixing of the digested cells with 3 to 5 ml
of distilled water. This extraction was repeated until foaming was
not observed upon further mixing of the digested cells and water.

The water extracts were combined and acidified with 12 N HC1l to a pH
less than one, and then extracted with ca. 10 ml distilled hexane
three times. The hexane extracts were filtered through a Whatman #40
filter paper presoaked with hexane. After each filtration, the
filter paper was washed with ca. 2 ml of hexane. The combined hexane

extracts were again filtered in this same fashion and collected into
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tared 50-ml beakers. The hexane in the beakers was evaporated at
50 to 60 C, heated with a rheostat-controlled hot plate, under a
light stream of nitrogen 0.5 hr beyond the apparent removal of
hexane. The beakers were covered with aluminum foil during this
time to prevent the inclusion of dust into the sample. After the
hexane was evaporated, the beakers were weighed until constant
weights were obtained. Between weighings, the beakers were re-
turned to the hot plate set at 35 to 45 C.

The concentration of the 1lipid in the fermentation broth was
calculated as the difference between the final weight and the tare
weight of the beaker, divided by the volume of the fermentation

broth from which the cells were obtained for this analysis.

Cell and extracellular nitrogen -

Nitrogen was determined based on a Kjeldahl procedure for the
analysis of nitrogen in beer (A.0.A.C., 1980). The sample size was
varied from 5 to 40 ml of fermentation broth; preferentially 20 ml
were used. Digestion was initiated with 3 ml of conc. HZSO4 and 5
gm of catalyst. This resulted in the removal of water as indicated
by the formation of a black sludge-like foam. The remaining 21 ml
of conc. HZSO4 were then added. The digestion was continued 0.5 hr
beyond clearing. The Kjeldahl flasks containing the digested sam-
ples were corked and stored at room temperature.

Distillation was carried out in a modified distillation unit.

A rubber stopper which sealed the Kjeldahl flask to the condensing
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column was modified by inserting a small glass tube through it. A
drying tube attached to the glass tubing by means of Tygon tubing
aided in adding based directly to the contents of the Kjeldahl
flask while the flask was connected to the condensing column. After
the addition of base was complete, the Tygon tubing could be clamped
shut. This modification was implemented to eliminate the loss of
ammonia nitrogen during the addition of liquid base.

Sixty milliliters of 50% NaOH were added drop by drop with the
flask set in the adjacent porcelain base. The Tygon tubing was
clamped shut after all but a small portion of the base was added.

The flask was gently, then more vigorously swirled. The flame

under the flask was lit and kept as low as practical such that 90 to
100 ml of distillate were collected in 1 to 2 hr. The distillate
was collected ia a flask containing an accurately measured volume

of 0.025 N HC1 of around 40 ml. The unreacted acid was back titrated
with 0.025 N NaOH using 0.5% N NaOH with 0.57 alcoholic methyl red
as the indicator. The normalities of the acid and base solutioms
were determined according to the procedure of Ayres (1968).

The concentration of nitrogen in the sample, N (g/1l), was deter-
mined as

_ml HCl - (ml NaOH) (A/B) NHCl1 mol N 14 g
ml sample 1 mol HC1 mol N

N (10)

where ml HCl1 is the volume of acid measured into the receiving flask,

ml NaOH is the volume of base required to neutralize the unreacted
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acid, A/B is the acid to base normality ratio, N HCl is the normality
of the acid, and mol N is moles of nitrogen which has a molecular

weight of 14 g/mol.

Numerical analysis

The batch fermentation model was a set of ordinary, first order,
simultaneous differential equations. This set of equations was inte-
grated numerically with a set of parameter estimates using the
I.M.S.L. subroutine DGEAR (I.M.S.L., 1982). The continuous fermen-
tation kinetic model was however simply an algebraic set of equa-
tions obtained from a mass-balance of the fermenter.

The parameter estimates providing the best fit by either mod-
el of their respective fermentation data were determined using a
simplex-pattern search procedure (Carpenter and Sweeney, 1965; Fan
et al., 1969). The function which the search procedure minimized
was the sum of the normalized residual sum of squares between the
model predictions and the observed concentrations of the fermentation
broth constituents: extracellular nitrogen, cellular nitrogen, lac—
tose, lipid, and nonlipid biomass. The residual sum of squares ob-
tained from fitting the concentrations of each constituent was
normalized by dividing each residual sum of squares by the respec-
tive average standard deviation of the largest measured concen-

trations of the respective constituent.
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RESULTS AND DISCUSSION

Development of Assays

Lactose assay

Hettinga et al. (1970) developed an assay for lactose in
which lactose was first hydrolyzed by a combination of heat and
acid. The glucose released by this treatment was assayed enzy-
matically using glucostat (Worthington Biochemical Corp.,

Freehold, NJ). Their lactose assay was used by Moon et al. (1978)
to follow the disappearance of lactose in batch fermentations of
C. curvata D and R. But because acid and heat can also hydrolyze
glucose~containing carbohydrates other than lactose, the method of
Hettinga et al. (1970) can not correctly determine the lactose
concentration if other glucose-containing carbohydrates are also
present in the sample of cell-free broth being analyzed. This type
of interference could have occurred in samples analyzed by Moon et
al. (1978), since these authors reported that these yeast strains
produced a soluble, extracellular, nondialyzeable slime during the
first 20-30 hr of the fermentations. Therefore, enzymatic hydrol-
ysis of lactose seemed to be a more accurate method to measure the
concentration of lactose in the fermentation broth of C. curvata D.

Enzymatic hydrolysis of lactose was done initially according to
the procedure outlined in the technical bulletin accompanying the
lactose ordered from Sigma Chemical Company (Sigma Chemical Co.,

1983). In evaluating the accuracy of the assay, the concentration
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of lactose was known in both the diluted fermentation broth and

the lactose standard solutions. Examination of these results indi-
cated that lactose from the standard solutions was hydrolyzed to a
lesser extent than was lactose assayed from the diluted fermentation
broth.

These results indicated that it was necessary to evaluate the
effect of the three major components of the broth, MgSOA°7H20,
KHZPO4 and yeast extract (Difco Laboratories, Detroit, MI), for
their possible combined effect on the activity of lactase during
the hydrolysis of lactose. Therefore, the concentration of these
components were varied in the lactose hydrolysis solution; however
the weight to weight ratio of these three components were kept the
same as that in the original medium. Because the weight to weight
ratio was kept constant, the effect of these three components on the
activity of lactase was simply expressed in Figure 4 in terms of the
concentrations of Mg504'7H20 in the solution.

Above concentrations of ca. 0.2, 0.5, and 0.76 mg/ml of
Mg804°7H20, KHZPOA’ and yeast extract, respectively, the activity of
lactase increased slightly (Figure 4). This may have resulted from
the effect on the activity of lactase from a decrease in the buffered
pH of the hydrolysis solution. The high concentrations of yeast
extract and KH,PO

2774

resulted in the decrease in the buffered pH.

relative to the molarity of the buffer could have

But the observed increase in lactase activity up to concentra-

tions of ca. 0.2, 0.5, and 0.76 mg/ml of MgSO *7H,0, KH,PO,, and

4



Figure 4.

Extent of hydrolysis, as determined by absorbance at 450 nm, of lactose
standards by lactase as affected by various concentrations of MgSO4°7H20:KH2P04:
yeast extract in a fixed ratio of 1:2.5:3.8 (w/w), respectively. Lactose
standards of 0.59 g/1 ({/) and 0.50 g/1 (A); (NH4)2SO4 substituted for

Yeast Extract and lactose standard at 0.50 g/l (0J). Concentrations based on

final reaction volume of lactose-hydrolysis solution
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yeast extract, respectively, can be more reasonably attributed to
activation of the lactase by one or more of the three added compo-
nents (Figure 4). Yeast extract and <NH4)ZSO4 were found to be inter-
changeablé, indicating yeast extract was not responsible for acti-
vating lactase (Figure 4). Potassium ion (K+) has been reported to

activate lactase obtained from Saccharomyces lactis (Sprossler and

Plainer, 1983). But the buffer used in this assay contains a con-
siderable amount of Kf. This suggests that magnesium ion might be
the potential activator of the lactase used in this study. The
lactase activator was not however identified.

From the results observed in Figure 4, MgSO °7H20, KHZPOA’ and

4
yeast extract were incorporated into the lactose-~hydrolysis solu-
tion at the final-volume concentrations of 0.21, 0.52, and 0.79
mg/ml, respectively. These concentrations were chosen in order to
eliminate the lactase-activating effect of the ions. High concen-
trations of these three components in the hydrolysis solution were
observed however to increase to some extent the activity of lactase
(Figure 4). To overcome this, lactose standard curves were run
simulating the diluting of media 1 to 1, 1 to 3, 1 to 10, and 0.7
to 25 (v/v). These dilution simulations were accomplished as de-
scribed in the Materials and Methods, by adding appropriate amounts
of the major constituents of the media, excluding lactose and anti-

foam, to the hydrolysis solution. The effect of the four dilution

simulations are observed from the extent of the hydrolysis of four
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concentrations of the lactose standard (Figure 5). As anticipated
from Figure 4, dilution simulations of 1 to 1 and 1 to 3 (v/v)
slightly increased the activity of lactase. This is evidenced in
Figure 5 from the slightly steeper slopes of the plot of absorbance
vs. lactose concentration. But dilution simulations of 1 to 10 and
0.7 to 25 (v/v) were not observed to have any difference in their
effect on the activity of lactase. Figure 6 compares the results
from Figure 4 and 5. From this comparison it was concluded that the
inclusion of dilution salts in the lactose-hydrolysis solution when
assaying the lactose standard was only necessary for dilution simula-

tions of 1 to 1 and 1 to 3 (v/v).

Corrections for the volume changes in the batch 1 fermentation

Because the air used in aerating the batch 1 fermentation was
not humidified prior to being dispersed into the broth and because
the run was conducted in January, the incoming air was estimated to
have a relative humidity of 20% at 20 C. And because of the dis-
persion and breakup of the air bubbles in the fermentation broth, the
air exiting the fermenter was estimated to be at 30 C with a relative
humidity close to 100%. From this analysis, it was evident that the
contents of the fermenter were being concentrated by the removal of
water by evaporation.

Combined with the volumetric air flow rate, the amount of water
removed by the aeration of the culture could be estimated. During

the first 25 hr of the fermentation, ca. 510 ml of 1% silicone



Figure 5. Standard curves for the lactose assay as affected by simu-
lating the dilution of fermentation broth. Dilutions of
1tol (), 1to3 (A), 1to10 (Q) and 0.7 to 25 (O).
Concentrations based on final reaction volume of lactose-

hydrolysis solution
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Figure 6. Comparison of the effect of the dilution simulations with the effect of:
varying MgSOA'7H20:KH2P04:Yeast Extract (1:2.5:3.8, w/w) on the hydroly-
sis by lactase of standard lactose at 0.5 g/l. Results from Figure 4 A\,

and Figure 5 (O)
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antifoam were added to the broth. Combining these two factors, the
change in the volume of the broth could be estimated between sam-
lings of ca. 100 ml of the broth. The volume-concentration cor-
rection factor was calculated as the ratio of the estimated volume
of the broth just after sampling to the estimated volume just
before the next sampling. The cumulative volume-concentration cor-
rection factor at a particular sampling time was the product of all
previous volume-concentration factors up to that time of sampling
(Figure 7). It can be observed in Figure 7 that for the first 30 hr
the volume of water evaporated roughly balanced the volume of anti-
foam added. After the first 30 hr, the evaporation of water is ob-
served to concentrate the contents of the broth by as much as 12%

by the end of the fermentation.

Correction of the nonfilterable dry weight concentrations

For the batch 2 fermentation, two shake flasks were prepared
identically and simultaneously. The first was used to inoculate
the fermenter and the second was analyzed for microscopic cell count,
nonfilterable dry weight, lipid, and cellular and extracellular ni-
trogen. The results from the analysis of the second flask are
summarized in Table 6 under FO. Two flasks were used because the
entire volume of broth in one of the flasks was used to inoculate the
fermenter.

Five minutes after inoculation, the fermentation broth was sam-

pled. The results of this analysis are summarized in Table 6 under



Figure 7. The cumulative volume concentration factor resulting from
addition of antifoam and evaporation of water from the

fermentation broth of batch 1 fermentation
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Table 6. The comparison of the observed fermenter biomass concen-
trations 5 minutes after inoculation (Fl), with the
estimated concentration (ﬁi), based on the inoculum con-
centration (FO) and using the dilution factor of 20 ml

of inoculum into 5700 ml of fermentation broth.

Assay FO fﬁ Fl

. 8 6 6

Microscopic 4.0x10 /ml 1.4x10 /ml 1.4x10" /ml
cell count

Nonfilterable 4.43 g/1 0.0155g/1 0.16 g/1
dry weight

Cellular 0.277 9.7x10™ -
nitrogen

Extracellular 0.151 - 0.398
nitrogen

Lipid 0.30 1.1x10° -
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Fl. It was assumed that the two shake flasks cqptained identical
concentrations of cellular and extracellular constituents and that
these concentrations did not change appreciably in the first 5 min
in the fermenter after inoculation. Based on these assumptions,
the concentrations in the fermenter were estimated from the concen-
trations of the shake flask using the volumes of the inoculum and
the fermentation broth (20 ml and 5700 ml, respectively). These
estimated concentrations are shown in Table 6 under f&.
Examination of Table 6 indicates that the estimated and meas-
ured microscopic ceil count are in agreement. But the estimated
and measured nonfilterable dry weight concentrations differ by a
factgr of ca. 10. This indicated that at least initially the non-
filterable dry weight concentration in the fermentation broth did
not correctly indicate the biomass concentration. Therefore it
seemed reasonable that nonfilterable noncell solids in the broth
were interfering in the determination of the biomass concentratioms
using nonfilterable dry weight analysis. These nonfilterable non-
cell solids may have been soluble or suspended solids originating
from the media. Based on Table 6, the concentration of the non-
filterable noncell solids was estimated to be 2.8 mg in 20 ml of
fermentation broth. The corrected and uncorrected nonfilterable
dry weight concentrations are compared for the first 20 hr in
Figure 8. Only the nonfilterable dry weight concentrations from

the first 10 hr were significantly affected.



Figure 8. Comparison of the nonfilterable dry weight concentra-
tions uncorrected and corrected for the nonfilterable
noncell solids in the fermentation broth. Uncorrected
(/) and corrected ( O ) nonfilterable dry weight

concentrations
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The same procedure was used in inoculating the batch 1 fermen-
tation. The initial microscopic cell counts were observed to be
roughly the same for both fermentations (1&3)(106/ml and
1.6 )(106/ml for batch 1 and batch 2 fermentations, respectively).
Because of these points, it was felt that the time~traces for the
nonfilterable dry weight concentrations would also be reasonably
similar between the two fermentations. Based on this, the concen-
tration of the nonfilterable noncell solids in the batch 1 fermen-
tation broth could be estimated as 1.8 mg in 20 ml of broth, simi-
lar to that estimated for batch 2. The time-traces of the cor-
rected nonfilterable dry weight concentrations for both fermen-
tations are compared in Figure 9 and observed to be in good agree-
ment. The corrected nonfilterable dry weight concentrations were
considered to correctly indicate the total biomass concentrations

in the fermentation broth.

Examination of C. curvata D in Batch and Continuous Fermentationms
In order to develop a substantive kinetic model of growth and
lipid accumulation for C. curvata D, it was necessary to examine in
some detail batch fermentations of this yeast. Additional informa-
tion on the kinetics was sought by analyzing the effect of dilution
rate on the growth and 1lipid accumulation of this yeast in single-

stage continuous fermentations. Because the overall kinetics of the
yeast would be the same regardless of the fermentation system, and

batch and continuous fermentations each provided a different



Figure 9.

The nonfilterable dry weight conceﬁtrations cor-
rected for the nonfilterable noncell solids in
the fermentation broth as obtained for the two
batch fermentations. Corrected nonfilterable
dry weight concentrations from batch 1 (A}

and batch 2 (O ) fermentations
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perspective of these same kinetics, the kinetics of this yeast
would be elucidated more effectively by analyzing both fermentation

systems.

Batch fermentations

Two batch fermentations, batch 1 and batch 2, were conducted in
which the concentrations of the major constituents of the yeast
biomass and the media were monitored frequently for over 90 hr.

For batch 1, pH and the concentrations of lactose (L), extra-
cellular nitrogen (N), total biomass, and lipid (Xf) were monitored
starting just after the inoculation of the fermenter (Figure 10).
In order to better understand the growth of the yeast, the concen-
tration of nonlipid biomass (XS) was recorded in Figure 10 rather
than the concentration of total biomass. The concentration of non-
lipid biomass is the difference between the concentratiomns of total
biomass and lipid.

General trends can be observed in batch 1 for growth and lipid
accunulation of this yeast. In the first 13 hr, most of the cel-
lular uptake of nitrogen occurred. Although Xs is observed to in-
crease during this period, changes in Xf and L are not however
readil& evident. The pH is observed to go through a peak, evi-
dently corresponding to the cellular absorption of nitrogen.

From 13 to 25 hr, most of the accumulation of nonlipid bio-

mass was completed. Significant cellular uptake of lactose also

occurred. Accumulation of lipid was more evident during this



Figure 10. Changes in the concentrations of the major components of the fermentation
broth and biomass for batch 1 fermentation. pH(@®); concentrations of
lactose, L(Q), extracellular nitrogen, N(Q), nonlipid biomass, XS(A),

and lipid, xf(V)
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period. Additional cellular uptake of nitrogen seemed to occur.
However the pH was fairly comstant.

From 25 to 65 hr, most of the lipid accumulated. Lactose was
exhausted by the end of this period, evidently terminating lipid
accumulation. Some increase in XS occurred during this period, but
no additional cellular uptake of nitrogen seemed to occur. The

decrease in pH seems to correspond to the increase in X But

£
after 65 hr, only pH is observed to change increasing to some
extent.

These same trends for pH, L, N, Xs and Xf are also observed
for batch 2 fermentation (Figure 11). Although the data for N
differ in absolute concentration between the two fermentatioms,
the change in concentrations from the beginning to the end of each
fermentation is reasonably similar for the two fermentatioms.

In comparing the two fermentations, the ratio of X_ to Xs

£
(Xf/XS) suggests that accumulation of lipid in batch 1 lagged by
ca. 3 hr behind that in batch 2 (Figure 12). At the end of the
fermentations, Xf/Xs for batch 2 seems slightly greater than that
for batch 1. This can be attributed to the combination of the
slightly greater final concentrations of nonlipid biomass observed
in batch 1 and the similar final concentrations of 1lipid for both
fermentations. Considering the overall patterns of the two fermen-

tations, these two batch fermentations can be considered reasonably

similar.



Figure 11. Changes in the concentrations of the major components of the fermentation
broth and biomass for batch 2 fermentation. pH(®); concentrations of
lactose, L(QO), extracellular nitrogen, N(OO), nonlipid biomass, XG(A),

and lipid, xf(V)
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Figure 12.

Changes in biomass concentrations during the batch fermentations.
Batch 1 (hollow symbols) and batch 2 (solid symbols) fermentations;
concentrations of nonlipid biomass, XS(D,I }; microscopic cell
count, MCC(A, A ); viable cell count, VCC(O); ratio of lipid to non-

lipid biomass, Xf/XS(V, v)
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In batch 2, the concentration of cellular nitrogen (Nx) was
also monitored (Figure 13). Lundin (1950) first showed that the
percentage of nonlipid biomass as nitrogen in an oleaginous yeast
correlated with the respiration rate of the nonlipid biomass. He
considered that this correlation resulted because most of the cel-
lular nitrogen was biologically active as cellular enzymes. Al-
though nucleic acids contribute a portion of the cellular nitrogen,
most of the cellular nitrogen in yeast seems to be contributed by
protein (Almazan et al., 198l). Based on the concept that cel-
lular nitrogen concentration was proportional to the cellular
enzyme concentration, the specific rates of uptake or accumulation
could be expressed with respect to Nx' These specific rates of
change of a particular constituent at a particular time were calcu-
lated by dividing the slope of a line tangent to the plot of the
concentration of that constituent vs. time, by the concentration of
cellular nitrogen at that particular time. The specific rates were
estimated from the data of the batch 2 fermentation because Nx was
only monitored in that batch fermentation. But since the two batch
fermentations are reasonably similar, the observed trends can be
interpreted as applying in general to batch fermentations of this
yeast under the conditions of this study.

In both batch fermentations, the major increases in Nx, X,

s

and Xf seemed to be somewhat sequential. This has also been ob-

served to occur in batch fermentations of other oleaginous yeast



Figure 13. Transfer of nitrogen from the fermentation broth to the biomass during
batch 2 fermentation. Concentrations of total nitrogen, Nx + N(O),

extracellular nitrogen, N([1), and cellular nitrogen, NX(ZS)
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(Enebo et al., 1946; Kessel, 1968; Yamauchi et al., 1983).

But other studies indicated that not all oleaginous yeast
in a batch fermentation behaved as observed here. In several
cases, the major increases in Xs and Nx seemed concurrent rather
than sequential (Misra et al., 1984; Yoon et al., 1982). 1In these
fermentations, the period of the increase in XS and Nx preceded

and overlapped to some extent the period of the increase in X In

£
another case, it was observed that the major increases in Nx’ Xs’

and Xf were largely concurrent as indicated by the relatively con-

stant lipid content in the biomass (50-707%) throughout the fermen-
tation (Pedersen, 1961). The concurrence of the major increases

£ evidently resulted because of that yeast's very
slow maximum growth rate (Ratledge, 1978).

of N, X, and X
X’ s

With this backdrop of diversity in the general trends of
oleaginous yeasts in a batch fermentation, the batch fermentations
of this study will be further evaluated.

Cellular and extracellular nitrogen Most of the utilizable

extracellular nitrogen was taken up by the cell in the first 13 hr.
A semilog plot of Nx and the difference between the total nitrogen
concentration (No) and N suggests that uptake of nitrogen was rapid
initially with Nx increasing from 2~11 hr at an expomnential rate
of ca. 0.32 1/hr (Figure 14). The rapid uptake of nitrogen ob-
served for this yeast may contribute to this yeast's ability to

out-compete other microorganisms in a mixed-culture, nitrogen-



Figure l4.

Changes in biomass concentrations during the growth
phase of batch 2 fermentation. Concentrations of
nonlipid biomass, Xs( O0), and cellular nitrogen,
Nx( /\); the difference between the initial total
nitrogen and the extracellular nitrogen concen-

trations, No - N( O ); microscopic cell counts,

Mcc( V)
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limited batch fermentation (Hammond et al., 1981).

The ratio of the change in Xs to the change in Nx @ﬁXSA&NX)
suggests that for the first 7 hr, uptake of nutrients was primarily
that of nitrogenous compounds such as amino acids. This is based
on observiﬁg AXSA&NX to be ca. 5.4 for the first 7 hr; this value
is similar to 5.9 which is estimated to be the mass ratio of pro-
tein to nitrogen for yeast protein (Moon et al., 1978; Zabriskie
et al., 1980). The effect of the uptake of predominantly nitrog-
enous compounds is evident in the approach of the ratio of Xs to Nx
(Xs/Nx) to ca. 6 in the first 7 hr (Figure 15).

Assuming a mass to nitrogen ratio of 5.4 for nitrogenous com-
pounds, the percentage of nitrogenous compounds in the nonlipid
biomass can be estimated to range from 50 to 907 during the first
11 hr of a batch fermentation. In comparison, when R. glutinis has
been cultivated for protein, ca. 627 of the nonlipid biomass was
estimated as protein (N X 6.25) (Lundin, 1950). At the end of the
batch fermentation of this study, ca. 137 of the nonlipid biomass
can be estimated to be nitrogenous compounds based on observing ca.
42 for xs/Nx (Figure 15). This final value of 13% is similar to the
estimated protein (N ¥ 6.25) content of the nonlipid biomass for
other oleaginous yeast at the end of batch fermentation (Table 7). -
Thus, the percentage of nonlipid biomass of C. curvata D estimated
as nitrogenous compound is observed to change dramatically over the

course of a batch fermentation.



Figure 15. Changes in cell composition during batch 2 fermentation. Ratio of nonlipid
biomass to microscopic cell count, XS/MCC(O); ratio of nonlipid biomass to

cellular nitrogen, XS/NX(D); ratio of lipid to nonlipid biomass, Xf/Xs(A)
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Table 7. Values reported at the end of batch fermentations of oleag-
inous yeast of the ratio of cell protein to nonlipid bio-
mass (xp/Xs) and the ratio lipid to nomlipid biomass (Xf/XS)

Species Xp/xs Xf/XS Reference
Candida curvata D 0.22 1.3 Moon et al., 1978
Candida curvata R 0.18 1.0 Moon et al., 1978
Cryptococcus terricolus 0.10 2.0 Pedersen, 1961
Hansenula ciferri 0.13 0.25 Hopton and Woodbine, 1960
Hansenula saturnus 0.12 0.33 Hopton and Woodbine, 1960
Lipomyces starkeyi 0.23 0.58 Roy et al., 1978
Rhodotorula glutinis 0.31 0.67 Allen et al., 1964

0.30 1.5 Enebo et al., 1946

0.25 0.58 Hopton and Woodbine, 1960
0.26 1.0 Lundin, 1950

0.27 1.1 Yoon et al., 1982

Trichosporon cutaneum 24 0.19 0.25 Moon et al., 1978

Trichosporon cutaneum 40 0.25 0.82 Moon et al., 1978

aI-’rotein = N X 6.25.
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During the period of rapid cellular uptake of nitrogen (the
first ca. 11 hr of batch fermentation), the pH of the buffered
fermentation broth was observed to increase (Figures 10 and 11).
Utilizing the mass balance on the buffer and the Henderson-
Hesselbach equation, the molarity of a protonated form of the

buffer, [acii], can be estimated at various pHs as follows

[acid] = [butfer] 10°X = PH/(1 4+ 107K - PH) (11)
where [buffeﬁj is the molarity of the buffer, and pK is the pH at
which equimolar concentrations of the protonated and corresponding
unprotonated form of the buffer exist. The molarity of the buffer
was estimated to be 15 mM and the pK for the combination of mono-
and dibasic o-phthalate was given as 5.51 (Weast, 1974). Using the
change in pH from 5.5 to a peak of 5.9, a decrease of 3.6 mM of
monobasic o-phthalate coul& be calculated. This coresponded to a
decrease of ca. 0.16 g/l of extracellular nitrogen or ca. 8.4 mM of
amino acids. This assumes that the uptake of nitrogen represented
the uptake of amino acids of an amino acid profile similar to that
of yeast extract as reported by Zabriskie et al. (1980). The
coincidence of the pH rise with the rapid uptake of nitrogen may
reflect the uptake of a basic amino acid such as glutamine, which
composes 157 (mole/mole) of yeast extract amino acids (Zabriskie et
al., 1980).

The exponential increase in Nx ended after 11 hr (Figure 14).

The initial decrease in the specific rate of cellular nitrogen



67

accumulation after this period seems to be approximately linearly
related to a decrease in N (Figure 16). But at specific rates

less than 0.04 1/hr, the decrease in specific rates does not seem
to be linearly related to the decrease in N. The overall nonlinear
relationship between the decreasing specific rates of cellular ni-
trogen accumulation and the utilizable extracellular nitrogen con-
centration may result from the heterogeneity of the nitrogenous com-
pounds in yeast extract.

A decrease is noted in the total nitrogen concentration
(Nx + N) after 20 hr of fermentation (Figure 13). This seems to
result because not all of the extracellular nitrogen removed from
the broth is recovered from the cells. Such a result may however
be an artifact of the Kjeldahl nitrogen procedure resulting from the
cellular conversion of primary amines to other nitrogenous com-
pounds less readily reduced during the digestion step (Ayres, 1968).
This is supported by observing that after ca. 40 hr, both Xs and
Nx + N remained constant (Figures 11 and 13).

As evident in these batch fermentations, not all of the ni-
trogen was assimilated. An estimated 70% of the nitrogen was
utilized however. This compares favorably with an estimated 807
of the nitrogen in yeast extract which can be attributed to amino
acids (Zabriskie et al., 1980). The remaining unutilized nitrogen
may have been contributed by amino acid peptides or nucleic acid.

Peptides may not be available to this yeast because of a lack of



Figure 16,

Relationship between the specific rate of cellular nitrogen accumu-
lation and the concentration of extracellular nitrogen during batch 2

fermentation. Specific rates of extracellular nitrogen uptake, ﬁl-%%
dN x

( O); and of cellular nitrogen accumulation, %~-§E§ (o)
X
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proteolytic ability (Moon et al., 1978). Nucleic acids are evident
in yeast extract because the ratio of the absorbance of a solution
of yeast extract at 260 nm to that at 280 nm is greater than such a
ratio for a solution of casamino acids (Difco Laboratories, Detroit,
MI). For yeast extract the ratio was 2.8, and for casamino acids
the ratio was 1.0. ©Nucleic acids provided by yeast extract may have
been available in excess or were not readily metabolizable by this
yeast.

Nonlipid biomass and cells Figure 12 suggests that accumu-

lation of Xs in the batch fermentation entered an exponential phase
without an evident lag. But the ratio of the change in Xs to the
change in Nx observed for the first 7 hr suggested that the change
in Xs for this period could be attributed essentially to the uptake
of nitrogenous compounds. The nonnitrogenous nonlipid biomass
concentration could be estimated as the difference between Xs and
Nx times 5.4. The factor 5.4 was used because during the first 7 hr
of the fermentation the ratio of the change in XS to the change in
Nx was observed to be ca. 5.4. Thus, the increase in Xc would not
be evident until after ca. 7 hr into the batch fermentation. In
agreement with this, the specific rate of nonnitrogenous nonlipid
biomass accumulation was estimated to be close to zero for the
first 7 hr, increasing significantly thereafter (Figure 17).

An apparent lag of ca. 10 hr was observed for lactose uptake

in the batch fermentation (Figure 11). But during this period,



Figure 17.

Changes in specific rates of biomass accumulation during batch 2 fermen-

dX
tation. Specific rates of accumulation of nonlipid biomass, —:I—- f (0);
, 9 X
of nonnitrogenous nonlipid biomass, N Tit_c ( ®); and of cellular
X

1 de
nitrogen, 7 ¢ (o)
X
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ca. 0.9 g/1 of nonnitrogenous nonlipid biomass and ca. 0.2 g/l of
lipid accumulated. This discrepancy could be caused by the large
standard deviation of 1.3 g/l for the measurement of lactose at 60
g/1l, which would make the change in the lactose concentration not
noticeable during this period.

Glucose was also present initially in the fermentation broth
at 0.09 g/l. It was almost completely utilized after 7 hr. Glu-
cose originated in part from yeast extract which contained ca. 1.3%
glucose (w/w). It is not likely that the presence of such a small
concentration of glucose inhibited lactose uptake. These concen-
trations of glucose are much smaller than that which has been re-
ported to be inhibitory to the uptake of other sugars, eg. galac-
tose, fructose, or sucrose (Hong et al., 1983; Imanaka et al., 1972).

Both the concentrations of cellular nitrogen and cells, as
determined by microscopic cell count, increased exponentially in the
first 11 hr (Figure 14). The exponential rates were estimated at
0.32 1/hr and 0.54 1/hr for the concentrations of cellular nitrogen
and cells, respectively. The changing ratio of Xs to the concen-
tration of cells (Xs/MCC) and XS/Nx (Figure 15) substantiate that
growth was not balanced during this period.

The proportionality between Xs and the concentration of cells
was evident after 20 hr in the fairly constant value of XS/MCC
(Figure 15). The overall pattern of XS/MEC is actually quite simi-

lar to that for nonoleaginous microorganisms.
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From ca. 7 to ca. 40 hr, the increase in Xc was evident from
the increase in XS/Nx (Figure 15). The specific rate of nonnitrog-
enous nonlipid biomass accumulation was estimated to peak at ca. 13
hr and decrease to around zero after ca. 40 hr (Figure 17). After
ca. 40 hr, a maximum and essentially constant XS/Nx is observed
(Figure 15). Because Xs and cell concentration were proportional
and Xs essentially stopped increasing before lactose was exhausted
from the fermentation broth (Figure 11), it seems reasonable that
Xs stopped increasing because a minimum amount of cellular nitrogen
was required per cell for the essential cellular metabolic processes.

After ca. 30 hr, the cell concentration was essentially constant
(Figure 12). In addition, the concentration of viable cells was also
essentially constant. The viable cell count was not observed to de-
crease immediately after the exhaustion of lactose at ca. 60 hr
(Figure 10), as it was observed to occur after the exhaustion of
glucose in a carbon-limited fermentation of a niacin-producing yeast
(Tseng and Phillips, 1982). Thus in a nitrogen-limited fermentation,
C. curvata D is suggested to be hardier than this nonoleaginous
niacin-producing yeast in a carbon~limited fermentation.

Microscopic examination of the yeast cells during the sta-
tionary phase for Xs and the concentration of cells observed in
Figure 12 suggested that budding and separation activity had essen-
tially ceased. The duration of this stationary phase was at least

40 hr. Tsuchiya et al. (1980) also observed a stationary phase for
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the biomass concentration of an adenine-requiring strain of

Bacillus subtilis prior to the exhaustion of glucose. Adenine in

their study was present at a fairly constant concentration in the
fermentation broth during this period. They concluded that this
stationary phase observed for 4 hr resulted because of the balance
between cell death and lysis and cell division. Since cell death
and lysis was not evident for C. curvata D over a 40 hr interval,
it suggested that cells of C. curvata D have a much longer average
lifespan under nitrogen-limited conditions than those cells of

B. subtilis under adenine-limited conditions.

Lipid For the first 15 hr of the batch fermentations,
Xf/XS is observed to be essentially constant (Figure 12). This has
also been observed with other oleaginous yeasts in which the con-
stant Xf/Xs ranged from 10-407% (Enebo et al., 1946; Fahmy et al.,
1962; Yamauchi et al., 1983; Yoon et al., 1982). In contrast, when
R. glutinis, an oleaginous yeast, was cultivated instead for pro-
tein, Lundin (1950) observed Xf/Xs to be 3%. Thus, during the
initial period of nonlipid biomass accumulation in a lipid-accumu-~
lating fermentation, the lipid which is synthesized is probably in
excess of that required for maintenance of cell membranes in the
oleaginous yeast.

Figure 18 shows the relationship between Xf and L during the
batch fermentations. Both the linearity of the curve below 40 g/l

of lactose and the coincidence of the termination of lipid



Figure 18. The relationship between the concentrations of lipid, Xf,

and lactose, L, observed during batch fermentation.

Batch 1 (Q) and batch 2 (OO) fermentations.
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accumulation with lactose exhaustion suggest that lactose was con-
verted to lipid without the additional accumulation of metabolites
such as citrate, ethanol or acetic acid. Some additional lipid is
observed to have accumulated after the exhaustion of lactose

(Figure 18). This coincides with a negative specific rate of non-
nitrogenous nonlipid biomass accumulation (Figure 17), thus sug-
gesting that a time-lag exists between the uptake of lactose and the
formation of lipid.

Some studies of oleaginous yeast in batch fermentations have
also indicated that during significant 1lipid accumulation the con-
centrations of 1lipid and glucose were linearly related (Kessel,
1968; Misra et al., 1984; Yoon et al., 1982). Other oleaginous
yeast may behave differently. For instance, Hansenula sp. seems to
accumulate ethanol, ethyl acetate, and acetic acid along with lipid
(Davies et al., 1951; Fahmy et al., 1962). These metabolites are
evidently converted in part to lipid after the exhaustion of
glucose.

The dramatic increase in Xf/Xs observed after 15 hr in
Figure 12 is observed to coincide with the dramatic increase in the
specific rate of lipid accumulation (Figure 19). The dramatic
increase in Xf/Xs for this yeast in batch fermentation has also been
observed to coincide with the increase in the specific activity of
enzymes required for fatty acid synthesis (Evans and Ratledge,

1983b). Thus, this increase in the specific rate of lipid



Figure 19.

Changes in specific rates of substrate absorp-
tion and biomass accumulation during batch 2

fermentation. Specific rates of lactose up-

take,~§l~%% (/A\); and the accumulation of non-
X . dxX
lipid biomass, iF'EEg'( QO ); of nonnitrogenous
* 1 dxc
nonlipid biomass, T ( ® ); and of lipid,
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accumulation corresponds to the reported increase in the specific
activity of these enzymes and can be considered to represent an in-
crease in the flux of metabolites through the fatty acid synthesis
pathway. That a maximum and constant specific rate of lipid accumu-
lation is observed from 24 to 45 hr in Figure 19 supports the pro-
posal that the rate of fatty acid synthesis is limited by the spe-
cific activity of ATP:citrate lyase (Boulton and Ratledge, 1981).
But what causes the increase in the specific rate of lipid
accumulation? Increased lactose uptake can be ruled out since
during the dramatic increase in the specific rate of lipid accumu-
lation the specific rate of lactose uptake was constant (Figure 19).
The beginning of this increase in the specific rate of lipid accumu-
lation is however observed to coincide with the beginning of the
decrease in the specific rate of nonnitrogenous nonlipid biomass
accumulation (Figure 19). 1In addition, the specific rate of lactose
uptake is observed to decrease after the constant and maximum spe-
cific rate of lipid accumulation was attained. These observations
suggest that the initial decrease in the specific rate of demand
for lactose for nonnitrogenous nonlipid biomass accumulation is
balanced by the increase in the specific rate of demand for lactose
for lipid accumulation. The continued decrease in the specific
rate of demand for lactose for nonnitrogenous nonlipid biomass
accumulation after the attainment of the maximum and con-

stant specific rate of 1lipid accumulation would
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result in a decrease in the specific rate of lactose uptake in
order to prevent the accumulation of metabolites. The presently
accepted biochemical mechanism of lipid accumulation attributes the
increase in the flux of metabolites through the fatty acid syn-
thesis pathway to a decreased demand for energy produced by the
Krebs cycle. Decreased demand for energy produced by the Krebs
cycle would reasonably result from the decrease in the specific
rate of nonnitrogenous nonlipid biomass accumulation. Thus, the
dramatic increase in the specific rate of lipid accumulation ob-
served from 15 to 24 hr in Figure 18 might result

from the combination of a constant specific rate of lactose up-
take and a decrease in the specific rate of demand for lactose for

nonnitrogenous nonlipid biomass accumulation.

Continuous fermentations

The first in a series of steady state continuous fermentations
was initiated from a batch fermentation. Subsequent steady states
in that series were a result of changes in the dilution rates. A
new dilution rate was imposed on the system after the previous con-
tinuous fermentation had reached a steady state and samples of
fermentation broth had been removed. A steady state at each dilu-
tion rate was verified by observing the absorbance of the effluent,
an example of which is shown in Figure 20. After removing samples
of fermentation broth and prior to imposing a new dilution rate on

the system, batch growth conditions prevailed for several hours.



Figure 20. Transient responses of biomass concentration following a
change from batch operation to that of continuous opera-
tion at a dilution rate of 0.102 1/hr. Absorbance at

540 nm of the effluent fermentation broth, AS&O( °)
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As a result, the absorbance of the effluent was always greater at
the time a new dilution rate was first imposed on the system.

Figure 21 shows the transient responses of the different cell
fractions resulting from imposing at 0 hr a step change in the dilu-
tion rate, from 0.05 l/hr to 0.14 I/hr. Steady state concentrations
of each cell fraction were attained at differing rates, with Xf
requiring the longest period (ca. 3 volume changes).

Figure 22 summarizes the effect of dilution rate on the steady

state pH, L, N, Xs and X The culture was observed to be washed

£
out at a dilution rate of ca. 0.305 l/hr. This is similar to the
wash-out dilution rate of 0.30 1/hr reported for this yeast by Evans
and Ratledge (1983a). The bulk of the extracellular nitrogen was
utilized at dilution rates near the wash-out dilution rate. An
additional small decrease in N is also observed at dilution rates
less than 0.295 1/hr. 1In previous reports of this type, N has not
been explicitly reported; but the relationships between dilution
rate and steady state Xs, Xf, and L are similar to those reported
for other continuous fermentations of oleaginous yeast (Choi et al.,
1982; Evans and Ratledge, 1983a; Gill et al., 1977; Ratledge and
Hall, 1979; Yoon and Rhee, 1983).

Microscopic cell counts have not always been reported for con-
tinuous fermentations of oleaginous yeast. In Figure 23, XS/MCC

is observed to be relatively constant over the range of dilution

rates evaluated, indicating again the proportionality between Xs



Figure 21.

Transient behavior of a single-stage continuous culture
following a change from a dilution rate of 0.05 1/hr to
0.14 1/hr. Absorbance at 540 nm of the effluent fermen-
tation broth, ASAO(.); concentrations of nonlipid bio-
mass, XS(C)), cellular nitrogen, NX(E]),

and 1lipid, xf( A)
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Figure 22.

Steady-state concentrations of the major substrates and components of the
biomass at various dilution rates. Fermentation broth pH(® ); concentra-
tions of nonlipid biomass, XS(O), 1ipid, Xf(D), lactose, L(Y{/), extra-

cellular nitrogen, N(A)
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Figure 23. Steady-state cell compositions at various dilution rates. Ratio of
nonlipid biomass to cellular nitrogen, XS/NX(A); ratio of lipid to

nonlipid biomass, Xf/XS(D); ratio of nonlipid biomass to the micro-~

scopic cell count, XS/MCC(O)



83b

O

o

A4

<

O

03

01

183/3d “ (o) 29n/SX

y—

40r

[—]

83 (v) "W/

1
(—/

DILUTION RATE , 1/hr



84

and the concentration of cells. At the slowest dilution rate,
0.026 1/hr, a value of 4l for Xs/Nx is observed (Figure 23). This
value is similar to the maximum Xs/Nx observed in batch fermen-
tation (Figure 15). This suggests that Xs at 0.026 1/hr is near
its maximum concentration, which appears roughly double that ob-
served at 0.20 l/hr.

The steady state Xf/Xs is observed to be. greater at slower dilu-
tion rates over the range of dilution rates evaluated (Figure 23).
This trend has also been observed in other single-stage continuous
fermentations of oleaginous yeast (Choi et al., 1982; Evans and
Ratledge, 1983a; Gill et al., 1977; Ratledge and Hall, 1979; Yoon
and Rhee, 1983).

Figure 24 depicts the effect of the dilution rate on the spe-
cific rates of lactose utilization and lipid, nonlipid biomass, and
nonnitrogenous nonlipid biomass production. The concentration of
cellular nitrogenous compounds was again estimated as 5.4 times Nx’
as was estimated in the analysis of the batch fermentation. The spe-
cific rates obtained from continuous fermentation data were ex-
pressed with respect to Nx unless otherwise stated. They were cal-
culated as the difference between the concentrations of a constituent
in the fermenter and that in the influent stream times dilution rate
and divided by Nx'

Three ranges of dilution rates can be defined in Figure 24 based

on the trends in the specific rates of 1lipid and nonnitrogenous



Figure 24.

Steady-state specific rates of substrate
utilization and biomass production at vari-
ous dilution rates. Specific rates of lac-
tose uptake, D(Lo - L)/Nx ( O); and the
accumulation of nonlipid biomass, D°XS/Nx

( O); of nonnitrogenous nonlipid biomass,

D°XC/Nx ( ®); and of lipid, D'Xf/Nx (A)



85b

4 i 5 1 i 3 i

03

02

DILUTION RATE . 1/hr

(u-8)/8 « (@)™N/-21a ¢ )N/ ¢ (2)*N/a

oL
0



86

nonlipid biomass production and lactose utilization. At dilution
rates greater than 0.25 1/hr, the specific rate of lactose utiliza-
tion was slower, corresponding to slower specific rates of lipid and
nonnitrogenous nonlipid biomass production. For this dilution rate
range, Xf/Xs was roughly 0.1 or slightly smaller (Figure 23).

In the middle range of dilution rates from 0.1 to 0.25 1l/hr,
the specific rate of lactose utilization is observed to be roughly
constant. But at the slower dilution rates in this range, the spe-
cific rate of nonnitrogenous nonlipid biomass production was slower
while the specific rate of lipid production was faster.

For those dilution rates from 0.026 to 0.1 1l/hr, the specific
rate of lipid production is observed to be roughly constant. But at
slower dilution rates in this range, the specific rate of lactose
utilization was slower corresponding with slower specific rates of
nonnitrogenous nonlipid biomass production.

From the observed relationships of the specific rates of lipid
and nonnitrogenous nonlipid biomass production and lactose utiliza-
tion, it seems that lactose is utilized only as required for the
production of lipid and nonnitrogenous nonlipid biomass. Based on
this concept, the roughly constant specific rates of lactose utiliza-
tion observed between dilution rates of 0.1 and 0.25 1/hr can be
interpreted as resulting because the decreased demand for lactose
for nonnitrogenous nonlipid biomass production is balanced by the

increase in the demand for lactose for lipid production.
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Specific rates were also estimated with respect to Xs. The
effect of dilution rate on these specific rates is observed in
Figure 25. These specific rates can also be considered to be pro-
portional to the rates of production or utilization per cell because
of the relatively constant XS/MCC over the range of dilution rates
evaluated (Figure 23).

The rate of production of lipid per cell was, therefore,
slightly slower at 0.026 1/hr than it was at 0.295 l/hr. But the
rate of utilization of lactose per cell was dramatically slower at
0.026 1/hr than it was at 0.295 l/hr. That Xf/Xs was greater at the
slower dilution rates (Figure 23) suggests that a greater percentage
of the lactose utilized by the cell at the slower dilution rates was
utilized for 1lipid production.

The rate of lactose utilization per cell is observed in general
to be slower at the slower dilution rates (Figure 25). This corre-
sponds to larger XS/Nx at slower dilution rates (Figure 23). Thus,
the decrease in the rate of lactose utilization per cell can be seen
to correlate additionally with the decreased nitrogen content per
cell. This additional correlation seems reasonable since the nitro-
gen content per cell is proportional to the concentration of en-
zymes in a cell. Therefore the decreased nitrogen content per cell
would suggest a decreased metabolic activity per cell. Thus in de-
scribing the metabolic rates, the concentration of cellular nitrogen

would be important rather than the concentration of cells.



Figure 25.

Steady-state specific rates of substrate
utilization and biomass production at various
dilution rates. Specific rates (relative to
the nonlipid biomass concentration, XS) of
lipid accumulation, D-Xf/Xs (A); and uptake
of lactose, D(Lo - l'..)/XS (0O); and of extra-
cellular nitrogen, D(No - N /Xs (OQO). The
specific rate (relative to the total biomass
concentration, X) of extracellular nitrogen

uptake, D(N_ - N/X(e)
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This observed relationship between the rate of lactose utiliza-
tion per cell and xs/Nx suggests caution should be exercised in
drawing correlations between specific rates relative to Xs and spe-~
cific rates relative to Nx. These correlations may not be valid if
Xs/Nx changes significantly over the different conditions to which
the correlation is applied. Such a correlation has however been
drawn by Boulton and Ratledge (1981) and Evans and Ratledge (1983b)
when comparing the specific rates (relative to Xs) of lipid syn-
thesis to the specific activities (relative to extracted cell pro-
tein) of enzymes such as ATP:citrate lyase. And because the study
of Evans and Ratledge (1983b) was also conducted on C. curvata D,
it is quite likely that the ratio of nonlipid biomass to cellular
nitrogen in their study changed with the dilution rate as observed
in this study (Figure 23).

The specific rates of nitrogen utilization expressed with re-
spect to Xs or expressed with respect to the concentration of total
biomass (X) are observed in Figure 25 to be similar: both specific
rates decreased nonlinearly with a decrease in dilution rate. The
nonlinear relationship between the specific rate expressed with re-
spect to Xs and dilution rate resulted because XS/Nx was greater at
slower dilution rates (Figure 23). This same effect of dilution
rate on Xs/Nx has been obszrved by other investigators (Almazan et
al., 1981; Choi et al., 1982). 1In contrast, Yoon and Rhee (1983)

observed that in their study of an oleaginous yeast the specific
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rate of nitrogen utilization expressed with respect to X decreased
linearly with a decrease in dilution rate. Thus, it can be inferred
that the relationship observed in this study between dilution rate
and the specific rates of nitrogen utilization (relative to XS or

relative to X) does not hold for all oleaginous yeast.

Characteristics of growth and lipid accumulation of C. curvata D

Several characteristics of growth and lipid accumulation of
C. curvata D were evident from the evaluation of the batch and con-
tinuous fermentations. The nonlipid biomass concentration was ob-
served to be proportional to the concentration of cells (Figures 15
and 23). The percentage of the nonlipid biomass estimated as
nitrogenous compounds changed dramatically during the course of the
batch fermentation (Figure 15) and was affected dramatically by the
dilution rate in the continuous fermentations (Figure 23). The non-
lipid biomass seemed to be limited by the concentration of cellular
nitrogen (Figure 15).

Cellular nitrogen seemed to represent the catalytic element in
the nonlipid biomass. The dramatic increase in the specific rate of
lipid accumulation in the batch fermentation corresponded with the
increase in the specific activity of enzymes required for fatty acid
synthesis as reported by Evans and Ratledge (1983b). Thus, the in-
crease in the specific rate of lipid accumulation seemed to indicate
an increased flux of metabolites through the fatty acid synthesis

pathway. The increase in this specific rate seemed to be caused by
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a combination of the decrease in the specific rate of demand for lac-
tose for nonnitrogenous nonlipid biomass accumulation and a constant
specific rate of lactose uptake. This suggested causal relatiomnship
was consistent with the presently accepted biochemical mechanism of
fatty acid synthesis. After the attainment of a maximum and con-
stant specific rate of lipid accumulation, further decreases in the
specific rate of nonnitrogenous nonlipid biomass accumulation corre-
sponded with the decrease in the specific rate of lactose uptake.

The combined decreases in these specific rates also indicated that
metabolites were not accumulated by this yeast.

Similar relationships were observed for the continuous fermen-
tations between the specific rates (relative to Nx) of lactose
utilization and nonnitrogenous nonlipid biomass and 1lipid production.
Faster specific rates of lipid production corresponded with slower
specific rates of nonnitrogenous nonlipid biomass production at slower
dilution rates in the range of 0.1 to 0.25 1/hr (Figure 24). The
specific rate of lactose utilization was observed to be constant over
this range of dilution rates. A maximum and constant specific rate
of lipid production was observed from 0.026 to 0.1 1/hr. Both spe-
cific rates of nonnitrogenous nonlipid biomass production and lactose
utilization were slower at the slower dilution rates of this range.

This yeast seemed to display two characteristics which were simi-
lar to other oleaginous yeast. First, during the initial accumulation

of nonlipid biomass in the batch fermentation, the ratio of lipid to
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nonlipid biomass was essentially constant (Figure 12). Second, at
the end of the batch fermentation, the fraction of nonlipid biomass
estimated as nitrogenous compounds (Nx X 5.4), was similar to the
reported estimated protein (N X 6.25) content of the nonlipid bio-
mass for other oleaginous yeast (Table 7).

This yeast seemed to also display two characteristics which not
all oleaginous yeasts seemed to display. First, the major increases
as observed in the batch fermentation for the concentration of cel-
lular nitrogen, nonlipid biomass, and lipid seemed somewhat sequential
rather than concurrent (Figures 10 and 11). Second, lactose seemed
to be converted to lipid during lipid accumulation without the addi-
tional accumulation of metabolites (Figure 18).

These characteristics of C. curvata D obtained from batch and
continuous fermentations seemed to shed additional light on the
presently accepted biochemical mechanism for lipid accumulation. The
biochemical mechanism has been summarized in the Literature Review.
In this mechanism, two primary points of control of lipid accumu-
lation are evident and both are controlled by the energy state of
the cell. One of these control points is at NAD+:isocitrate dehydro-
genase (ICDH). Located in the mitochondria, this enzyme controls
the flux through the Krebs cycle of carbon compounds originating
from citrate. Therefore, this enzyme can be thought to be controlling
the rate of energy production by the Krebs cycle. This enzyme has

been shown to be inhibited by a high energy state of adenosine
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phosphates which evidently occurs in the oleaginous yeast cell during
lipid accumulation (Botham and Ratledge, 1979). The other major con-
trol point is considered to be at the L-malate/citrate translocase
(MCT). Located in the mitochondrial membrane, this translocase has
been shown to be activated by a high energy state of adenosine
phosphates (Evans et al., 1983b).

The specific rate of nonnitrogenous nonlipid biomass accumulation
can therefore be shown to be inversely controlling the specific rate
of lipid accumulation by assuming that energy derived from the Krebs
cycle is used predominantly for the accumulation of nonnitrogenous
nonlipid biomass. Figure 26 summarizes this concept in which non-
nitrogenous nonlipid biomass accumulation is represented by carbo-
hydrate synthesis. In essence, the specific rate of carbohydrate
synthesis can be assumed to influence the specific rate of lipid
synthesis through its demand on energy produced by the mitochondria.
Therefore, a decrease in the specific rate of carbohydrate synthesis
woculd result in an increase in the energy state of the cell, inhib-
iting ICDH and activating MCT. And by increasing the flux of citrate
into the cytosol, the specific rate of 1lipid synthesis would in-
crease. This assumes that the specific activities of the enzymes of
fatty acid synthesis are sufficient to handle the increase in the
flux of citrate into the cytosol.

The maximum specific rate of lipid synthesis would result when

the increasing flux of carbon substrate reached the maximum capacity



Figure 26.

Overall biochemical pathways of lactose utilization for carbohydrate and 1lipdid
synthesis. Energy produced in the mitochondria is considered to be utilized
for carbohydrate synthesis. Cell membrane (1); mitochondrial cell membrane (2);
NAD+:1socitrate dehydrogenase (3); L-malate/citrate translocase (4); membrane

translocases (—)44}); enzyme activation («gi->); enzyme inhibition (-f;lqg



A\

< lactose? LACTOSE

energy —>
\L i

|

citrate

V

isecitrate @ 7

CARBOHYDRATE

A N
J

energy * J

av6



95

of the metabolic pathways leading to fatty acid synthesis. 1In
particular, ATP:citrate lyase has been suggested as the rate-limiting
enzyme for fatty acid synthesis in oleaginous yeast (Boulton and
Ratledge, 1981). After a maximum specific rate of lipid synthesis is
attained, further reductions in the specific rate of carbohydrate
synthesis would effect, via feedback inhibition, a proportional de-
crease in the specific rate of lactose uptake (Smith et al., 1983).
This feedback inhibition mechanism would prevent the excessive
accumulation of intracellular metabolites.

Synthesis of enzymes essential to fatty acid synthesis has been
suggested by Evans and Ratledge (1983b) to occur during the transi-
tion to lipid accumulation in batch fermentations. Intracellular
citrate was not observed to accumulate excessively during this transi-
tional period (Evans and Ratledge, 1983b). It therefore seems
reasonable to consider that the increase in the specific activity of
these enzymes kept pace with the increase in the flux of metabolites
into the pathway for fatty acid synthesis. Therefore, it is more
likely that the increase of the specific rate of lipid accumulation
observed during the batch fermentation is the result of a comstant
specific rate of lactose uptake occurring in conjunction with a de-
creasing specific rate of demand for lactose for nomnitrogenous

nonlipid biomass accumulation.
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Model Development

Nitrogen

In the batch fermentation, nitrogen uptake was observed
immediately after the inoculation of the fermenter {(Figure 11).

In the first 11 hr, the cellular nitrogen concentration increased
exponentially (Figure 14). After 11 hr, the specific rate of this
cellular nitrogen accumulation decreased dramtically. Overall,
the decrease in the specific rate did not seem to be linearly re-
lated to the decrease in the utilizable, extracellular nitrogen
concentration.

Accumulation of cellular nitrogen primarily resulted from the
uptake of amino acids in the fermentation broth. Since the uptake
of amino acids has been shown to occur by active transport, the
dependence of the rate of amino acid uptake on the concentration
of amino acids in the fermentation broth can be described by
Michaelis~-Menten kinetics (Schultz et al., 1974). The rate of amino
acid uptake is also dependent on the rate the absorbed amino acids
are being utilized internally by the cell (Smith et al., 1983).
This multiple control of the rate of amino acid uptake is similar
to the multiple control of.substrate utilization as described by
Dabes et al. (1973). The concepts of their model are summarized in
the Literature Review. Therefore, the 3-parameter model as proposed
by them was used to describe the specific rate of cellular nitrogen

accumulation as a function of the utilizable extracellular nitrogen
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concentration, Nu. It follows that

N =N-N = ul(A + B/(uml - ul)) (12)

or

-1 Nu+B Nu+B 2 Auml'Nu t
v =gl t—x —t \\Mm Tz - T A (13)

where N is the extracellular nitrogen concentration, g/1; Nb is the
concentration of nonutilizable extracellular nitrogen, g/l; ul is
the specific rate of cellular nitrogen accumulation, 1/hr; uml is
the maximum specific rate of cellular nitrogen accumulation, l/hr;
A is the inverse of the first order rate dependence on Nu of ul,
g*hr/l; and B is a saturation parameter, g/l.

Specific rates were expressed with respect to Nx’ because Nx

was considered to represent the enzyme or rate-determining portion

of the cell. It follows that
o= -— (14)
X

where Nuo is the total concentration of utilizable nitrogen in the
medium, g/l; and Nx is the cellular nitrogen concentration, g/l.
Although the nitrogen from yeast extract represented a mixture of
nitrogenous compounds, the utilizable extracellular nitrogen was

treated as one entity.

Nonlipid biomass

In the batch fermentations, cellular nitrogen accumulation

largely preceded nonlipid biomass accumulation (Figures 10 and 11).
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Thus, the accumulation of nonlipid biomass could be considered to re-
sult from two sequential but somewhat overlapping events: first,
the absorption of nitrogenous compounds, and second, the accumulation
of nonnitrogenous nonlipid biomass. The total nonlipid biomass in
the batch fermentations seemed to be limited also by the cellular
nitrogen concentration (Figure 15).

From these observations, the equation describing the specific

rate of nonlipid biomass accumulation can be constructed as

n
1_ dx a4 “mz(l - ulluml) 15
N dt 1 k. K
x . (1 .

XS
(1 T KeN )
X

where XS is the nonlipid biomass concentration, g/l; o is the con-

tribution to the nonlipid biomass resulting from the accumulation
cellular nitrogen; umz is the maximum specific rate of nonnitrog-
enous nonlipid biomass accumulation, proportional to Nx’ 1/hr; n is
an exponential factor; ki is a saturation parameter determining the
asymptotic approach of Xs/Nx to its maximum value, K; KL is the
saturation parameter for active transport of lactose into the cell,
g/l; and L is the lactose concentration in the fermentation broth,
g/1.

To reflect that the major increase in Xs followed the increase
in Nx’ the function (l-ulluml)n was introduced. The function

stated that as ul decreased and deviated from uml, the specific rate
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of nonnitrogenous nonlipid biomass accumulation would be increased.
The inclusion of the function (1 + KL/L)-1 in Equation (15) indi-
cated that the uptake of lactose was by active transport and was re-

quired for nonnitrogenous nonlipid biomass accumulation.

Lactose

Lactose was required only for the accumulation of nonnitrogenous
nonlipid biomass and lipid. The specific raté of lactose consumption
could be considered to occur in three phases. The first phase is
characterized by the lactose consumption in the first 13 hr of the
batch fermentation during which the specific rate of nonnitrogenous
nonlipid biomass accumulation was estimated as initially zero and
then increasing (Figure 18), and the ratio of 1lipid to nonlipid bio-
mass was roughly constant (Figure 12). Lactose during this period
could be considered to be consumed at a rate proportional to the
rates of accumulation of both nonnitrogenous nonlipid biomass and
lipid (Figure 18).

In the second phase, the specific rate of lactose uptake was
suggested to be maintained at a constant specific rate because a de-
crease in the demand for lactose for nonnitrogenous nonlipid biomass
accumulation was compensated by an increase in the demand for lac-
tose for 1lipid accumulation. This relationship between these spe-
cific rates is evident in the batch fermentations from 15 to 24 hr
(Figure 18) and in the continuous fermentations between the dilution

rates of 0.10 and 0.25 1l/hr (Figure 24).
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In the third phase, 1lipid accumulation was occurring at a maxi-
mum and constant specific rate, while the specific rate of nonnitrog-
enous nonlipid biomass accumulation continued to decrease (Figure 18).
The lactose consumption rate during this phase was again proportional
to the rates of accumulation of both nonnitrogenous nonlipid biomass
and lipid.

. . -1 dL
The first phase of lactose consumption, N dc ). cam be de-
X 1
scribed as

n
<i d_L> S SR SRR~ Klalle U Y%
Nx dt 1 Yl(l + KL/L) 171+ ki/(l - a/K)

TIN G TR T b
m2 1 ml ) (16)

Y {4
+ Y,0 + KL/L) (“ s ki/(l - a/K)

where B represents the mass to nitrogen ratio of the nitrogenous
compounds absorbed by the cell, Y represents the mass ratio of lipid
to nonlipid biomass which was observed to be constant during this
phase of lactose consumption, l/Y1 is the grams of lactose required
per gram of nonnitrogenous nonlipid biomass accumulated, and l/Y2 is
the grams of lactose required per gram of lipid accumulated.

The first term of Equation (16) describes the demand for lac-
tose for the accumulation of nonnitrogenous nonlipid biomass. The
second term of Equation (16) describes the demand for lactose for
lipid accumulation during the first phase of lactose consumption
when Xf/Xs was observed to be constant. In Equation (16), Xs/Nx

was approximated by o in the function describing the asymptotic
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approach of XS/Nx to K. This was considered to introduce, at most,
a 10%Z error into Equation (16) because of the type of function into
which o was substituted and because XS/Nx remained considerably re-
moved from its final value of K during the first phase of lactose
consumption (Figure 15). This substitution simplified the descrip-
tion of the second phase of lactose absorption.

The peaking in the specific rate of nonnitrogenous nonlipid
biomass accumulation can be considered to initiate the transition
from the first to the second phase of lactose consumption. The
resulting maximum for Equation (16) would describe the second phase
of lactose consumption. Estimating this maximum was further simpli-
fied because, at the tramsition from the first to the second phase
of lactose consumption, the lactose concentration would be so much
greater than KL that the functiom (1 + KL/L)-I would approximate
unity. By setting the first derivative with respect to ul/uml of
Equation (16) equal to zero and solving for “1/“m1’ the value of

ul/uml at which Equation (16) has a maximum can be determined as

follows
1
n-1
y a-8,0v) (1,5 )
U ml Y Y l-OL/K)
. =1- . 1(1/3{ i ) 7
Y1 ™) 17 Y
max

where (ulluml)max is the value of “1/“m1 at which Equation (16) has a

maximum. Equation (17) indicates (ullum would be less than one

l)max
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and could be negative, since the parameters can only be positive.
If (ul/uml)max is calculated to be negative, Equation (16) is maxi-
mum at a value of zero for “1/“m1’ since ulluml cannot be negative.
The second derivative of Equation (16) with respect to ul/um1
indicates the conditions under which (ulluml)max determines a maxi-
mum for Equation (16). Again (1 + KL/L)-1 was approximated as one.

1 dL
= &= n- 2
2 (Nx dt>1 QU+ YT em - DA - ) .

aCuy i) L+ k,/(1 = a/K)

A negative value for Equation (18) is required for Equation (16) to
have a maximum. Equation (18) is only negative when n is Letween
0 and 1.

Thus, the specific rate of lactose consumption during the
second phase, <}1 dIiL, can be described as follows when (ul/uml)

N_dt max
X

is calculated as positive.

(6,8) e ((52-8):
Nx dt o 1+ KL/L Y1 Y2 1

n
1 L

(19)

Y 1+ ki/( 1 - a/K)

where (ulluml)max is between 0 and 1.

The specific rate of lactose consumption during the third phase

(%Tl %) » can be described as
X 3

(-_1g N (i S WO, S (20)
Nxdt3 b2 Nxdt | Y2(1+KL/L)

where Woa is the maximum specific rate of lipid accumulation, 1/hr.
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The first term in Equation (20) describes the demand for lactose for
nonnitrogenous nonlipid biomass accumulation and the second term de-
scribes the demand for lactose for lipid accumulation.

Equations (16) to (20) were combined as follows to describe the

specific rate of lactose uptake.

~1 4L
N d?) u (21a)
1 <_1_> <o
u
ml/max

) > H
(u Mo 20
(21b)
1dL -1 dL
(n ), > ('N—“f)
x 7 X 2

sldL _ ldL
N dt N dat
X 2

(21c)

( 1 dL>

N dt 3
N at N dt

3 X 1

In principle, the specific rate of lactose consumption is
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determined by the slowest of the specific rates as calculated by
Equations (2la) to (2lc). This is to reflect the fact that lactose
is consumed by the cell only to meet the demand for the accumulation

of lipid and nonnitrogenous nonlipid biomass.

Lipid
Based on the previous developments, the specific rate of lipid
accumulation can be described as
1 de -1dL 1 1 dXs
va LilTeE-r\x: P (22)
X X 1 X
where Xf is the lipid concentration, g/l. The specific rate of lipid
accumulation is proportional to the difference between the specific

rates of lactose consumption and the demand for lactose for non-

nitrogenous nonlipid biomass accumulation.

Evaluation of Model
The proposed model consisted of a set of ordinary first-order
differential equations containing 15 parameters. The model can be

verified by comparing the predicted N, L, Xs’ Xf

and Nx with the
experimental data.

For the batch fermentations, this required numerical integration
of the set of differential equations and some estimates of the param-
eters. Estimates of the 15 parameters were obtained by using a sim-

plex-pattern search which minimized the sum of squares of the dif-

ferences between the predicted and experimental values. This is
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described in the Materials and Methods. The estimates of the
parameters determined by this procedure are presented in Table 8.
The predicted s=nd observed Xs’ Xf, and L for batch 1 and 2 are com~
pared in Figures 27 and 28, respectively. The period of transition
from growth to lipid accumulation which occurred around 20 hr was
well-described by the model. The specific rates of lipid, nonlipid
biomass, and nonnitrogenous nonlipid biomass accumulation and lac-
tose uptake predicted by the model are compared in Figure 29 with
those calculated from the experimental data. The trends observed
for these specific rates are reasonably represented by the model.

The kinetic model was constructed based on the hypothesis that
during the transition from growth to lipid accumulation, the spe-
cific rate of lipid accumulation increased because of both the de-
creasing specific rate of demand for lactose for nornitrogenous
nonlipid biomass accumulation and the constant specific rate of
lactose uptake. This hypothesis is supported by the good agreement
between the model predictions and the observed Xs’ Xf, and L during
this transitional period at around 20 hr (Figures 27 and 28).

Evans and Ratledge (1983b) measured the specific activity of
ATP:citrate lyase at various times during the course of a batch
fermentation of C. curvata D. They considered this enzyme to be the
rate-controlling enzyme of fatty acid synthesis. The activity of
the enzyme was determined in cell-free extracts and dialyzed cell-

free extracts. They concluded that a 3-fold increase in the
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Table 8. Identified parameters for batch fermentations

Parameter Estimates
Units Batch 1 Batch 2

uml 1/hr 0.59 0.56
A gehr/1 0.43 0.55

B /1 1.3x107° 1.3x10"
wo g/l 0.24 0.26

8 - glg 5.7 5.6

Q g/g 5.8 5.7
o g/ (g*hr) 4.4 5.3
n 0.65 0.71
k. 0.49 0.52

1
K gleg 49 42

1/, g/g 1.5 1.4
1/Y2 g/g 3.8 4.1

KL g/l 1.9 1.4
Y g/g 0.076 0.099
M3 g/(g*hr) 1.3 1.2




Figure 27. The substrate and biomass concentrations predicted by the model and compared
with those observed in batch 1 fermentation. Concentrations of lactose, L(A),
extracellular nitrogen, N(V ), nonlipid biomass, XS( O ), and lipid,

Xf( D). Model predictions (—)
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Figure 28.

The substrate and biomass concentrations predicted by the

model and compared with those observed in batch 2 fermentation.
Concentrations of lactose, L(/A\ ), extracellular nitrogen, N(V ),
nonlipid biomass, Xs( QO ), and lipid, Xf( 0 ), and cellular

nitrogen, Nx( ® ). Model predictions (—)
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Figure 29.

The specific rates of substrate absorption and
biomass accumulation predicted by the model and
compared with those calculated from the batch 2

fermentation data. Specific rates of the uptake

of lactose, zldh (A); the accumulation of

N_dt
X 1 dXS
nonlipid biomass, T ( O ); nonnitrogenous
X
1 dXc 1 dxf
nonlipid blomass,g T ( ®); and lipid, -I-\I;”(F

(V). Model predictions (—)
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specific activity of ATP:citrate lyase during the transition from
growth to lipid accumulation was "not due to the presence of low
molecular weight effectors in the extract and thus was more likely
to be due to increased synthesis of the active enzyme.'" There-
fore, it seems reasonable to assume that if synthesis of enzymes
such as ATP:citrate lyase is indeed required for the increase in
the specific rate of lipid accumulation, the synthesis of these
enzymes must be rapid enough so as not to delay the increase in the
specific rate of lipid accumulation.

The predicted and observed N for batch 1, and N and Nx for
batch 2 are compared in Figures 27 and 28, respectively. The model
satisfactorily described changes in these concentrations, although
N from batch 2 was slightly overestimated beyond 20 hr.

The specific rates of cellular nitrogen accumulation predicted
by the model are compared with those estimated from the data in
Figure 30. The model predicted a simple first-order dependence of
the specific rate of cellular nitrogen accumulation on the utilizable
extracellular nitrogen concentration. This can be seen to be a
reasonable approximation of the specific rates estimated from the
experimental data.

The parameters obtained from fitting batch 1 and batch 2 are
quite similar (Table 8). 1In general, the estimates for each param-
eter differ by less than 10%. Such good agreement between the
parameter estimates was expected because the two fermentations were

considered to be similar.



Figure 30.

The relationship between the specific rates of cellular nitrogen
accumulation and the extracellular nitrogen concentration, N,
predicted by the model and compared with that calculated from

batch 2 fermentation data. Specific rates of extracellular nitrogen

dN
-1 dN . 1 x (@®).
uptake, ﬁ;'ag (O); and cellular nitrogen accumulation, ﬁ;-az-

Model predictions (—~—)
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The continuous fermentation data was described with the model
developed in the previous section by making a steady-state macro-
scopic mass balance over the fermenter. The continuous fermentation
data was hence described by a set of nonlinear algebraic equations.
These were solved for the steady-state concentrations of extra-
cellular nitrogen, cellular nitrogen, nonlipid biomass, lactose,

and lipid, and resulted in the following equations:

N = Nb + Nu = Nb + D(A + B/(uml - D)) (24)
N =N _-N (25)
N U
- X m2.. n
X, =3 a + K(L + ki) + 3 (1 D/uml)

Nx um2 n 2
5 <0t + K(1 + ki) + —D—'(l - D/'lel)

Wo 2\ 2
4K (a(l + ki) + '—D—(l - D/]Jml) > (26)

=1 - -8 Y0
e ()

(1 = D/u /Y, + Y/Y2)>

+ D + k, /(1 - a/K 27
a-8 v uml.(ulluml)max
Ly=L, - N <Y ty ) D
1 2
n
. uL, - (“1/“m1)max) (1/Y; +¥/1y) 28
D(L + &k, /(T - a/K))
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N oqu
_ _ 1 _ a. __x m3
L; =L, Yl(Xs 8 Nx) 7,°D (29)
D/, 2 /) >0
I_.1 3 or < (30a)
(ul/uml)max S 0 and L, < L
= . P
L Ly 5 /U)oy > D/Hy 2 0 and L, <L, (30b)
(M) o > Dty 20 and Ly 2 L
L3 3 or < S (30c)
) /M) gy S 0 and Ly 2 Ly
- 1l _ e
Xf = Y?_(Lo -L - Yl(Xs B Nx)) (3D

where D is the dilution rate, l/hr; and L L2, and L3 estimate the

1°
lactose concentration under the specified conditioms, g/l.

The parameter KL was not included in these equations because
the lactose concentration was never observed to be less than 10 g/l
in the continuous fermentations. The value of (ulluml)max was
determined by Equation (17). The dilution rate equaled U, as a
result of designating Nx as the basic catalytic element in the
development of the model.

Modeling continuous fermentations by making a macroscopic mass
balance over the fermenter has been used successfully in describing
microbial growth in continuous fermentations resulting from the
sequential utilization of two carbon-substrates (Barford and Hall,

1981; Bellgardt et al., 1982; Imanaka et al., 1972; Pamment et al.,

1978). Thus, it seems reasonable to use this approach in modeling
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the continuous fermentations of this study.

The parameter estimates which provided the best description of
the continuous fermentations were determined by using the simplex-
pattern search procedure as described in the Materials and Methods.
These estimates are presented in Table 9. The model predicts the

observed Nx’ Xs’ X., N, and L reasonably well (Figure 31). The

£2
specific rates of lactose utilization, and nonlipid biomass and
lipid production predicted by the model also exhibit the same

trends as those calculated from the data (Figure 32).

The kinetic model has been shown to describe both batch and
continuous fermentations. This suggests that the kinetic model
satisfactorily represents the kinetics of cellular growth and lipid
accumulation for this yeast under the conditions examined for batch
and continuous fermentations.

The parameter estimates giving the best description of the con-
tinuous fermentations were compared using the t-test with those
giving the best description of the batch fermentations (Table 10).
The use of the t-test assumed that the estimates were normally
distributed about the true value of the parameter. For fouf of the
parameters, the estimates obtained by fitting the continuous
fermentations were significantly different from the estimates ob-
tained by fitting the batch fermentations (Table 10). This indi-~
cates that a different set of parameter estimates is required to

describe the batch fermentations than is required to describe the
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Table 9. Identified parameters for continuous fermentations

Parametera Estimate
ur-nl 0.31
A 0.11
B 1.5x107°
0.29
uo
B 5.4
a 8.5
umz 4.1
n 0.13
k. 0.66
i
K 48
l/Yl 1.9
1/Y2 3.8
Y 0.10
um3 0.73

®The units of the parameters are given in Table 8.



Figure 31. The steady-state substrate and biomass concentrations predicted by the
model and compared with those observed in the continuous fermentations.
Steady-state concentrations of lactose, L( \); cellular nitrogen, Nx( ®);
nonlipid biomass, XS( O ); extracellular nitrogen, N(/); and 1lipid,

Xf( [0). Model predictions (——)
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Figure 32.

Steady-state specific rates of substrate utilization
and biomass production predicted by the model and
compared with those calculated from the continuous
fermentation data. Specific rates of lactose up-
take, D(Lo - 1) /Nx( /\); and the accumulation of
nonlipid biomass, D°XS/NX( O ); and lipid,

D’Xf/Nx( O). Model predictions (—)
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Table 10. Comparison of the identified parameters for continuous
fermentations with the identified parameters for batch

fermentations
Parametera Estimate
Batch b Continuous
Average (SD7)
0.58 0.018 0.317
nml . (0. ) | .
A 0.49 (0.085) 0.10
B 1.3x107° (2.1x107) 1.5%107°
N 0.25 (0.010) 0.29
uo
B 5.6 (0.068) 5.4
*
a 5.7 (0.079) 8.5
L3 4.9 (0.64) 4.1
*
n 0.68 (0.042) 0.13
*
ki 0.51 (0.022) 0.66
K 46 (4.8) 48
1/Yl 1.4 (0.13) 1.9
1/Y2 4.0 (0.24) 3.8
K, 1.6 (0.37) --¢
Y 0.088 (0.017) 0.10
um3 1.2 (0.088) 0.73

2The units of the parameters are given in Table 8.
b s .
Standard deviation of estimates.

c . . .
Parameter was not estimated from continuous fermentation data.

*
2 < 0.10.
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continuous fermentations. Other investigators have also observed
this when using one kinetic model to describe microbial growth
resulting from the sequential utilization of glucose and ethanol
in either batch or continuous fermentations (Barford and Hall,
1981; Pamment et al., 1978).

The significant differences between certain parameter estimates
in Table 10 probably reflects that cellular nitrogen, nonnitrogenous
nonlipid biomass, and lipid accumulation were somewhat sequential
in the batch fermentations but more concurrent in the continuous
fermentations. This is consistent with the generally accepted con-
cept that cells are acting more homogenously in the continuous
fermentations than they are in the batch fermentatioms.

In Table 10, similar estimates were obtained for those param-
eters reflecting critical biomass ratios, K and Y, reflecting the
use of yeast extract as the nitrogen source, Nuo and B, and re-
flecting the conversion efficiency of lactose to nonnitrogenous
nonlipid biomass and lipid, 1/Y1 and 1/Y2, respectively. Since
these parameters would be independent of the fermentation system,
the similarity of the estimates for these parameters is further
evidence of the validity of the kinetic model in its description of
growth and lipid accumulation.

On the average, 3.9 g of lactose is required by this yeast in
order to accumulate 1.0 g of lipid. The efficiency with which this

yeast produces lipid from lactose is estimated to be ca. 77% as
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efficient as that estimated based on the biochemical pathways and
energy requirements of the process (Smith et al., 1983). Some of the
monosaccharides from lactose may also be incorporated into the
carbohydrate-1lipid compounds that were observed to be present in the
polar lipid of this yeast (Hammond et al., 1981). But these com-
pounds evidently represented only a small portion of the polar and
neutral 1lipid, imasmuch as the fatty acids were reported to compose
ca. 90% (w/w) of the polar and neutral lipid. Thus, this yeast can
be concluded to utilize lactose efficiently for 1lipid accumulation.

On extrapolating the continuous fermentation model using the
parameter estimates in Table 9, the model predicts that lactose
would be completely utilized at a steady state dilution rate of
ca. 0.020 1/hr. The average residence time for the continuous
fermentation is then estimated to be 50 hr for the complete uti-
lization of lactose. This is 10-15 hr shorter than that required
for the batch fermentations (Figures 27 and 28). Thus, the single-
stage continuous fermentation seems to be more efficient than the
batch fermentation in terms of the average residence time required
for complete lactose removal. This conclusion is similar to that
drawn by Gill et al. (1977).

The shorter residence time required in the continuous fermen-
tation for the complete utilization of lactose may be best improved
by decreasing the time required for 1lipid accumulation, since this

is the slowest rate of the oleaginous fermentation. This may be
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accomplished by modifying the fermentation broth. For instance, an
optimum pH has been reported for this yeast for lipid accumulation
(Moon et al., 1978). Yeast strains may also be isolated which
accumulate lipid at a faster rate. Alternatively, it may be pre-
ferred for economic reasons to cultivate the oleaginous yeast with
a lower percentage of the biomass as lipid as suggested by Almazan
et al. (1981). This would also shorten the time required for lipid
accumulation.

Compared to a single-stage continuous fermentation, a two-stage
continuous fermentation may offer only a marginal decrease in the
overall average residence time for the complete utilization of lac-
tose. A two-stage system may be desirable if the optimal conditions
for the accumulation of nonlipid biomass and lipid are sufficiently
different. This may not occur since the optimum pHs for the accumu-
lation of nonlipid biomass and lipid are fairly similar for this
yeast (Moon et al., 1978). Therefore, a two-stage system may not
offer any significant advantage over a single-stage system. This

conclusion is similar to that drawn by Hall and Ratledge (1977).
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CONCLUSION

Candida curvata D was grown in batch and continuous fermen-

tations. In the batch fermentations, the concentrations of cel-
lular nitrogen, nonlipid biomass, and lipid increased more or less
sequentially. The concentration of nonlipid biomass was propor-
tional to the concentration of cells, and both concentrations
seemed limited by the available nitrogen. A constant ratio of
1lipid to nomlipid biomass was observed in the batch fermentations
during the initial period when most of the accumulation of non-
lipid biomass occurred. Nitrogenous compounds (predominantly
amino acids) contributed significantly to this initial accumu-
lation of nonlipid biomass, but the percentage of cellular nitrogen
in the nonlipid biomass changed dramatically over the course of the
batch fermentation and was greatly affected by the dilution rate
in the continuous fermentations. Lactose was used both for the
accumulation of nomnitrogenous nonlipid biomass and lipid. Unlike
some species of oleaginous yeast, metabolites did not seem to accu-
mulate during or after the tramsition to the period in which lipid
accumulation predominated.

Expressing specific rates with respect to cellular nitrogen
concentration seemed to be a logical approach, since the concen-
tration of cellular nitrogen best represented the concentration of

cellular enzymes. The trends in specific rates relative to
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cellular nitrogen indicated a transitional phase from growth to
lipid accumulation. The increase in the specific rate of lipid
accumulation during batch fermentations was paralleled by a de-
crease in the specific rate of demand for lactose to produce
nonnitrogenous nonlipid biomass. The specific rate of lactose
consumption was constant during the transition from growth to pre-
dominantly lipid production. A maximum and constant specific rate
of 1lipid accumulation was observed. This was consistent with the
hypothesis that a single enzyme controls the rate of lipid accumu~
lation.

The batch and continuous fermentations were satisfactorily
described by a kinetic model.' The sets of parameters required to
describe the batch and continuous fermentations were significantly
different for some parameters. This may be because the accumulation
of cellular nitrogen, nonlipid biomass, and lipid which were some-
what sequential in the batch fermentations were concurrent in the
continuous fermentations. Parameters which should be independent
of the fermentation system were not significantly different for the
two systems.

This model demonstrates a means by which lipid—-accumulating
fermentations can be described. The success of this model indi-
cates that for fermentations in which changes in the ratio of cel-
lular nitrogen to nonlipid biomass are significant, expressing spe-

cific rates with respect to the cellular nitrogen concentration is
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a useful way of expressing the fermentation kinetics.

From the kinetic model three conclusions were drawn:
1. A single-stage continuous fermentation requires a shorter
average residence time than a batch fermentation for utilization
of lactose and reduction in biological oxygen demand.
2, Lipid accumulation has the slowest reaction rate in the fermen-
tation. The time required for lipid accumulation might be shortened
by optimizing the composition and state of the fermentation broth
for lipid accumulation, isolating different yeast strains, or ac-
cepting a lower percentage of the biomass as lipid.
3. A two-stage continuous fermentation system probably will not
significantly decrease the overall average residence time as com-

pared to a single~stage continuous fermentation system.
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