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summary 

Production of nicotinic acid from Socchoromvces cerevisiue in exponential growth on glucose 
was found to be growth associated. and in the stationary and decline phase was found to be 
death associated. A kinetic model was developed to describe the kinetics of growth of S. 
cerevisiae and the production of nicotinic acid. 

INTRODUCTION 

The kinetics of yeast growth are reviewed by Moms' and by van Uden.2 
Van Uden studied yeast growth kinetics ex ten~ive ly~-~  and proposed trans- 
port-limiting growth kinetics which in general have the same form as 
Monod's equation except that the yield factor is included. 

Yeast cells can synthesize the vitamin B complex for their own use. The 
nicotinic acid content of yeast ranges from 200-700 pg/g dry cell mass10." 
depending on the species and culture conditions. Suomalainen'2 found that 
bakers' yeast synthesized more nicotinic acid (0.6-1 .O pg/mL) in the aerobic 
condition than in the anaerobic condition (0.02-0.29 pg/mL). These two 
conditions are fundamentally different, and the synthesis of different 
amounts of nicotinic acid is to be expected. Suomalainen12 also found that 
when nicotinic acid was added to the medium initially its synthesis was slower 
during aerobic fermentation but the final concentration was the same as 
when no nicotinic acid was added initially. 

Although much is known about the production of nicotinic acid inside the 
cell. relatively little is known about the production-and especially the 
kinetics of production-of nicotinic acid in the culture filtrate. Odintsova13 
reported that excretion of vitamins, including nicotinic acid, takes place dur- 
ing normal functioning of the cells. with the highest rate occurring during the 
lag phase. The reason for this excretion and the mechanism by which it oc- 
curs are not well understood. Oura, Nurminen, and Suomalainen14 found 
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that ca. 66% of the cellular nicotinic acid was released into the medium after 
digestion with a snail preparation containing cell-wall decomposing enzymes. 
This treatment caused the release of the protoplast into the medium. It has 
often been observed that the degradation of ribonucleic acid and the release 
of ribonucleotide from yeast cells takes place by autolysis.15.16 Hence the ex- 
cretion of protoplast constituents other than nicotinic acid will also result. 
Higher temperatures enhance the autolysis. l 7  

Many biosyntheses of industrial interest can be described by a growth-as- 
sociated model. l8 Non-growth-associated or combined models may also be 
appropriate for some systems. Van Uden l9  incorporated the specific death 
rate term in growth kinetics equations. Hence, after cells die, autolysis fol- 
lows, and cell constituents are liberated. 

In order to understand the mechanism of production of nicotinic acid in 
the culture filtrate in the present yeast system, and to develop a kinetic model 
for its production, glucose-limited systems were studied at different fermen- 
tation times. 

EXPERIMENTAL 

The Saccharomyces cerevisiae used was obtained from the American Type 
Culture Collection (ATCC 9763). The chemically defined medium employed 
by Davis and MingioliZ0 was fortified with the addition of a five-component 
vitamin B complex solution.*' The mineral solution was either sterilized in 
place in the fermenter or autoclaved in a flask; the glucose solution was ster- 
ilized by Millipore filtration. After cooling, the solutions were mixed asep- 
tically to form the complete medium used for investigation. 

Fifteen liters of a complete medium in a 30-L fermenter (Fermentation 
Design Inc., Bethlehem, PA) were inoculated aseptically with 150 mL of 
freshly prepared yeast inoculum. The culture was agitated at 250 rpm and 
aerated at one volume of air per volume of medium per minute. The temper- 
ature was controlled at 30°C. The fermenter was equipped with an automatic 
sampling assembly, sample collector. and cold storage. 

Yeast growth was measured by the following methods. 
a) A Bausch and Lomb Spectronic 20 Spectrophotometer was used for 

measurement of the optical density of the culture at 420 nm.22.23 The culture 
was diluted to a proper concentration with a diluent containing 0.170 Tween 
80 and 0.570 formaldehyde. 

b) After the optical density measurement, 50 mL of the culture were fil- 
tered through a predried 0.2-pm Millipore filter, washed with double dis- 
tilled water, and dried in an oven at 90°C for 8 h. 

c) The viable count was determined by plate counting, and the total count 
by Coulter counter. 

Glucose was determined by the o-toluidine color reaction.24 
A microbial assay method for the determination of nicotinic acid was 

developed based upon Proteus vulgaris. This organism has been studied by 
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Shindala et al.21 and MorelZ5 and is nicotinic-acid dependent. The testing 
medium had the same chemical composition as the yeast culture medium ex- 
cept for nicotinic acid. For construction of a standard curve, a known 
concentration of nicotinic acid ranging from 0.004-0.040 pg/mL was added 
to the medium. A P. vufgaris inoculum was prepared in the same medium 
but with nicotinic acid present at 0.02 pg/mL. After incubation for 18 h at 
30°C. 10 mL of the culture were pipetted aseptically into a sterile centrifuge 
tube, centrifuged for 10 min at 5000 rpm (Sorvall RC2-B centrifuge), and 
washed with 10 mL of sterile medium (not containing nicotinic acid). Finally, 
the cell mass was resuspended in 10 mL of the same sterile nicotinic-acid-free 
medium. This cell suspension served as inoculum for the test medium. To 
each 25 mL of the test medium, one drop of the cell suspension was added 
aseptically. The culture was then incubated at 30°C for 2 days. Duplicate 
samples were prepared and the optical density of the culture measured. For 
determination of the nicotinic acid produced in the culture filtrate during 
yeast fermentation, an aliquot of culture sample was centrifuged to remove 
the cell mass, and the supernatant sterilized by Millipore filtration. An ali- 
quot of this filtrate was used for bioassay. 

RESULTS 

S.  cerevisiae was grown in media containing various concentrations of 
glucose as a limiting substrate, and the results used for the estimation of 
kinetic parameters. Growth curves were plotted for glucose concentrations of 
1580, 1613, 1832, 2000, 2703. 3012, 4338, and 5820 mg/L. In the first two 
experiments, glucose was depleted at ca. 12 h of fermentation. At a glucose 
concentration of 5820 mg/L, glucose was depleted after 24 h. The yield fac- 
tor computed from 14 experiments was 0.35 k 0.07 mg/cell/mg glucose at 
90% confidence. The yield of cells was 3.3 X 1Ob/mg glucose. 

The kinetic parameters were estimated from the values of the specific 
growth rate and the corresponding glucose concentration obtained from a 
series of batch experiments with various concentrations of glucose. From a 
Lineweaver-Burk plot, the maximum specific growth rate was determined to 
be 0.348 h- '  and the substrate constant to be 408 mg/L. 

As reported elsewhere,2b S. cerevisiae did not grow without glucose even 
when sodium citrate and other nutrients were present. 

The production of nicotinic acid during yeast fermentation was studied at 
various fermentation times and initial concentrations of glucose. At an initial 
glucose concentration of 3012 mg/L. growth levelled off at about 24 h while 
glucose was depleted in 14 h. Nicotinic-acid production was directly propor- 
tional to the yeast growth and the yield was ca. 60 pg/L per unit optical den- 
sity of the culture or 113 pg per gram cell. At a glucose concentration of 5820 
mg/L, glucose was depleted after 24 h of fermentation, and the growth of the 
yeast levelled off at about 38 h. Over the first 36 h. the yield factor was ca. 24 
pg/L per unit optical density, or about 40 pg/g yeast cell formed. However, 
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as was also found for an initial glucose concentration of 1580 mg/L, the pro- 
duction of nicotinic acid continued to increase exponentially at a new rate 
after growth levelled off. The UV absorption spectrum of the 7-day culture 
filtrate showed a peak at 266 nm. The material absorbing at 266 nm in- 
creased in proportion to yeast growth up to 38 h of fermentation and, as for 
nicotinic acid, continued to increase exponentially at a new rate after the cul- 
ture growth levelled off. This behavior indicates that cell constituents were 
liberated into the culture liquid. 

Figure 1 shows the results with a glucose concentration of 1832 mg/L. 
Viable plate counts are also shown, which, as expected, gradually decrease 
after the culture reaches its maximum growth. 

KINETIC MODEL 

Monod's kinetic model was used to describe the yeast growth on glucose 
limiting culture in terms of the following equations: 

Since the production of nicotinic acid is proportional to yeast growth dur- 
ing the exponential growth phase, a growth-associated model is applicable to 
this phase. After growth levels off, the nicotinic-acid production increases ex- 
ponentially at a new rate. Hence, a growth-associated model is not appropri- 
ate during the stationary and decline phases. Morris2' found that during 
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Fig. 1. Time course of nicotinic acid production. yeast count. viable count, culture filtrate 
UV absorbance, and substrate concentration of run No. 92. Initial glucose was 1832 mg/L. 
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these phases the viable count gradually decreased. The fraction of dead yeast 
cells increased exponentially with a death rate constant of 0.021 h-].  The 
logical conclusion to be drawn is that the production of nicotinic acid during 
these phases is a result of cell death and autolysis. A kinetic model of 
nicotinic-acid production can then be represented as follows. For a growth- 
associated production period: 

Y + a S +  - - -  -.k 2 Y + b N + e U V +  (4) 

Y 2% Yd (5) 

For death- and lysis-associated production periods: 

Yd Y, + c N + f U V  + . - *  ( 6 )  

Overall kinetic equations for nicotinic acid production can then be written 

( 7 )  

(8) 

(9) 

(10) 

Since the kinetic model does not take the time lag phase into account, the 
simulation is applied from 8 h after inoculation. Figure 2 compares the simu- 
lation results with experimental data. The parameters used had the following 
values: pmax = 0.348 h-l ,  K = 408 mg/L, pd = 0.0015 h-l, p, = 0.16 
h- ' ,  Yed = 3.3 X lo6 cells/mg, b = lop8 pg of nicotinic acid released per 
cell produced, c = 1.8 X lo-* pg of nicotinic acid released per dead cell. 

as: 
dYd/dt = pd( Y - Yd) 

dY,/dr = p,( Yd - Y, )  

dN/dt = bpY + cp,Yd 

dUV/dr = ep Y + f p ,  Yd 
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Fig. 2. Comparison of the model simulation (solid line) and experimental data (points) of 
run No. 92. Initial glucose was 1832 mgiL (the simulation comniences at 8 h). 
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DISCUSSION 

The yeast growth and substrate utilization curves show that most yeast cul- 
tures grew exponentially immediately after seeding. However, some batches 
showed a short lag phase. Most of the growth curves show that after glucose 
is depleted from the culture medium, growth continues, presumably until 
stored materials are utilized. The culture growth eventually levels off after 
about 20-24 h of fermentation. Monod's kinetic model fits the experimental 
growth curve very well, except that it predicts a lower substrate depletion 
because it does not take substrate storage into account. 

The production of nicotinic acid is growth asociated when growth is in 
exponential phase. However, during the stationary and decline phases of the 
yeast culture, the number of viable cells decreases even though the total 
number of cells is constant.2' Figure 1 shows that the production of nicotinic 
acid during these phases occurs exponentially at a new rate, a behavior not 
previously reported. The production of nicotinic acid may be described by a 
kinetic model consisting of a growth-associated process and a death- and 
lysis-associated process. 

Nomenclature 

a. b. c. d .  e. f coefficients 
K 
N 
S 

uv 
Y 

t 

y o  

'd 

Yed 

P 
P o  

kd 
P max 

substrate constant (mg/L) 
nicotinic acid (g/L) 
substrate (glucose) concentration (mg/L) 
time (h) 
UV optical density of the culture filtrate 
yeast concentration (mg/L or O D  at 420 nm) 
lysed yeast cells concentration (mg/L or cells/mL) 
dead yeast cells concentration (mg/L or cells/mL) 
yield factor of yeast on glucose (cell mass or cell number) 
specific growth rate ( h - ' )  
autolysis rate constant (h - I )  

specific death rate constant (h- ' )  
maximum specific growth rate (h- ' )  
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