CHAPTER 5
DISCUSSION

1. ANAEROBIC VERSUS AEROBIC

1.1. Temperature

Temperature is one of the most important environmental factors
influencing the growth and survival of microorganisms, including yeasts
(Watson, 1987). Increasing temperature can cause the rapid growth of cells by
increasing chemical and enzymiatic reactions within cells and thus stimulating
growth. On the other hand, high temperature can damage cells due to
irreversible denaturation of proteins, nucleic acids and other cellular
components.

Understanding the mechanism(s) by which yeast cells adapt to
temperature has fundamental ar d economic applications. The latter include the
commercial application of food greservation, including the effect of heating and
cooling on microbial spoilage of foodstuffs. In this respect the heat shock
response, characterised by rapid changes in cellular physiology and increased
tolerance to various stresses, especially heat, has attracted considerable
attention in the past 15 years or so.

In the present studies, the response to heat and peroxide stress of
aerobically or anaerobically grown yeast cells, exhibiting different membrane
lipid compositions, was examinad. As shown in Fig 3.3, heat shock-induced
thermotolerance to a heat stress at 48°C was highest in aerobically grown cells
followed, in order, by oleic (C18:1) and then linolenic (C18:3) acid
supplemented anaerobically grown cells.

The differences in heat stress ftolerance could, to a limited extent, be
correlated with the degree of membrane lipid unsaturation or unsaturation index
(Table 4.2). The indices vary frcm 0.75 for aerobically grown cells to 0.80 and

1.45 for the anaerobic cells grcwn on oleic or linolenic acid respectively. The
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higher the unsaturation index, the more fluid the membrane. Thus, cells grown
anaerobically with C18:3 as ligid supplement have the highest unsaturation
index and are the most sensitive to heat stress at 48°C. On the other hand, the
aerobic cells have the lowest unsaturation index and are the most heat
resistant. These observations are consistent with the widely accepted model,
the fluid mosaic model (Singer and Nicolson, 1972), for biological membranes.
This model predicts that biological membranes, which consist primarily of lipids
and proteins, have to be in a semi-fluid state to be fully functional. According to
this model, cell physiology is disrupted at high temperatures when membranes
become too mobile or fluid and , conversely, at low temperatures, membranes
are too rigid. The greater heat ‘olerance of aerobic cells, as compared to the
anaerobically grown cells, mey therefore be correlated with the lower
unsaturation index and hence lower membrane fluidity.

In earlier studies on Esct erichia coli, Overath et al. (1970) reported that
C18:1 supplemented cells could grow at temperatures above 45°C whereas
C18:3 supplemented cells were inable to grow above 40°C. Yatvin (1977), also
working with E. coli, latter reported that C18:1 supplemented cells were more
thermotolerant than C18:3 supplementzd cells. These observations agree well
with the present studies, at least for the anaerobically grown cells. It is clear,
however, that membrane fatty acyl composition is not directly a measure of
membrane fluidity. The latter would also be influenced by the type,
conformation and arrangement of the membrane proteins as well as the
interaction of membrane proteirs with the membrane lipids. Recent studies in
this laboratory (Swan & Watson, personal communication) have examined the
relationship among membrane | pid composition, membrane fluidity and stress
tolerance in yeast. These studies; have revealed no simple relationship amongst
these three parameters. Furthermore, membrane fluidity, as measured by the
fluorescence probe 1,6-dipheryl-1,3,5-hexatriene (DPH), was not directly

related to the membrane lipid composition. On the basis of these studies, it was
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suggested that membrane proteins may play an important role in stress induced
cell damage.

In considering other parameters influencing heat stress tolerance in
yeast, the role of heat shock proteins and trehalose in particular should be
considered. These two parametars were examined in the present studies and
the discussion of the results presented in section 3 and 4. Other factors which
have recently been proposed t> be of importance in yeast stress tolerance
include the plasma membrane ATPase (Piper, 1993, Coote et al. 1994; ) and
antioxidant enzymes (Hou, 1992 Steels, 1994) but these are beyond the scope

of the present studies.

1.2. Oxidative stress

In order to establish a baseline for the response to oxidative stress of
aerobically or anaerobically grown cells, the effects of a H,O, challenge on the
two cell-types were investigatec. As illustrated in Fig. 3.2 (aerobic cells) and
Fig. 3.5 (anaerobic cells), aerobically grown cells were significantly more
resistant to H,O, stress than ar aerobically grown cells. In very recent studies
from this laboratory (Steels et ¢/, 1994; Steels, 1994) it has been confirmed
that tolerance to H,O, in yeast is greater in aerobic than in anaerobic cells.
Although this conclusion from tie present studies and those of Steels et al.
(1994) are not surprising, no reports on the relative tolerances of aerobic and
anaerobic yeast cells appear in t1e published literature.

These differences may b2 related to the distinct metabolic activities of
the two cell types. In the present studies, anaerobic cells were grown in high
glucose media in a constant atrnosphere of high purity nitrogen, conditions in
which cells were obtaining enerjy essentially through glycolysis. On the other
hand, the aerobic cells, although subjected to glucose catabolic repression,
were obtaining energy through hoth glycolysis and the tricarboxylic acid cycle-

respiratory pathways. Cells operating under the latter pathway may be
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anticipated to be more able to cope with oxidative stress through production of
antioxidant enzymes. In this respect there is evidence in the literature for higher
levels of superoxide dismutase (SOD) in aerobic yeast cells as compared to
anaerobic cells (Gregory et al., 1974; Lee and Hassan, 1986).

Although there are conflicting data with respect to the precise levels of
SOD in yeast cells, the more re:ent studies from this laboratory (Steels, 1994)
have shown distinct differences in SOD levels in aerobic and anaerobic cells.
These studies have show a 2-fold higher level of CuZn-SOD in aerobic cells
over anaerobic cells. Moreover, the 4-fold higher level of Mn-SOD, associated
with the mitochondria, in the former cell type emphasises the differences in
levels of antioxidant enzymes in the two cell types. In addition to the SOD
enzymes, levels of the antioxide nt enzyme cytochrome c peroxidase (Verduyn
et al., 1988) are markedly higher, up to 10-fold, in aerobic cells (Steels, 1994).

The levels of antioxidant enzymes in relation to the effects of

oxygenation and thermotolerancz are discussed further in a later section.

2. ANTIOXIDANTS AND THERMOTOLERANCE

In this series of experiments, the thermosensitivity of cells as influenced
by the synthetic antioxidants, butylated hydroxytoluene (BHT) and propyl
gallate (PG), and the naturally-occurring antioxidants, glutathione, ascorbate,
B-carotene, a—tocopherol and erjosterol was examined.

Data from the present e (periments showed that levels as low as 100
ppm PG increased cell thermosiensitivity during induction of thermotolerance.
On the other hand, BHT at 1C0 and 200 ppm had marginal effects on cell
thermotolerance and was only inhibitory at much higher levels (750 ppm). The
present results indicate that BHT and particularly PG, which are used as
antioxidants for the prevention >f lipid peroxidation in foods (Davidson et al.,
1983), also have antimicrobial activity. In one of the very few reports in the

published literature on the effects of artificial antioxidants on yeast, Eubank and
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Beuchat (1983) reported that F'G (at 1000 ppm) enhanced the rate of heat
inactivation, measured at 50°C, of S. cerevisiae. Other food antioxidants such
as butylated hydroxyanisole (at = 00-200 ppm) were also found to enhance heat
induced death in S. cerevisiae.

It has recently been shown that heat shock of yeast cells at 37°C
induces lipid peroxidation, as measured by thiobarbituric acid formation (Steels
et al. 1994). The lipid peroxidation presumably arising from free radical induced
damage to membrane phospholipids. Furthermore, a mild heat shock has been
reported to induce the antioxicant enzyme superoxide dismutase in E. coli
(Privalle & Fridovich, 1987), Ha'obacterium halobium (Begonia & Salin, 1991)
and, very recently, also in S. cerevisiae (Steels et al., 1994; Hou, 1992; Steels,
1994). The induction of antioxide nt enzymes and lipid peroxidation in yeast by a
mild heat shock would indicate that heat shock and oxidative stress, induced by
oxygen-derived free radicals, may share a common mechanism. It might be
anticipated, therefore, that antio:<idants, acting as free radical scavengers, may
protect cells from heat damage.

In the present studies, preincubation of cells, prior to heat treatment, with
the naturally-occurring antioxid.ants, glutathione and ascorbate, had only a
marginal effect on cell survival (Fig. 3.5). If anything, at 20 mM glutathione or
ascorbate, there was a measurale detrimental effect on cell survival.

A synergistic effect of Feat and ascorbate in inducing cell killing in
various microorganisms was reported by Mackey and Seymour (1989). In one
experiment, these authors reported that addition of isoascorbate (1mM)
accelerated thermal death in Candida zeylanoides on exposure to a 52°C heat
stress. There are few, if any, o her reports on heat and antioxidant effects of
ascorbate or glutathione on yeasit cells. In a relatively recent publication, Cheng
and Wilkie (1991) reported a protective effect by vitamin E (a—tocopherol),
ascorbate and glutathione on st rvival of S. cerevisiae cells exposed to vitamin

A. The authors speculated that the toxicity of vitamin A may be related to
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generation of free radical interm2diates and that protection could be induced by
antioxidant detoxification by ascorbate, glutathione and vitamin E.

It would appear, however, from the present studies that heat stressed
yeast cells, at least under the present experimental conditions, are not
associated with the generation of free radicals. On the other hand, oxidative
stress imposed by H,0, would oe expected to be associated with free radical
damage to cells. In the present studies. preincubation of cells with ascorbate or
glutathione prior to heat stress i nproved cell survival, at least in the short term
(15 to 60 min), by 5-10% (Fig. 3.9 and 3.10).

It is debatable if this degree of apparent protection against heat can be
taken as any indication, certainly not a strong one, that ascorbate and
glutathione were functioning as antioxidants and thereby mopping up free
radicals. It is more likely that these antioxidants were acting non-specifically,
perhaps as growth promoters. Support for this concept comes from
experiments in which various antioxidants were incorporated into agar media. In
particular, addition of ascorbate: (Fig. 3.11) and to a much lesser extent a-
tocopherol (Fig. 3.12) to agar media resulted in higher percentage survival to
heat stress than in control media.

Overall, the present experiments demonstrated that, for the antioxidants
tested, there was marginal protection against heat or oxidative stress. There
may be several explanations for this observation. One is that heat stress is not
associated with production of frze radicals or at least of the kind that can be
scavenged by the antioxidants tasted in the present studies. On this particular
point, it should be emphasisec that there is little indication, at least in the
published literature, of what naturally-occurring antioxidants actually function in
Saccharomyces. On the other hand, highly pigmented yeasts, especially of the
genera Rhodotorula, Sporoboloinyces and Phaffia contain high concentrations
of B-carotene, a known antioxidant (Moore et al., 1989; Schroeder and

Johnson, 1993). The fact that pB-carotene had little effect on cell survival of
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stressed Saccharomyces cells, nay simply reflect the absence of any suitable
mechanism whereby [B-caroten2 could be assimilated and/or utilised as an
antioxidant in this particular yeat species. Similarly, ascorbate (vitamin C) and
a-tocopherol (vitamin E) are not found in significant amounts in yeasts generally
(Reed and Nagodawithana, 1991) and thus may not be suitable as
experimental antioxidants. Historically, p-carotene (vitamin A), ascorbate
(vitamin C) and o-tocopherol (vitamin E) have been extensively examined as
potential antioxidants in higher eucaryotes, acting as free radical scavengers
(Sies, 1986; Halliwell and Gutteridge, 1989). There is accumulating evidence
that these antioxidants act as oxygen-derived free radical scavengers in a
variety of situations, including hu man diseases (Halliwell and Gutteridge, 1989).

By comparison, there is evidence that glutathione, a known antioxidants
in lower and higher eucaryotes (Meister and Anderson, 1983; Penninckx and
Elskens, 1993), may play a role n protecting yeast cells against some stresses.
The latter include the detoxifica:ion of some chemicals and protection against
metal-chelating and thio-reactive agents (Murata and Kimura, 1987a).
Glutathione, although not essenrial for yeast viability, has been shown to play a
key role in cell proliferation (Ohtake et al., 1990). At this point in time, there is
little evidence in Saccharomyces for any naturally-occurring antioxidant which
may play a role in protecting cells against a particular stress, be it heat, ethanol,
oxidative or some other stress There is scant evidence in the literature for
precise identification of free rad cals or their intermediates in yeast cells, apart
from the indirect observation cf lipid peroxidation (Steels et al., 1994) and
antioxidant enzymes (Hou, 19€2; Steels, 1994) induced by heat and H,O».
Nevertheless, the fact that oxygen-derived free radicals and antioxidants, both
enzymatic and non-enzymatic, are ubiquitous in nature would warrant further

investigation of the yeast systen .
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3. OXYGENATION

A major finding of the present studies was that oxygenation of cells

during stress treatment was highly beneficial to cell survival. Furthermore,
oxygenation after heat stress als;o resulted in improved cell survival or perhaps
more correctly, cell recovery.
These observations were somewhat unexpected in that the prediction was that
a combination of stress, e.g. heat, and oxygen should have resulted in
increased, rather than decreased, sensitivity to the stress. Hyperoxic
conditions induce formation of oxygen-derived free radicals, including
superoxide radical and the highy reactive hydroxyl radical. These radicals are
thought to cause extensive damage to all cell types (Halliwell and Gutteridge,
1989).

Oxygen also has the opp ssite effect of inducing antioxidant enzymes. In
yeast, exposure of cells to 100% oxygen is known to increase SOD activity (Lee
and Hassan, 1986). More recently, Steels (1994) has reported increased SOD
activity, especially the mitochondrial associated Mn-SOD, of 40% and 20% in
anaerobic and aerobic yeast :ells respectively exposed to 100% oxygen.
Conversely, it has been repoted that yeast SOD activity, especially the
cytoplasmic CuZn-SOD, deceases on transition from aerobiosis to
anaerobiosis (Clarkson et al., 1391). Interestingly, mutants lacking CuZn-SOD
(Bilinski et al., 1985) or Mn-SOL (Van l.oon et al., 1986) are adversely affected
in the presence of hyperoxia and fail to grow normally. In the case of Mn-SOD-
deficient mutants, the cells were: particularly sensitive to oxidative stress (Van
Loon et al., 1986).

Other antioxidant enzyme:s of importance in oxidatively stressed yeasts
are glutathione peroxidase (Galiazzo et al., 1987) and cytochrome ¢ peroxidase
(Verduyn et al., 1988). The latter enzyme in particular increases markedly on
exposure of cells to hyperoxia (Steels, 1994). In the present studies, levels of

antioxidant enzymes were not rneasurad as time and the scope of the thesis
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did not permit this major undertaking. Nevertheless, it could be implied, from
previous work in this laborator/ (Steels, 1994), that increases in antioxidant
enzymes, particularly Mn-SOD and cytochrome c peroxidase, would have
occurred during oxygenation. dowever, an obvious and a most important
parameter, in the present studie's with respect to oxygen and heat stress was
the temperatures at which the cells were exposed to oxygen. It should be noted
that the solubility of oxygen in aqueous solutions decreases markedly with
increasing temperature. The solbility of oxygen at 25°C is 211 mM, at 37°C it
is 167 mM and at 48°C it is 120 mM (Hitchman, 1978). At higher temperatures,
therefore, oxygen may becom= rate limiting. This effect would be further
accentuated by a higher rate of inetabolic activity.

Oxygenation at the different temperatures would presumably lead to
increased levels of oxygen available to cells. The increased oxygen levels may
allow cells to better cope with heat stress, especially at the higher temperatures
(37°C and 480°C) at which increased metabolic activity may require increased
oxygen supply. This is almost zertainly an over-simplified explanation of the
oxygen effects observed in the present studies.

In an early study, Graimlich and Stevenson (1979) reported that
endogenous respiration of heat damaged yeast cells was substantially higher
than non-heated controls. However, in these studies it was questionable
whether the cells were actually severely damaged or not (heat stressed at 56°C
for 1 to 2 min), as survival was assentially 100% as determined by viable plate
counts. By contrast, experiments. in this laboratory have shown that even a mild
heat shock at 370C for 30 to 45 min leads to a 50% decrease in whole cell
respiration (Swan, personal communication) and also decrease in mitochondrial
respiration and function (Ferrari, 1994). The latter studies have demonstrated
that mitochondria are a key target for heat stressed induced damage.

Furthermore, a mild heat shock (37°C for 30 min) provided substantial
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protection of mitochondrial oxilative phosphorylation against heat stressed
induced damage (Ferrari, 1994).

The oxygen effects as observed in the present studies may therefore be
related to protection of key mitochordrial functions by oxygen during heat
stress. In this respect it should >e noted that Van Uden (1984) has previously
proposed the mitochondrial innar mernbrane as target sites for thermal and
alcohol induced damage. Support for this concept comes from the studies of
Jimenez and Benitez (1988) which suggest that the stability of yeast
mitochondrial DNA may be a key factor in determining cell viability under
conditions of high temperature and ethanol concentrations.

The concept that oxygen may be protecting key mitochondrial functions,
especially at high temperatures, would also hold in the case of yeast grown
anaerobically. Under conditiors of strict anaerobiosis, yeast still retain
mitochondrial profiles, the so-called promitochondria, although these are
structurally distinct as observed n the electron microscope from those observed
in the aerobic cell (Plattner and Schatz, 1969; Watson et al., 1970; 1971).
Furthermore, it has been denonstrated that these promitochondria, which
contain mitochondrial DNA (Criddle and Schatz, 1969; Watson et al., 1971), do
perform important, if not essential, cellular functions and these include transport
processes and energy-requiring (ATP) reactions (Subik et al., 1972, Visser et
al., 1994). It is thus envisaged that even in the case of anaerobic cells, oxygen
may function to protect against heat-induced damage to key mitochondrial
functions. Oxygenation or aeration of anaerobic yeast is known to stimulate the
synthesis of unsaturated fatty acids and ergosterol, both of which are essential
cellular components and requir2 oxygzsn for synthesis (Andreasen and Stier,
1953, 1954). Moreover, it has been proposed that the fermentation
performance of brewing yeasts is positively correlated with lipid composition,
especially ergosterol content, which in turn is dependent on oxygen levels

(Molzahn, 1989). The higher "he oxygen level, the greater the ergosterol
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content and the higher the ferme ntation efficiency (Molzahn, 1989). The viability
and fermentative capacity of such cells are reportedly much improved (Boulton
and Quain, 1987). Interestingly, the oxygen induced synthesis of ergosterol
shows good correlation with acciumulation of trehalose (Callaerts et al., 1993).

Oxygen limitation has been shcwn to result in loss of cryotolerance in
yeast (Gelinas et al.,, 1989) and this factor was more important than trehalose
content. Gelinas and Goulet (1391) extended these observations to examine
the morphology of such cells subjected to oxygen saturation. These authors
reported that cells grown under excess oxygenation exhibited extensive
invaginations in their cytoplasmic membranes and, more importantly,
possessed giant mitochondria. It was speculated that the lower trehalose
content and relatively poor mtochondrial development in oxygen-deprived
growth media could be involved in the greater cryosensitivity of such yeasts
(Gelinas et al.,, 1989). Survival in frozen and thawed E. coli has also been
reported by Swartz (1970) to be enhanced to some extent by the presence of
oxygen.

In the present studies, oxygenation was extremely beneficial to cell
survival not only during heat snock and heat stress but also after the heat
treatments. This observation would therefore lead to the conclusion that oxygen
was contributing in some way tc cellular repair mechanisms. The nature of the
target sites for heat damage arnd mechanisms of repair remain unknown. An
understanding of the oxygen effects, would mark a substantially advance in our
knowledge into the mechanism of the heat shock response.

The use of cycloheximide to block normal and heat shock protein
synthesis gave a clear indication that some aspect of protein synthesis was
involved in stress tolerance (Fig. 4.1). This observation was in general
agreement with the view that heat shock proteins are somehow involved in
induced thermotolerance in a wide range of organisms (Lindquist and Craig,

1988; Watson, 1990).
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The function of heat siock proteins (hsp) and trehalose is highly
controversial and to date there is no general consensus as to the relative
contributions which these two components make towards either intrinsic or
induced stress tolerance (Piper, 1993). Nevertheless, it is clear that under some
conditions, such as in the case of specific mutant studies, it can be
demonstrated that hsp play a role in protecting yeast cells against heat and
other stresses. The work of Sanchez et al. (1992) on a yeast mutant deficient in
hsp 104 synthesis has shown that hsp 104 is important for tolerance against
heat and other stresses. However, it should be noted that even in the case of
hsp 104, there have been conflicting data. One group (Winkler et al., 1991)
have emphasised the importance of hsp 104 in thermotolerance and another
group, using exactly the same wild-type and hsp 104-deficient strains, have
reported that trehalose was the major factor governing tolerance to heat stress
(DeVirgilio et al., 1990).

In the present studies, a rild heat shock at 37°C for 45 min, induced the
synthesis of classical hsp of yeast belonging to the hsp 100, hsp 90, hsp 70
and hsp 60 groups (Fig 4.16). Ir addition, protein bands were also observed at
between 30 and 44 kDa and many of these bands have been previously
reported in yeast (Watson, 1990; Mager and Ferreira, 1993). However, it was
beyond the scope of the present studies to further characterise the nature of
these proteins. For the purposes of the present studies, the major objective in
examining the protein pattern o° cells subjected to stress was to determine if
these were any additional and/cr enhanced synthesis of protein(s) associated
with oxygenation and stress tolerance. Although there were indications of
enhanced protein synthesis in the region of 40 and 36 kDa (Fig. 4.16) on
oxygenation of cells at 25°C, it should be noted that these conditions did not
lead to an increase in thermotclerance. On the contrary, cells oxygenated at
250C prior to heat stress were in fact more sensitive to subsequent heat

treatment, induced (Fig 4.5) or intrinsic (Fig 4.6). Interestingly, Collinson and
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Dawes (1992) have reported H,O,-induced synthesis in yeast of several
polypeptides in the 38-45 kDa region. The nature of these polypeptides remain
to be elucidated.

Kim et al. (1989) reporied the induction of a 27 kDa protein in S.
cerevisiae cells grown anaetobically and subjected to a hyperaerobic
atmosphere (95% O, : 5% '20,). Antibodies to this protein were also
recognised in rat tissues and this observation lead the authors to speculate that
the 27 kDa protein may represent an adaptive response that evolved to protect
cells from various oxidative stresses. Despite numerous attempts, the present
studies did not reveal any newly synthesised or enhanced synthesis of proteins
inducible by a combination of h=2at shock plus oxygen as compared to a heat
shock alone (Fig 4.16 and 4.17). It is unlikely that the laboratory techniques
used to examine new (or enhanced) protein synthesis in the present work were
inappropriate. The incorporation of radiolabelled 35S-amino acid into protein
followed by autoradiography was highly sensitive in detecting heat shock
inducible proteins. There is no reason to assume that oxygen-inducible proteins
would not be detected using the same techniques. On the other hand, it could
be argued that western blotting using antibodies to specific proteins would be a
more sensitive method to detec potential oxygen-inducible proteins. However,
the question then arises as to which antibodies for which proteins.
Nevertheless, using antibodies to yeast CuZn-SOD and Mn-SOD, which are
known to be heat shock and oxidative shock inducible (Steels et al., 1991;
1994; Hou, 1992, Costa et al.,1€93), would be a good starting point.

Another key factor in yeast stress tolerance appears to be levels of
trehalose (Wiemken, 1990), wh ch have been shown to be increased upon a
mild heat shock (Attfield, 1987. Hottiger et al., 1987). Trehalose levels were
examined in the present studies to ascartain possible correlations with oxygen-
induced stress tolerance. One interesting aspect of these studies was that

although a heat shock did induce trehalose synthesis, the increased synthesis
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was not significant if cells were heat shocked in the absence of exogenous
glucose, as in the case for washed cells (Fig. 4.15). A similar observation was
noted by Winkler et al. (1991) end earlier studies by Hottiger et al. (1987) and
DeVirgilio et al. (1990) indicatec that glucose was required for accumulation of
trehalose during a heat shock. C'xygenation during heat shock of cells did result
in a measurable increase in ‘he concentration of trehalose although it is
doubtful if this increase was s gnificant as to contribute substantially to the
marked increase in stress tolerance cf oxygenated cells. However, the most
intriguing observation for treralose in the current experiments was the
extremely high concentration (8-10% w/w) found in anaerobically grown cells. It
is difficult to relate these results with literature values as no comparable data
(anaerobic cells grown with C 18:1 and ergosterol) could be found although
high trehalose concentrations in yeast are not unusual under certain similar
conditions such as partial aerobiosis (Gelinas et al., 1989). In this latter study, it
was shown that cryotolerance of bakers' yeast, although partially related to
trehalose levels, was greatly influenced by aeration. Although the reason (s) for
the positive effect of oxygenation on cryotolerance was not identified it was
proposed that mitochondria may somehow be involved. However, what is clear
from the present studies is that levels of trehalose, at least in comparing
aerobic and anaerobic yeast, are not directly correlated with stress tolerance.
Aerobic cells have relatively lov/ levels of trehalose compared with anaerobic

cells (Fig. 4.15) and yet are more: stress tolerant.
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