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Heat Effects for a Single Cell of Saccharomyces cerevisiae Determined
using a Classic and a New Procedure
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The growth thermograms observed with a multiplex isothermal calorimeter during growth
at 30 C were employed for the determination of various parameters characterizing the growth
and heat production of a Saccharomyces cerevisiae strain. The heat evolution curve, cell num-
ber curve and ethanol production curve determined for the yeast culture were found to be cor-
related, and the values of the growth rate constant y determined from these curves were, re-
spectively, 0.37, 0.34 and 0.32 h . From the correlation existing between the heat evolution
curve and the cell number curve, an average heat evolution Q= (1.35+0.02) x10 7 J cell ! and
a corresponding q1=20+3 pW cell ' for the average heat evolution rate for a single cell were
determined. Similar considerations allowed the determination of the average heat amount (QE=
147.6 kJ mol ') and the average number of yeast cells (N:=1.09 x 102 cells mol ') associat-
ed with the production of one mole of ethanol. On the second hand, a new method was pro-
posed for the determination of the average heat evolution rate per cell, which requires only the
knowledge of the initial number of cells ({the inoculum size) and the selection of an arbitrary
level o on the time derivative of the heat evolution curve observed for the yeast culture. The
values of ¢, determined using this method were found to depend on the level o, but the aver-
age was g, =28.0 £2.4 pW cell ', which is relatively close to the value determined by the clas-
sic method.

Introduction present level of calorimeter performance. Heat evolu-

tion or power expressed per cell are afterwards deter-

Despite the great advances in the field of calorim-
etry in the last decades, the sensitivity of modern
calorimeters does not allow yet the direct determination
of heat effects corresponding to a single microbial cell.
Minimum populations of at least 105-106 cells are re-

quired in order for the heat effects to be detected at the

mined by what we hereafter call the "classic” method,
that is, by dividing the observed heat effect to the cell
population number. Nevertheless, because of various ex-
perimental difficulties, the available data regarding heat
effects per microbial cell are scarce ! ‘¥ and display a

great variability. Moreover, for the case of yeasts, in
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many circumstances!4’ the specific heat effects are ex-
pressed per gram of yeast and not per cell.

In this paper we report the heat effects per cell for
a strain of Saccharomyces cerevisiae determined by the
classic method, from the correlation observed between
the heat amount evolved during growth and the evolu-
tion in time of the cell number in the culture. The heat
amount and number of cells associated with the pro-
duction of one mole of ethanol were also calculated.
Also, theoretical considerations are shown for a new
method supposed to allow the determination of the heat
evolution rate per cell from the calorimetrically re-
corded growth thermograms when only the initial cell

population is known.
Materials and Methods

The yeast strain studied was Saccharomyces cere-
visiae N0.9302, kept as stock culture on solid medium
in our laboratory. A liquid glucose-peptone growth medi-
um was employed, having the following composition,
per liter: 20 g glucose, 2 g yeast extract, 0.5 g MgSOs,
5 g polypeptone and 1 g KHzPO4. Cells taken from the
stock culture were preincubated for 24 hours at 30C
and after that a suspension was prepared by diluting the
preincubated culture with sterile distilled water until the
cell population was about 106 per ml. The cell number
was checked using a Thoma chamber. One ml of the
prepared suspension was added as inoculum in auto-
claved glass vials containing 5 ml of the growth medi-
um mentioned before. The cultures thus prepared were
then introduced in the calorimeter and incubated at 30°C
until the observed calorimetric signals returned to base-
line. The calorimeter employed was the "Bio-Thermo-
Analyzer” BTA-201H, manufactured as a commercial in-
strument by Nippon Medical and Chemical Instruments
Co. Ltd., Osaka, Japan. The calorimeter is of the isother-
mal type working on conduction principle. The heat
evolved during microbial growth is detected by the ther-
mopile plates mounted in each calorimetric unit and the
small temperature differences between sample units and
a reference unit (which contains only water) are trans-
formed into voltage signals. Calibration of the calorime-
ter using electric resistors provided rhe parameters re-
quired for expressing the signal in heat units by multi-
plication with the parameter §=5.9 mJ pVv . The sen-

sitivity of the calorimeter at steady heat effect was A

112

17.2 uW uV . Detailed information regarding the
calorimeter was reported elsewhere.s

Two more sets of similar yeast cultures were pre-
pared and incubated separately at 30C. One set was
employed for the determination of the yeast population
at 30 min intervals, by counting under microscope
using a Thoma chamber, while the other set served for
determinations of ethano! concentration at 1 h intervals.
A Shimadzu GC-14A gas chromatograph equipped with
a flame ionization detector and a Supelcowax 10
column (0.53 mm diameter and 30 m length, 0.5 pm
thickness) was used for ethanol determination. Chro-
matographic conditions were: oven temperature, 60C;
injector and detector temperature, 200 C; and carrier
gas, He at a flow rate of 20 ml min ! Yeast cells were
removed by centrifugation and the aliquot (1ul) of su-
pernatant was injected directly into the gas chromato-
graph. Under such conditions, the retention time for

ethanol was 1.4 min.
Results

Figure 1(a) shows 4 growth thermograms or g{1)
curves which represent the calorimetric signals re-
corded during incubation of 4 identical yeast cultures
in the calorimeter. The g(t) curves are almost identical,
which indicates that a good reproducibility is achieved.
However, the g(t) curves represent only the apparent
output of the calorimeter, and must be corrected for the
permanent heat exchange, characteristic to isothermal
calorimeters, that takes place between the calorimetric
units and their surroundings. This correction is made

by using the previously reported equation:6-12

F=g+K [edi n

where K is the heat conduction constant of the calorime-
ter and, for these experiments, had the value 0.1745
min ! which was determined according to the method
described elsewhere 58 The f(t) curves computed us-
ing Eqn.1 and given in Fig. 1(b) represent the actual
heat evolution in each calorimetric unit, as it would be
recorded by means of a hypothetical adiabatic calorime-
ter. A similar f() is also given in Fig.2(c) in order
to allow a comparison with the cell number (Fig. 2(a))
and ethanol concentration (Fig.2(b)). Turbidity mea-
surements were also performed, but their results were

in very good correlation with the cell number curve
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Fig.1 (a) Four growth thermograms or gt} curves

recorded during incubation of 4 identical yeast
cultures in the calorimeter, plotted with a small
shift between them so that their similarity can
be better observed.

(b) The actual heat evolution curves F(6) calcu-
lated from the growth thermograms given in plot

a) using Eqn.1.

Fig.2(a) and therefore are not shown here.!2 Exami-
ning Figs.2(a) and 2(c) it is evident that f(r) and the
cell number followed a similar pattern, indicating that
the actual heat amount observed was correlated with the
microbial population, in agreement with many previous

reports.4. 13 18

This fact provides the grounds for
using the f(r) curve in the determination of the growth
rate constant, as described below. Also, Fig.2(b) shows
that the ethanol concentration in the culture had a sim-
ilar evolution, suggesting that the conversion of glucose
to ethanol took place in parallel with the growth of
yeast. The correlation between the 3 curves shown in
Fig.2 can be further certified if f(r) is plotted against

the cell number or the ethanol concentration. From Fig.
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Fig.2 (a) Plot of the cell number of yeast cells, count-

ed at 30 min interval. The initial cell number
was .35 X 10° cells per vial, and the final pop-
ulation was about 690 X 0% cells per vial.
(b) Plot of the ethanol concentration produced
by the yeast cells. determined at | h intervals.
{c) The f{r) curve determined for a similar yeast
culture incubated in the calorimeter.

3(a) it can be observed that a good linear relationship
(R=0.997)

This correlation was certain for at least 14 h of incu-

holds between f(i) and the cell number.

bation. For the same incubation time, Fig. 3b indicates
that the correlation between f{t) and the ethanol con-
centration was also good (R=0.990), the larger scat-
tering of the points being due to relatively large errors

in the determination of ethanol concentration by the gas-
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Fig.3 (a) Correlation between the curves given in Fig.2
(¢c) and Fig.Z(a)A
(b) Correlation between the curves given in Fig.
2{(c) and Fig.2(b). The linear regression was
performed for the data points corresponding to
the first 14 hours of incubation. R represents
the correlation coefficient.

chromatographic analysis.

From the calculated f{r) curve, the value of the
growth rate constant U can be determined by fitting the
initial portion of the f(tr) curve with the previously re-

ported equation:” 12

f(ty=ANye'+ BNy (2)

which describes the amount of heat produced by an ex-
ponentially growing microbial population. In Eqn.2 i is
the growth rate constant, Ny is the number of viable
cells at the start of the measurement (the inoculum size),
t is the incubation time and A and B are constants.
The fitting procedure that provides the value cf the

growth rate 1 is shown schematically in Fig.4 (a;. By
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Fig.4 (a) Procedure employed for the determination of

the growth rate p. The initial, exponential por-
tion of the determined f{t) curve is fitted by re-
gression analysis on the basis of Eqn.2 and thus
provides the value of L.

(b) Plot of the f'() curve, also showing the pro-
cedure employed for the determination of the
incubation time 7, which corresponds to a se-

lected value o of the f'{t) .

applying it to the four f(r) curves shown in Fig.2(b),
an average value of | was obtained as U =037 £0.01
h !. For comparison, the same procedure, applied to the
cell number curve given in Fig.2(a), gave the resuit y
= 0.34+0.02 h !, and when applied to the ethanol curve
shown in Fig.2(b) it lead to the result £ =0.32+0.05
h !. The values obtained for p show slight variations,
depending on the portion of the curves which is con-
sidered to represent the exponential portion. In our case,
for all situations we considered the portion between 3%
and 30% of the total height of the curve. The values of

u determined from the f{r) curves (Fig.1()), cell num-
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ber curve (Fig.2(a)) and ethanol curve (Fig.2(b)) are
relatively close, indicating that the procedure employed
can be considered fully reliable.

By applying the classic method, various calcula-
tions can now be made regarding the amount of heat
generated during the growth of yeasts. The slope in Fig.
3(a) gives the value of the average heat evolution per
cell during the growth, Q= (1.35 £0.02)x10-7 Jcell !
On the other hand, the "generation time" or the ave-
rage generation time of the yeast cells can be deter-
mined with the relation:

tdi%z— 3)
leading to 1, = 1.87 h. With these values, the average
heat evolution rate per cell during the exponential growth

phase can be determined as:

-9

4 14 (4)

which provides the value g =20 +3 pW cell .

Furthermore, from the slope in Fig.3(b), it can be
derived that the average heat amount associated with
the production of 1 mole of ethanol is Qr = 147.6 kJ
mol !. Also, if we take the ratio of the slopes given in
Fig.2(a) and 2(b), we obtain the average number of
yeast cells associated with the production of one mole
of ethanol, Ny =1.09 X 1012 cells mol !,

As mentioned before, the values of 0, g1, Qr, Ng

presented above are determined based on the classic
method which requires determining the heat effects and,
in this case, the ethanol amount produced, for the whole
culture and averaging them using some knowledge of
the culture size. which in this case was provided by the
cell counting at 30 min intervals.

An attempt was also made to develop a new pro-
cedure for the determination of the heat evolution rate
per cell, g1, in the hypothesis that only the initial num-
ber of cells is known. For this purpose, we go back to
Eqn. 2 and make use of the previously reported ex-

pressions of the constants A and B:7. 12

__49
= il (5)
and
1
B= q()dt - (E)

where go is the heat evolution rate per unit cell during

the lag phase, ¢ represents the heat evolution rate per
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unit cell during the exponential growth phase, and 7 is
the lag time.

In this case, differentiation of Eqn. 2 leads to:

Nog

eHt e

fi= ™)

If a certain level & of is selected as shown in Fig.

4(b), then Eqn. (7) can be rewritten as follows:

Nog,
=— gl
=z

(8)
which in turn leads to
L @
el NUE“’« (9)

For our experiments, with inoculum cells preincubated
on the same typc of growth medium and cells subjec-
ted to minimum stress during the manipulations between
the preincubation and the experimental phase, the val-
ue of the lag time T was found to be negligible. More
precisely, when counting the cells for the determination
of the curve shown in Fig.2(a), an increase in the cell
number was already observed between the first and the
second counting, which meant that the lag time could
be estimated at less than 30 min. If that is the case, by
neglecting T Eqn.9 can be reduced to the simplified
form:
o«
T e (10)
Selecting various values for the parameter o in the
exponential portion of the f'(r) curve, the correspond-
ing values of 7, were determined as shown in Fig.4(b).

Table 1 contains the values of g calculated using Egn.10

Table 1 Values of the heat evolution rate per cell {q1)
determined using Eqn.10 for various values
of the a level of f'(r) (see Fig.a(®)) .

o/ ) ht te/ h g1/ pW cell t

B 05 419 212

1.0 5.48 26.1

1.5 6.31 28.6

2.0 7.00 29.4

2.5 7.59 294

3.0 8.09 29.2

3.5 8.52 29.0

4.0 8.86 29.2

4.5 9.21 28.7

5.0 9.50 28.6

5.5 9.76 28.5




=
arg

when o takes various values, and it can be seen that
the values of g; display a certain variation with the val-
ue of . The average value of g was 28.0 pW cell !
with a standard error of 2.4 pW cell ! which is rela-
tively close to the value ;=20 %3 pW cell ! mentioned
above and obtained through the classic method. Actu-
ally, Table 1 shows that for very small values of o (up
to 4% of the total height of the f'(t) curve), the dif-
ference between the traditional g and the one deter-
mined by the new method was the smallest; then g1 in-
creased when o increased up to about 14% of the max-
imum f'(f), and then decreased again while a reached
38% of the maximum f'(1). If the value g1 =20%3 pW
cell !is considered to represent the correct heat evolu-
tion rate per cell, then the evolution observed for the
g1 values given in Table 1 appears to indicate that a de-
viation from the exponential growth occurs starting from
very early incubation times, and also variations of ¢ in
time may occur. The straight line drawn in Fig. 2 (a) for
14 hours of incubation has certainly ignored such vari-
ations, and analysis showed that actually the slope of
this straight line also changes, function of how many
of the points in Fig.2(a) are taken into consideration
when making the linear regression. On the other hand,
the variation of the g1 values shown in Table 1 may al-
so be due, in part, to various €rrors and simplifications.
Also, it must be mentioned that if the lag time T is not
neglected, its influence will be manifested in an increase

of the g; due to their multiplication with the factor

ent,
Discussion

From the correlation between the actual evolution
curve f{r) and the number of cells in the culture, a val-
ue gy =20+3 pW cell ! was determined for the aver-
age heat evolution rate of the yeast cells during the ex-
ponential growth phase. The parameter 1 includes both
the heat evolution rate associated with cell growth and
the heat evolution rate associated with glucose metab-
olization by yeasts. This value of ¢: is a few times high-
er than the values reported by Lamprecht er al.,? which
ranged between 3 and 10 pW cell !, but these differ-
ences can probably be attributed to the variation of strain
and growth conditions. For example, Lamprecht 16! al-
so determined that during growth of yeasts on a medi-

um that contained only glucose as the sole source of

3

energy the amount of heat associated with the anaero-
bic growth of yeast was between 90 and 120 kJ per
mole of glucose. In our case, knowing that the maxi-
mum heat amount per vial was 82.6 ] (Fig.2{(c)) and
the available glucose was 0.555 mmol, we obtain the
corresponding value of 147.7 kJ per mole of glucose,
which can be explained by the supplementary presence
of other nutrients than glucose in the growth medium
we employed. The larger value of the heat amount ob-
served for our culture may therefore represent the main
reason for the larger value of ¢; determined in our case.
The result concerning the amount of heat associated with
the production of 1mole of ethanol, Qx=147.7 kJ mol '
which in principle may be useful for the estimation of
the heat amount resulted in similar processes of ethano-
lic fermentation, is also dependent on the growth medi-
um and experimental conditions employed.

Regarding the determination of ¢ through the new
method proposed, we could say that the values deter-
mined (Table 1) are relatively close to the one obtained
through the classic procedure. However, a variation of
41 was observed when the parameter 0 varied in the ex-
ponential portion of f’ (1), and probably various experi-
mental errors and theoretical simplifications are propa-
gated in the determined values. Nevertheless, if certain
improvements will be possible in the future, the proce-
dure presented may represent a useful and more con-
venient alternative to the conventional methods of de-
termination of heat effects per cell. Among the advan-
tages of the method we could name the fact that it re-
quires only the knowledge of the initial number of vi-
able cells, and also it may allow the observation of
changes in time of the g¢; values of the cells in a

culture.
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