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SUMMARY

The rate of alcohol production (per mg cell protein) by Saccharomyces cerevisiae declines as ethanol
accumulates during fermentation. The results of these studies indicate that this initial decline in activity is
not due to the presence of ethanol or to growth in its presence. Nutrient limitation is proposed as a major
factor responsible for the decline in fermentative activity during the early stages of fermentation.

INTRODUCTION

The rate of alcohol production per unit cell mass
decreases substantially during fermentations by
yeasts as ethanol accumulates [8,16,19]. This de-
crease has in most cases been attributed to the in-
hibitory effects of ethanol {1,2,6,12,13,15,18]. How-
ever, recent studies by Casey et al. [3,4] have pro-
vided evidence that nutrient limitation rather than
ethanol accumulation is a major factor limiting the
rate of fermentation during high gravity brewing.
Our studies extend this hypothesis as a possible ex-
planation for the initial decline in fermentative ac-
tivity observed during the accumulation of low
levels of ethanol in batch fermentations.
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MATERIALS AND METHODS

Organism and growth conditions. The organism
used in these studies was Saccharomyces cerevisiae
strain KD2, a petite derivative of strain CC3 (gen-
erously supplied by G.G. Stewart, Labatt’s Brew-
ery, London, Canada). This organism was grown
in complex medium (grams per liter): glucose, 200;
peptone, 10; yeast extract, 5; adjusted to pH 5.0
with 2 M HCI. Cultures were maintained on solid
medium containing 1.5% agar.

Fermentations were carried out at 30°C in spin-
ner bottles designed for tissue culture and were
vented with a water trap to allow the escape of car-
bon dioxide. Cultures (300 ml) were agitated at 150
rpm during fermentation. To prepare inocula, cells
were transferred from a slant and incubated for 36
h at 30°C without agitation, diluted 1:40 into a spin-
ner culture and grown for 12 h to an absorbance at
550 nm of 3.5 (1.3 mg/ml cell protein). This 12-h
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culture was diluted 1:100 as inoculum for batch fer-
mentations. ‘Conditioned broth’ refers to broth in
which cells have been allowed to grow for 12 or 24
h and removed by centrifugation.

Analytical methods. Cell mass was measured as
absorbance at 550 nm using a Bausch and Lomb
Spectronic 70 spectrophotometer. Total cell protein
was determined using the method of Lowry et al.
[11] as described by Layne [10]. Glucose was mea-
sured by the glucose oxidase procedure [17] using
the Glucostat reagents supplied by the Sigma
Chemical Company (St. Louis, MO). Ethanol was
determined by gas chromatography as described by
Goel and Pamment [7] and is expressed as percent-
age by volume. Fermentation rates were measured
as carbon dioxide production at 30°C under a ni-
trogen atmosphere using a Gilson differential res-
pirometer. The intracellular concentration of etha-
nol was measured as previously described [5].

Chemicals. Agar and complex medium compo-
nents were obtained from Difco Laboratories (De-
troit, MI). Glucose and biochemicals were pur-
chased from the Sigma Chemical Company (St.
Louis, MO). Gas chromatography supplies were
obtained from Supelco (Bellefonte, PA).

RESULTS

Fig. 1 shows a typical fermentation profile of
strain KD2. Nearly identical profiles were obtained
in medium supplemented with Tween 80 (5 g/1), lin-
oleate (45 mg/l) and ergosterol (30 mg/1), and using
a pH stat to maintain pH at 5.0. Glucose conver-
sion was essentially completed after 60 h under
these conditions with the production of 13% etha-
nol. Cell protein stopped increasing after 24 h, al-
though absorbance continued to rise for an addi-
tional 12 h period (not shown).

Using data from batch fermentations, we have
computed the rate of alcohol production per mg
cell protein over 1.6-h time intervals and have plot-
ted these as a function of average accumulated
ethanol (Fig. 2). The validity of these calculated fer-
mentation rates was confirmed by manometric de-
terminations using samples from batch fermenta-
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Fig. 1. Alcohol production by strain KD2 during batch fermen-
tation with 20% glucose. A, glucose; M, ethanol; @, cell protein.

tions with excellent agreement. The trends observed
were similar for cells grown with and without lipid
supplements and during growth in a pH stat (pH
5). The fermentative activity of cells exhibited a bi-
phasic decline as a function of accumulated etha-
nol. An initial decline in fermentation rate occurred
during the accumulation of 3.7% ethanol with a
50% loss of activity. This was followed by a more
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Fig. 2. Inhibition of fermentation by ethanol. Fermentative ac-
tivity was determined from batch culture experiments and is
plotted as a function of ethanol accumulated in the growth me-
dia. The rate of fermentation was calculated as the increase in
ethanol over 1.6-h time intervals divided by the average cell pro-
tein concentration and is expressed as umol ethanol produced/h
per mg cell protein. The effects of added ethanol on the activity
of cells from early in fermentation (12-h) are included for com-
parison, expressed as umol of carbon dioxide produced/h per
mg cell protein. M, effect of added ethanol on 12-h cells; @,
batch fermentation with 20% glucose.



gradual decline in fermentation rate with approxi-
mately 20% of the original activity remaining in
12% ethanol.

Unlike ethanol accumulated during fermenta-
tion, the addition of low concentrations of ethanol
to rapidly fermenting cells from 12-h old batch fer-
mentations did not result in a large decline in fer-
mentation activity (Fig. 2). No inhibition was ob-
served up to 2% ethanol. Higher concentrations of
ethanol caused a dose-dependent decline in activity.
Fermentation was inhibited only 12% by the ad-
dition of 3.7% ethanol; 8.5% added ethanol was
required to cause 50% inhibition.

We have focussed on two time points in batch
fermentation to investigate the possible reasons for
the initial drop in fermentative activity: 12-h and
24-h. To minimize possible variability arising from
inocula, autoclaving, etc., we have operationally
defined 12-h cells as those which have increased in
cell mass 100-fold (as measured by absorbance at
550 nm). Typically, these have produced 1.2-1.3%
ethanol and contain 1.3 mg cell protein/ml. Cells
which have produced 5.0-5.6% ethanol (in addition

Table [
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to any ethanol which may have been present in the
original medium) were operationally defined as
24-h cells. Typically, these contained 2.6 mg cell
protein/ml.

Table 1 shows the effects of ethanol removal on
the fermentative activities of 12-h and 24-h cells.
The activity of 12-h cells was much higher than that
of 24-h cells. Ethanol removal by resuspension in
fresh broth had little effect on the activity of 12-h
cells and did not result in an increase in the activity
of the 24-h cells. Similarly, resuspension in condi-
tioned broth from 12-h fermentations (containing
1.1% ethanol) did not affect activity. Resuspension
of cells in the 24-h conditioned broth (containing
5.6% ethanol) reduced the fermentative activity of
12-h cells but appeared to have much less effect on
the activity of 24-h cells. Removal of volatiles from
the 24-h conditioned broth eliminated its inhibitory
effect on fermentation in 12-h cells but did not re-
sult in a significant increase in activity of the 24-h
cells. The addition of ethanol to the 24-h condi-
tioned broth restored its ability to inhibit the activ-
ity of 12-h cells, indicating that ethanol was the

Effects of ethanol and fermentation medium on the rate of fermentation

Cells from 12-h and 24-h batch fermentations were harvested by centrifugation at ambient temperature and resuspended to their original
volume in various broths. Where indicated, volatiles were removed from conditioned broth by vacuum distillation at 55°C, reducing the
volume by 2/3 and the broth was then reconstituted with distilled water or distilled water plus ethanol. Fermentation rates were measured
with a Gilson differential respirometer. Averages and standard deviations (S.D.) represent the results from three separate batch fer-

mentations.

Assay medium

Fermentation rate
(umol CO,/mg protein per h (S.D.))

12-h cells 24-h cells
Original broth 36.3 (2.4) 16.5 (2.6)
Fresh broth 39.5(2.3) 20.3 (2.5)
Conditioned broth 38.9 (1.9) 22.7(5.7)
(12-h, 1.1% ethanol)
Conditioned broth (24-h, 5.6% ethanol) 22.8 (0.6) 16.1 (2.0)
Conditioned broth 34.9 (0.8) 17.6 (2.0)
(24-h, volatiles removed under vacuum)
Conditioned broth 21.9 (0.2) 15.7 (1.0)

(24-h, volatiles removed under vacuum, reconsti-
tuted to give 5.6% ethanol)
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principal volatile component responsible for this in-
hibition.

A trivial possibility for the failure of 24-h cells
to recover activity after resuspension in broth lack-
ing ethanol would be the presence of large numbers
of dead cells. However, over 90% of these cells ap-
peared active and intact based upon the exclusion
of dye using the method of Trevors et al. [20]. An-
other trivial possibility for the failure of 24-h cells
to recover after resuspension in fresh medium is
that the internal ethanol was not effectively re-
moved by this procedure. Prior to resuspension in
fresh broth, the internal ethanol concentration of
24-h cells was 3.4% (S.D. 0.7) ethanol. After resus-
pension in fresh broth lacking ethanol, the internal
concentration was 0.7% (S.D. 0.1) ethanol. This
washed value was somewhat higher than expected
based upon dilution and appears to have resulted
from ethanol production during the brief resuspen-
sion and sampling period. The inclusion of 50 mM
KF (a potent inhibitor of glycolysis) during resus-
pension in broth lacking ethanol resulted in an in-
tracellular ethanol concentration of 0.06% (S.D.
0.01) ethanol, consistent with dilution.

In an analogous fashion, the failure of exogen-
ously supplied ethanol to raise internal ethanol con-
centrations in 24-h cells to a level equivalent to that
of cells during fermentative alcohol production
could provide an explanation for the apparent re-
sistance of 24-h cells to the inhibitory effects of
added ethanol. After 48 h, batch fermentations con-
tained approximately 11.5% ethanol. The intra-
cellular ethanol concentration of these cells was
8.5% (S.D. 2.0). Resuspension of 24-h cells in broth
containing 10% ethanol resulted in an intracellular
ethanol concentration of 9.7% (S.D. 0.8). Although
these values are not identical, they do indicate that
the addition of ethanol to 24-h cells results in an
increase in intracellular ethanol concentration sim-
ilar to that of cells during batch fermentation.

We have examined the sensitivity of 12-h cells
and 24-h celis to inhibition of fermenfative activity
by added ethanol (Fig. 3). The activity of 24-h cells
was approximately one-half that of 12-h cells when
assayed in fresh broth lacking ethanol. Both types
of cells were resistant to ethanol concentrations up

RATE OF FERMENTATION

0 4 8 12 16
ETHANOL CONC. (%V/V)

100 B.

80

sok

% MAXIMAL RATE

20 =

¢} 4 8 12 16
ETHANOL CONC. (%V/V)

Fig. 3. Comparison of the inhibition of fermentation by added
ethanol between 12-h and 24-h cells. Cells were harvested by
centrifugation and resuspended in fresh medium containing var-
ious concentrations of ethanol. Fermentation rates are expressed
as umol of carbon dioxide produced/h per mg cell protein in A
and as a percentage of the control rate lacking ethanol in B. The
average standard deviation is indicated on each graph. @, 12-h
cells; M, 24-h cells.

to 2% and exhibited a dose-dependent decline in
activity to around 12% ethanol. When plotted as
a percentage of maximal activity, 24-h cells ap-
peared slightly more ethanol resistant, 50% inhi-
bition at 8.3% ethanol as compared to 7.4% for
12-h cells.

The differences in sensitivity to inhibition by
ethanol and the failure of ethanol removal to re-



store fermentative activity indicate that the reduced
activity of 24-h cells is due primarily to physiologi-
cal changes in the cells rather than a direct effect of
cthanol. We have carried out several experiments
to identify possible causes of the physiologicai
changes which may be involved, summarized in
Table 2. In these experiments, cells were grown
under a variety of conditions, harvested by centrifu-
gation at ambient temperature and resuspended in
fresh medium lacking ethanol to measure fermen-
tative activity under standard conditions. In all ex-
periments, inoculation into fresh broth was includ-
ed as a control.

Experiment 1 examined the possibility that the
physiological changes in 24-h cells were due to
growth in the presence of ethanol. Fermentations
in which 5% ethanol was added prior to inoculation

Table 2
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were examined. These were allowed to grow to the
same cell mass as 12-h control cells. The fermen-
tative activity of these cells grown in the presence
of added ethanol was similar to that of control cells
grown for 12 h in the absence of added ethanol,
indicating that exposure to 5% ethanol during
growth was not sufficient to cause the reduction in
fermentative activity.

Experiment 2 was performed to examine the
possibility that growth in the presence of ethanol
along with other fermentation products is respon-
sible for the reduction in fermentative activity. Cul-
tures were inoculated into bottles containing filter-
sterilized conditioned broth (from 12-h cultures,
1.2% ethanol; from 24-h culture, 4.5% ethanol)
which had been supplemented with yeast extract (5
g/l) and glucose (to make 20%). These fermenta-

Effects of growth in different broths on the fermentative activity of strain KD2

Experimental designs are described in the text. Fermentations were carried out in various media. Cells were harvested by centrifugation
at ambient temperature and resuspended to original volume in fresh broth (20% glucose) immediately prior to the measurement of
fermentative activity using a Gilson differential respirometer. N.D., not determined.

Experiment

Fermentation rate

(umol CO, evolved/mg protein per h (S.D.))

inoculum 12-h cells 24-h cells
1. Growth with added ethanol
Control 48.5 50.7 (1.0) N.D.
5% ethanol — 44.5 (2.0 N.D.
2. Inhibitor production )
Control 48.1 41.8 (0.1) 12.5 (0.1)
Conditioned broth (12-h, 1.2% ethanol, — 40.7 (1.6) 14.8 (0.3)
resupplemented with yeast extract and glucose)
Conditioned broth (24-h, 4.5% ethanol, — 33.5(1.2) 13.6 (0.2)
resupplemented with yeast extract and glucose)
3. Nutrient limitation I
Control 48.1 41.8 (0.1) 12.5 (0.1)

Conditioned broth (12-h, 1.2% ethanol, e
resupplemented with glucose alone)

Conditioned broth (24-h, 4.5% ethanol, —
resupplemented with glucose alone)

4. Nutrient limitation IT
Control 48.8
5X yeast extract —

Less than 5 doublings after 71 h

Less than 5 doublings after 71 h

46.1 (0.6)
44.6 (1.3)

13.5(0.2)
28.2 (0.4)
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tions were allowed to proceed until the cells had
undergone an increase in mass equivalent to the
control. Cells grown in the supplemented 12-h con-
ditioned broth were equivalent in activity to control
cells. The activity of cells grown in the supple-
mented 24-h broth was lower but was at least twice
that of the 24-h control. After allowing these fer-
mentations to continue until 5% ethanol was pro-
duced (in addition to that present at the time of
inoculation), the fermentative activities of both
types of 24-h’ cells were similar to that of control
cells. Thus the decline in fermentative activity ob-
served after approximately 24 h of active fermen-
tation (production of 5% ethanol) is not due to the
accumulation of ethanol and/or other stable in-
hibitors in the fermentation broth.

Next we examined the possibility that the decline
in fermentative activity of cells which we observed
after 24 h was due to nutrient limitation. Neither
12-h conditioned broth nor 24-h conditioned broth
(resupplemented with glucose) supported the vig-
orous growth of strain KD2 following reinocula-
tion (experiment 3). The addition of yeast extract
restored the ability of condtioned broth to support
growth with fermentative activity equivalent to the
control (compare with experiment 2). Cells grown
in broth containing 25 g/l of yeast extract (5-fold
that of control broth) were equivalent in activity to
control, cells after 12 h and were twice as active as
control cells after the production of 5% ethanol,
after approximately 24 h (experiment 4).

DISCUSSION

Previous studies have shown that the rate of al-
cohol production by yeast per unit cell mass de-
creases rapidly during the accumulation of ethanol
([8,16,19]; Fig. 2). Most of these studies have at-
tributed this reduction in fermentative activity to
adverse effects of ethanol [9,13-15]. Casey et al.
[3,4] have recently shown that yeast nutritional re-
quirements are a major limitation of fermentative
activity in high gravity brewing and that supple-
menting worts with yeast extract and lipids sub-
stantially improves fermentation rates and reduces

the times required to complete fermentation. Our
studies using a yeast extract/peptone-based fermen-
tation broth also illustrate this point and provide
further support for the hypothesis that nutritional
deficiencies rather than accumulated ethanol are
primarily responsible for the initial decline in fer-
mentation activity during the accumulation of low
levels of ethanol.

The reduced activity of cells after the production
of approximately 5% cthanol (24-h cells) appears
to result from a combination of a small inhibitory
effect of ethanol and physiological changes in the
cells. These physiological changes in the cells were
not induced by growth in the presence of 5% added
ethanol or by growth in the presence of ethanol
along with the other natural fermentation products.
Conditioned broth was deficient in nutrients pro-
vided by yeast extract and supported very little
yeast growth. The addition of 5 g/l of yeast extract
restored the ability of this spent broth to support
vigorous growth and fermentation. Further increas-
ing the concentration of yeast extract (25 g/l) in
growth medium partially prevented the decline in
fermentative activity associated with the initial pro-
duction of 5% ethanol. These results support the
hypothesis that physiological changes in the cells as
a result of nutrient limitation are major factors in
the initial 50% decline in fermentative activity.
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