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Resting cells of Saccharomyces cerevisiae Y25 were heated at 560C for 0 to 2
min. Respiratory activity of the cells reflected the severity of the heat stress. The
endogenous respiration was approximately 50 IlI of 02/mg per h for cells heated
for 2 min at 560C as compared with 2 ,ul of 02/mg per h for nonheated cells.

There was a distinct decrease in respiration after 1 to 3 h, and after 20 h the
respiration rate of heated cells was less than that of nonheated cells. Along with
increased rates of endogenous respiration, respiratory quotients of cells were

altered after heat stress. Addition of 2,4-dinitrophenol stimulated 02 uptake in
nonheated cells but decreased 02 uptake of heated cells. Due to the high rate of
endogenous respiration, addition of glucose resulted in no substantial change in
the rate of respiration of heated cells. However, addition of glucose prolonged the
presence of the high rates of respiration observed in heated cells.

Recently, several investigators have reported
the influence of thermal stress on fungi. One of
the manifestations of thermal injury in yeasts
and molds is a change in the metabolic activity
of the cells. Altered respiratory activity associ-
ated with thermal injury was reported in a num-
ber of investigations on fungi (1, 2, 5, 13, 14).
Also, decreased fermentative activity is found in
fungi exposed to supramaximal temperatures (7,
14).
However, there have been few reports of re-

versible thermal injuries associated with respi-
ratory activities of fungi. E. D. Meyer (Ph.D.
thesis, University of Arizona, Tucson, 1975) in-
vestigated the effects of thermal stress on Can-
dida P25, a psychrophilic yeast. Thermal injury
affecting endogenous respiration is irreversible
when cells are heated in the presence of glucose,
but is reversible when cells are heated in the
absence of glucose. The presence of glucose dur-
ing storage does not affect recovery. In contrast,
Baldy et al. (1) reported that glucose inhibits
recovery from thermal injury during storage of
heat-stressed conidia of Penicillium expansum.

Previously we reported that cells of Saccha-
romyces cerevisiae Y25 are injured during heat-
ing at 56°C. Repair of injured cells takes place
in water at 220C, but not at 4°C or in the
presence of 2,4-dinitrophenol (DNP). The pres-
ent investigation reports on the respiratory ac-
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tivity of S. cerevisiae Y25 cells after heating and
during recovery from thermal injury.

(This paper was presented in part at the 78th
Annual Meeting of the American Society for
Microbiology, Las Vegas, Nev. [Abstr. Annu.
Meet. Am. Soc. Microbiol. 1978, P14, p. 188].)

MATERIALS AND METHODS
Organism. S. cerevisiae Y25, a diploid yeast from

the culture collection of the Michigan State University
Food Microbiology Laboratory, was used in all exper-
iments. Procedures for culture maintenance, cultiva-
tion, and preparation of cell suspensions were as de-
scribed by Graumlich and Stevenson (8).
Thermal stress. Cells of S. cerevisiae were sub-

jected to thermal stress by utilizing the flask method
described by the National Canners Association (11).
An 11-ml amount of cell suspension was added to 99
ml of water preheated to 56°C in a 250-ml, screw-
capped Erlenmeyer flask. Temperature was main-
tained in a water bath heated by a Bronwill 20 constant
temperature circulator (Bronwill Scientific Co., Roch-
ester, N.Y.). The contents of the flask were mixed with
a magnetic stirring bar to help provide a uniform
temperature and to maintain suspension of the yeast.

Samples of the cell suspensions were withdrawn
after heating for 0, 1, or 2 min and placed in test tubes.
The tubes were cooled by immersion in cold tap water.
Enumeration procedures. Samples of heated cell

suspensions were plated immediately or, for delayed
plating, were held for 20 h at room temperature (22°C)
in test tubes on a Model TC-6 rotating drum (New
Brunswick Scientific Co., New Brunswick, N.J.) op-
erating at 6 rpm to provide aeration and to maintain
the yeast in suspension. The samples were diluted in
water, and duplicate pour plates were prepared of the
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appropriate dilutions. Samples were plated on plate
count agar (PCA; Difco) and potato dextrose agar
(PDA; Difco). Plate counts were determined after
incubation for 5 to 6 days at 25°C.
Manometric measurements. Respiration of heat-

stressed and nonstressed cells suspended in water at
30°C was studied by conventional manometric tech-
niques (15), using a Gilson differential respirometer,
model GR-14 (Gilson Medical Electronics, Inc., Mid-
dleton, Wis.). In some experiments, heat-stressed and
nonstressed cells were washed by filtration on a 0.40-
jim membrane filter (Nucleopore Corp., Pleasanton,
Calif.) and suspended in water. Alternately, heat-
stressed and nonstressed cells were added directly to
respirometer flasks after appropriate dilution. Each
flask contained 2.0 ml of yeast suspension (2.0 to 4.5
mg/ml, dry weight). The center well contained 0.2 ml
of 20% KOH or water and a folded strip (2 by 2 cm) of
Whatman no. 1 filter paper. In some experiments, 2.2
or 11 ,umol of glucose in 0.2 ml or 0.2 ml of 10-3 M 2,4-
dinitrophenol (DNP) were added from the side arm.
In addition, sometimes DNP was added immediately
after heating. The gas phase was air. A dry-weight
turbidity curve was utilized to determine the dry
weight of the yeast. Production of CO2 was determined
by the direct method (15).

RESULTS
Respiration of heat-stressed cells. Differ-

ences in endogenous 02 uptake between heat-
stressed and unheated cells of S. cerevisiae Y25
were noted. Oxygen uptake of cells heat stressed
at 56°C for 1 or 2 min was considerably higher
than that of unheated cells (Fig. 1). Cells heated
for 1 min at 56°C had a high initial uptake of 02
which declined shortly after measurements were
started. Cells heat stressed for 2 min at 560C
also had a high initial rate of 02 uptake which
continued through the h 1 of measurement. The
prolonged high rate of 02 uptake was associated
with thermal injury, as indicated by reduced
recovery of heat-stressed cells on PDA (Table

0 0 20 30 40 50 60
TIME (MINUTES)

FIG. 1. Endogenous respiration at 300C of heat-
stressed S. cerevisiae in water. Cells were heated for
0, 1, or 2 min at 560 C.

APPL. ENVIRON. MICROBIOL.

1). Plate counts on PCA and PDA of unheated
cells and cells heated for 1 min were similar.
Plate counts of cells heated for 2 min were
initially lower on PDA in comparison with con-
trols. Plate counts on PCA and PDA of cells
heat stressed for 2 min and stored for 20 h in
water were similar.
Endogenous 02 uptake rates of unheated and

heated cells varied during the first 4 h after
heating (Table 2). Unheated cells had a low
Qo2 (td of 02/mg of dried yeast per h) of approx-
imately 2.0 during the 4h period. Cells heat
stressed for 1 min had an average initial Qo2 of
40.6, which declined to 7.5 during h 2. Cells
heated for 2 min had an initial Qo2 of 39.7, which
declined to 33.5 during h 2 and then gradually
declined to 6.0 during h 4. Interestingly, after 20
h of storage, endogenous rates of 02 uptake of
heated cells were actually lower than those of
unheated cells; the Qo2 of unheated cells was
2.0, and those of cells heated for 1 and 2 min
were 0.8 and 0.9, respectively.

Respiratory quotients (RQ) of heat-stressed
cells were also different from those of unheated
cells (Table 3). The respiratory quotient is de-
fined as the ratio of CO2 produced per 02 con-
sumed. Unheated cells had RQ values at or near
1.00 during the first 3 h of measurement. Cells
heat stressed for 1 min had an initial RQ of 0.70,
associated with the high initial rates of 02 Up-
take, which then increased to 0.91 to 0.93 by h
3 or 4. In contrast, cells heat stressed for 2 min
had an initial RQ of 1.04 which dropped to 0.72
during the h 2 and increased to 0.95 and 0.93
during h 3 or 4.

TABLE 1. Effect of storage at 22°C on plate counts
of heat-stressed S. cerevisiae

Plate counts after (h of storage):
Heating
time, 0 20
(min)

PCA PDA PCA PDA

0 1.4 x 108 1.4 x 108 1.3 x 108 1.3 x 108
1 1.5 x 108 1.3 x 108 1.4 X 108 1.3 x 108
2 1.3 x 108 7.1 x 107 1.2 x 108 1.1 X 108

TABLE 2. Rate of endogenous oxygen-uptake at
30°C for unheated and heat-stressed S. cerevisiae
Heat Qo, at (h after heating):'
stress
(min at 0 1-2 2-3 3-4
560C)
0 2.0 1.9 1.8 1.8
1 40.6 7.5 6.4 5.4
2 39.7 33.5 16.7 6.0

Qo2 as defined in the text.
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TABLE 3. RQ values at 30°C for endogenous
respiration of unheated and heat-stressed S.

cerevisiae
Heat RQ at (h after heating):
stress
(mn at 0 1-2 2-3 3-4560C)

0 1.00 0.98 1.00 0.80
1 0.70 0.78 0.91 0.93
2 1.04 0.72 0.95 0.93

Rates of oxygen uptake in unheated cells and
cells heat stressed for 1 min increased when
DNP was added (Fig. 2). However, oxygen up-
take in cells heat stressed for 2 min declined
when DNP was added. The results were similar
when DNP was added immediately after heating
(data not shown).
Addition of glucose (2.2 or 11 ,umol) stimulated

oxygen uptake in unheated cells and cells heat
stressed for 1 min; however, little stimulation in
the rate of oxygen uptake was observed in cells
which were heat stressed for 2 min (Fig. 3). In
addition, after 4 h the total oxygen uptake re-
sulting from addition of glucose was more than
2 times greater for cells heat stressed for 2 min
than it was for unheated cells or cells heat
stressed for 1 min.

DISCUSSION
Respiration of heat-stressed cells. Rates

of endogenous respiration appeared to reflect
thermal injury. Prolonged high rates of endoge-
nous respiration were related to evidence of dif-
ferential recovery of heat-stressed cells on PCA
and PDA. After 20 h of storage when plate
counts on PCA and PDA of heat-stressed cells
were similar, rates of oxygen uptake were dimin-
ished to levels approximating or lower than
those of unheated cells.

Brandt (3) reports a high endogenous oxygen
uptake in cells of S. cerevisiae heat stressed at
500C, including evidence of trehalose disappear-
ance from cell reserves concomitant with high
rates of oxygen uptake. Although attempts were
not made to measure trehalose in this investi-
gation, the initial RQ of cells heat stressed for 2
min appeared to reflect carbohydrate utilization.
In a recent investigation, Baldy et al. (1) report
that endogenous oxygen uptake of unheated and
heated Penicilium expansum spores are similar;
however, viability of heated spores is less than
1.0% of unheated spores. In contrast, viability of
heated cells utilized in this investigation were
only slightly reduced in comparison with un-
heated cells, even though endogenous rates of
02 uptake were drastically different. In studies
of Candida P25, a psychrophilic yeast, Meyer

(Ph.D. thesis) reported declines in endogenous
oxygen uptake during exposure of heat-stressed
cells to supramaximal temperatures. The re-
duced Qo., correlates with decreased viability.
Viability and damage to respiratory activity are
repairable after cells are heat stressed in water,
but are irrepairable when cells are heat stressed
in the presence of glucose. In addition, decreases
in viability are greater when cells are heat
stressed in the presence of glucose.
Changes in the RQ values of heat-stressed S.

cerevisiae Y25 may have reflected changes in
endogenous substrate utilization or assimilation
of substrates for repair of injury. Although the
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FIG. 2. Effect of addition of 0.10 mM DNP on
endogenous respiration at 30°C of heat-stressed S.
cerevisiae in water. Cells were heated for 0, 1, or 2
min at 56°C, and DNP was added after 30 min.
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FIG. 3. Effect of addition of 1.0 mM glucose on

respiration at 30°C of heat-stressed S. cerevisiae in
water. Cells were heated for 0, 1, or 2 min at 56°C,
and glucose was added after 30 min.
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theoretical RQ is 1.0 for carbohydrates, 0.9 for
amino acids and proteins, and between 0.7 and
0.8 for lipids (6), "oxidative assimilation" of sub-
strates may result in less than theoretical oxygen
uptake (4). Furthermore, Wilson and McLeod
(17) show that the endogenous respiration of S.
cerevisiae is a complex process which concur-

rently utilizes glycogen, trehalose, proteins and
fatty acids.
Spiegelman and Nozawa (12) and Wilson et

al. (18) report a decrease in respiratory quotients
when endogenous respiration of S. cerevisiae is
measured over a period of a few hours. This
investigation found a similar trend, since the RQ
of unheated cells declined to 0.80 after 3 h. In
contrast, heat-stressed cells were observed to
undergo interesting fluctuations in RQ. Cells
heat stressed for 1 min demonstrated no detect-
able injury with respect to differences in plate
counts on PCA and PDA; however, the RQ was

0.70 initially and increased to 0.93 after 3 h of
storage. Furthermore, cells heat stressed for 2
min, which sustained thermal injury as demon-
strated by differences in plate counts on PCA
and PDA, were observed to have an RQ of 1.04
immediately after heating. The RQ dropped to
0.72 during the h 2 of storage, and then increased
to between 0.93-0.95.

In cells heat stressed for 2 min at 56 C respi-
ration was temporarily uncontrolled. This may
have been due to activation of mitochondrial
adenosine triphosphatase or uncoupling of oxi-
dative phosphorylation or both. Since RQ values
of heat-stressed cells returned to values near

0.95 after dropping to values near 0.70 after heat
stress, the injured yeasts presumably altered
their metabolism during the repair process. The
initial RQ of 1.04 plus the high Qo, of cells heat
stressed for 2 min may have represented uncon-

trolled respiration which resulted from thermal
injury. Ward (16) postulates uncoupling of res-

piration as an explanation for anomalous respi-
ratory activity in the presence of DNP and re-

duced incorporation of substrate of Sclerotinia
borealis exposed to maximal temperatures for
growth. Obviously, without further evidence
such as studies of substrate utilization and P/O
ratios, the postulate above must remain as spec-

ulation.
Further evidence of thermal injury was pro-

vided by the rates of oxygen uptake observed in
the presence of DNP. Addition of DNP to un-

heated cells or cells heat stressed for 1 min
resulted in increased oxygen uptake typical of
uncoupler activity. On the other hand, oxygen

uptake in cells heat stressed for 2 min was de-
pressed by the addition of DNP. One possible
explanation is that intracellular concentrations

of DNP were increased in heat-injured cells due
to enhanced entrance ofDNP through damaged
membranes. Alternatively, low concentrations of
DNP may have uncoupled oxidative phospho-
rylation of thermally injured mitochondria in a
manner similar to that observed at higher con-
centrations of DNP with mitochondria of non-
stressed cells.
Lee (10) determined that stimulation or inhi-

bition of respiration of S. cerevisiae by DNP is
dependent on DNP concentration, pH, and met-
abolic state of the cells. Inhibition of respiration
is observed at high concentrations of DNP, 5 x
io-4 M or higher, and at a pH of 5.0 or lower.
Stimulation of respiration is observed at lower
concentrations of DNP or at higher pH. The
inhibition is also dependent on the metabolic
state of the cells.
Oxygen uptake in response to the addition of

glucose was related to thermal stress in this
investigation. Although oxygen uptake due to
glucose addition was not appreciably stimulated
initially in cells heat stressed for 2 min, the high
rate of oxygen-uptake in those cells may have
precluded or masked its effect. However, glucose
increased the total oxygen uptake of cells heat
stressed for 2 min in comparison with unheated
cells and cells heat stressed for 1 min. The
increased oxygen consumption may have re-
flected utilization of added glucose to meet in-
creased energy demands of heat-stressed cells.
Alternatively, Hagler and Lewis (9) reported
that addition of glucose results in damage to
yeast cytoplasmic membranes after thermal
stress. Thus, addition of glucose may have in-
creased oxygen consumption due to further in-
jury. Baldy et al. (1) also reported that glucose
inhibits recovery from thermal injury in P. ex-
pansum conidia.
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