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Abstract

Zygosaccharomyces rouxii is a salt-tolerant yeast which plays an important role during the ripening
stage of soy sauce fermentation. Z. rouxii used in the experiment could grow in YPD (1% yeast extract,
2% peptone and 2% glucose, pH5.0) medium with 18% (w/v) NaCl, whereas Saccharomyces cerevisi-
ae could only grow in YPD medium with less than 8% NaCl. In the presence of 15% NaCl, Z. rouxii
accumulates a large amount of glycerol as a compatible solute within the cells in the exponential
phase. It is a characteristic of salt-tolerant yeasts. From the chemical analyses on membrane lipid fluid-
ity, the membrane structure of the cells grown in 15% NaCl was suggested to become more rigid and
its fluidity was decreased to keep glycerol within the cells in response to surrounding medium with

high concentrations of salt.

Key words : salt-tolerant yeast, Zygosaccharomyces rouxii, membrane fluidity

INTRODUCTION

We often see mold growing on bread under house-
hold conditions and recognize that microbial deteri-
oration of food proceeds more rapidly in humid
atmospheres than under very dry conditions. It is
well known that food can be preserved from micro-
bial spoilage by adjusting physicochemical condi-
tions to retard or prevent the growth of microbes.
Ways to decrease available water in food are the
addition of sugar or salt, freezing or drying. Moisture
level in the solution or solid substrate is described as
water activity(aw) ; this is a concept that was intro-
duced by Scott". Thus, minimal water activity is
important from the view point of food presevation.
Microorganisms can grow in foods with a low level

of water activity such as those containing a large

amount of sugar or salt. Minimal water activity
required for the growth of microorganisms? is shown

"To whom all correspondence should be addressed

in Table 1. In general, bacteria require high water
activity for the growth, whereas fungi can thrive in a
rather dry environment.

On the other hand, the growth condition of yeasts
is generally somewhere between these two groups. It
has been observed that the concentrations of one or
more intracellular components increase as osmotoler-
ant microbes respond to low water activity in the
growth medium®. These components are thought to
be acting as osmoregulators and to have a secondary
function to protect enzyme activities. These compo-
nents have been called compatible solutes by
Brown®.

Algae, bacteria, yeasts and fungi accumulate differ-
ent compatible solutes in response to surrounding
medium with low water activity®.

Since ancient times yeasts have been used to brew
alcoholic beverages and bake breads. Saccharo-
myces cerevisiae, in particular is a common popular
yeast in the fields of fermentation and molecular
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genetics. While, Zygosaccharomyces rouxii is a salt-
tolerant yeast which plays an important role during
the ripening stage of soy sauce fermentation. A non-
salt-tolerant yeast like S. cerevisiae can only grow in
medium above 0.90 aw. However, Z. rouxii can
grow at a much lower level of water activity.
Depending on how the water activity of the medium
is adjusted, the growth-limiting water activity for Z.
rouxii changes accordingly. The minimal water
activity is 0.85 aw when adjusted with salts, whereas
it changes to 0.60 aw when adjusted with sugars®.
This dependency of growth-limiting water activity
on salt and nonelectrolyte is not presently under-
stood.

The characteristic of salt-tolerance in yeasts has
long been recognized, but the mechanism of salt-tol-
erance has not been fully elucidated.
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Fig. 1. Changes in the accumulation of intracellular and
extracellular glycerol by Z. rouxii grown in YPD
medium without (A) or with 15% NaCI(B).
Symbol : (@) growth, (&) extracellular glycerol and
(m) intracellular glycerol.
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When Z. rouxii is grown in medium with low
water activity, it accumulates glycerol in cells as the
primary osmoregulatory solute**”, Z. rouxii used in
the experiment” could grow in YPD medium with
about 18%(ca. 3.1M) NaCl, whereas S. cerevisiae
could only grow in YPD medium with less than 8%
NaCl.

The changes in the accumulation of intracellular
and extracellular glycerol are shown in Fig. 17. Z
rouxii accumulated a large amount of intracellular
glycerol at exponential growth phase when it was
grown in YPD medium with 15% (ca. 2.6M) NaCl,
but the same cells did not accumulate intracellular
glycerol when it was grown in YPD medium. The
intracellular amount of glycerol in Z. rouxii was
shown to be proportional to the concentration of
NaCl in the growth medium®. The accumulation of
intracellular glycerol is a characteristic of Z. rouxii
and is considered to be a prerequisite for tolerance
toward high concentration of salts in the growth
medium'®. When grown in YPD medium with 15%
NaCl, Z. rouxii at the end of exponential growth
phase produced about 2.5-fold more extracellular
glycerol compared to the amount of extracellular
glycerol when it was grown in YPD medium. A
number of hypotheses has been proposed to ex-
plain the mechanism of intracellular glycerol accu-
mulation when Z. rouxii is grown in medium with
low water activity. The proposed mechanisms
include glycerol and the change of membrane
propetties to retain glycerol in cells.

Table 1. Minimal water activity required for the growth of microorganisms

Bacteria Yeasts Fungi
Bac. mycoides 0.99 Torulopsis utilis 0.94 Rhizopus 0.92~0.94
Pseudomonas 0.97 Beer yeast 0.94 Botrytis 0.93
Achromobacter 0.96 Candida utilis 0.94 Mucor 0.92~0.93
E. coli 0.935-0.96 Schizosaccharomyces 0.93 Oospora lactis 0.895
Bac. subtilis 0.95 Baker yeast 0.905 Asp. niger 0.88~0.89
Cl. botulinum 0.95 Mycoderma 0.90 Penicillium 0.80~0.83
Aerobactor aerogenes 0.945 Sacch. cerevisiae 0.895 Asp. flavus 0.80
Salmonella newport 0.945 Rhodotorula 0.89 Asp. candidus 0.75
Sc. faecalis 0.94 Endomyces 0.885 Asp. chevalieri
Sarcina 0.915~0.930 Willia anomala 0.88 Asp. repens
Mc. roseus 0.905 Zygo. rouxii 0.60~0.61 Asp. ruber 0.65
Staphy. aureus 0.86 Asp. amstelodami
Halophilic bacteria 0.75 Xeromyces bisporus
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GLYCEROL METABOLISM

The pathways for glycerol metabolism are shown in
Fig. 2'. Fructose-1,6-diphosphate is changed to dihy-
droxyacetone phosphate and glyceraldehyde-3-phos-
phate by fructose diphosphate aldolase (EC 4.1.2.13).

A part of glyceraldehyde-3-phosphate is converted
to dihydroxyacetone phosphate by triosephosphate
isomerase (EC 5.3.1.1) and the rest is dissimilated into
the glycolytic pathway.

Dihydroxyacetone phosphate is converted to glyc-
erol-3-phosphate by cytoplasmic NAD-dependent
glycerol-3-phosphate dehydrogenase (EC 1.1.1.8) and
subsequently it is converted to glycerol by phos-
phatase™'?, Glycerol production via dihydroxyac-
etone has not yet been reported in any yeasts. The
specific activities of fructose diphosphate aldolase,
triosephosphate isomerase and glycerol-3-phosphate
dehydrogenase were examined in extract from Z.
rouxii grown in YPD medium with 15% NaCl. These
three enzymes are closely related to glycerol produc-
tion. Both activities of triosephosphate isomerase and
glycerol-3-phosphate dehydrogenase in the extract
increased about 2 times and the activity of fructose
diphosphate aldolase decreased to 80% when Z.
rouxii was grown in YPD medium with 15% NaCl.
These results suggest that the enzyme activities are
not greately influenced to increase the amount of
glycerol by the presence of 15% NaCl.
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Fig. 2. Scheme for glycerol metabolism in Z. rouxii.

(1) Fructose diphosphate aldorase(EC 4.1.2.13); (2) ~

triosephosphate isomerase(EC 5.3.1.1) ; (3) NAD-
dependent glycerol-3-phosphate dehydrogenase(EC 1.
1.1.8) ; (4) phosphatase ; (5) mitochondrial glycerol-
3-phosphate dehydrogenase(EC 1.1.99.5) ; (6) glyc-
erol kinase (EC 2.7.1.30) ; (7) glycerol dehydrogenase
(EC 1.1.1.6) ; and (8) dihydroxyacetone kinase

Glycerol dissimilation can occur via either gly-
cerol-3-phosphate or dihydroxyacetone. The meta-
bolism of glycerol in S. cerevisiae™ occurs via glyc-
erol-3-phosphate and involves glycerol kinase (EC 2.
7.1.30) and mitochondrial glycerol-3-phosphate
dehydrogenase (EC 1.1.99.5). An alternative dissimila-
tory pathway via dihydroxyacetone involving glycerol
dehydrogenase (EC 1.1.1.6) and dihydroxyacetone
kinase occurs in Schizosaccharomyces pombe''®,
Both glycerol dehydrogenase and dihydroxyacetone
kinase activities have been reported in S. cerevisiae'®,
but the significance of these enzymes in glycerol dis-
similation was not established. The route via dihy-
droxyacetone in Z. rouxii has been suggested by van
Zyl et al."” to be significant in osmoregulation ; the
activities of glycerol dehydrogenase (EC 1.1.1.6) and
dihydroxyacetone kinase in cell extract were found to
be increased 9- and 4-folds, respectively, during
osmotic stress as compared to non-stressed
conditions. From their earlier paper'®, the initial
response of Z. rouxii to osmotic stress is suggested to
be glycerol retention inside cells and glycerol accu-
mulation from growth medium by means of an active
sodium-driven transport system.

Subsequently, the pathway that utilizes excess
accumulated glycerol is induced. The activities of
glycerol dehydrogenase and dihydroxyacetone kinase
in this pathway are then regulated to adjust the
amount of glycerol during the growth at low water
activity. This similar mechanism of accumulating
intracellular glycerol has been reported for Debar-
yomyces hansenii®,

In high concentrations of NaCl, both Z. rouxii and
S. cerevisiae produced a large amount of glycerol
when it was grown in YPD medium with 6% NaCl
and this amount was much more than that produced
by Z. rouxii when it was grown in YPD medium with
15% NaCl{unpublished results). However, the intrac-
ellular amount of glycerol in Z. rouxii was much mo-
re than that in S. crevisiae ; a large part of glycerol
produced by S. cerevisiae was leaked into the surr-
ounding medium. Z. rouxii thus seems to have a spe-
cial mechanism to retain glycerol in cells. The mech-
anism of glycerol accumulation is thought to depend
not on the increase in glycerol production, but rather
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on the change of plasma membrane function in
retaining intracellular glycerol.

PLASMA MEMBRANE PROPERTIES

The plasma membrane controls the entry of nutri-
ents and the exit of waste products, and thus generate
differences in their concentrations between the interi-
or and exterior of the cell.

Singer and Nicolson® had offered the fluid mosaic
model of the structure of cell membranes in 1972.
This model has been widely accepted by many
researchers. Biological membranes are generally
thought to be composed of lipid bilayer and proteins
which are dispersed in this lipid bilayer.

Membrane fluidity influences various important
functions such as permeability and transport of some
low molecular weight substances. The membrane
lipids play an important role in controlling membrane
fluidity.

Several factors are involved in the maintenance of
the proper fluidity : the type of fatty acyl chain, the
amount of sterols and, to a lesser extent, the nature of
the polar head-groups of phospholipids.

The change of plasma membrane properties under
osmotic stress was examined to elucidate the mecha-
nism of glycerol accumulation in Z. rouxi®. To isolate
plasma membranes, yeast cells were converted to
protoplasts by cell wall lytic enzyme, Zymolyase, as
previously reported?”. Then protoplasts were lysed
osmotically and crude plasma membranes were col-
lected by centrifugation. The contents of total lipid,
phospholipid, protein and ergosterol in plasma mem-
branes were examined. Total lipid and phospholipid
in plasma membranes isolated from cells grown in
YPD medium with 15% NaCl decreased to 83% and
56%, respectively, as compared to those of control
cells. But protein and ergosterol increased 1.4- and 2.
9-folds, repectively. The ratio of phospholipid to pro-
tein and the ratio of ergosterol to phospholipid had
often been used as the index of membrane fluidity in
the past. The ratio of phospholipid to protein in plas-
ma membranes decreased from 0.05 to 0.02, but the
ratio of ergosterol to phospholipid increased 5-fold
from 1.34 to 6.83 when Z. rouxii was grown in YPD

medium with 15% NaCl. These results suggested that
the membrane fluidity was decreased with the pres-
ence of 15% NaCl in the growth medium.

Fatty acid composition of plasma membranes of Z.
rouxii is shown in Fig. 3%.

Generally, S. cerevisiae has a large amount of
unsaturated fatty acids such as palmitoleic acid (Cie :
1) and oleic acid (Cis : 1), and a small amount of satur-
ated fatty acids such as lauric acid (C12), Myristic acid
{C14), palmitic acid (Cie) and stearic acid(Cis)?. In
addition to these fatty acids, Z. rouxii has a large
amount of linoleic acid (Cis:2). The percentage of
linoleic acid decreased from 46.3% toc 28.7% and
that of oleic acid increased from 32.6% to 46.0% in
plasma membranes when Z. rouxii was grown in
YPD medium with 15% NaCl®. Desaturation of fatty
acids from oleic acid to linoleic acid was inhibited by
the presence of 15% NaCl in the growth medium.

Structural changes of the acyl chain such as unsatu-
ration, length and branching are thought to affect
membrane fluidity. In these experiments, the degree
of unsaturation of fatty acids in plasma membranes
was calculated by the equation of Kates and Hagen?”.

It was found that the index of the degree of unsatu-
ration decreased from 1.37 to 1.18 when vyeast cells
were grown in the presence of 15% NaCl. These
results suggested that the membrane fluidity
decreased under osmotic stress.

Sterol also plays an important role in determining
the structural organization of biological membranes.
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Fig. 3. Fatty acid composition of plasma membranes of Z.
rouxii grown in YPD medium with or without 15%
NacCl.
Open and closed bars show percentages of fatty acids
extracted from the cells grown in the medium with
and without 15% NaCl, respectively.
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The structural organization of membranes in turn
influences such functions as the permeability of so-
lutes and the activities of membrane-bound enz-
ymes*?®, The major sterol of yeast has been report-
ed to be ergosterol?. There are two types of ergos-
terol : free type that is easily extracted by conven-
tional lipid extraction procedure, and bound type th-
at is released after saponification of isolated mem-
branes. Free type of ergosterol was found to increase
2.9-fold from 5.5 to 15.7mg/g dry weight of plasma
membranes when Z. rouxii was grown in YPD
medium with 15% NaCl® . This increase in the
amount of free ergosterol in plasma membranes
might cause a decrease in the membrane fluidity.
Bound type of ergosterol in plasma membranes had
not been determined in this study, whereas the con-
tent in whole cells was 0.6 and 0.2 mg/g dry weight
of the cells grown in without and with 15% NaCl,
respectively.

From the above chemical analysis on the lipid
composition of plasma membranes, their structure
was suggested to become more rigid in the presen-
ce of 15% NaCl as compared to that of control
cells. In order to measure the fluidity of plasma
membranes without the extraction of lipids, lipids
in plasma membrane were labelled with a fluores-
cence probe, 1,6-diphenyl 1,3,5-hexatriene (DPH)
and fluorescence polarization was measured®. The
polarization value reflects the structural order of
membrane lipids. In this study, the degree of fluo-
rescence polarization was calculated by the equa-
tion of Litman and Barenholz?”. High degree of flu-
orescence polarization represents high structural
order (i.e. low membrane fluidity). Polarization
value of DPH in plasma membranes prepared from
the cells grown in medium without and with 15%
NaCl was 0.250 and 0.308, respectively. This result
suggested that the membrane fluidity of cells grown
in the presence of 15% NaCl was decreased.

ROLE OF PLASMA MEMBRANE ATPASES
IN OSMOTOLERANCE

Pysiological and biochemical studies have cha-
racterized the plasma membrane ATPase as a type

of ion pump. The fungal plasma membrane con-
tains a proton-transiocating ATPase that is closely
related, both structurally and functionally, to the
(Na*, K¥-, (H*,K*)-, and (Ca*)-ATPases of animal
cells, the plasma-membrane (H*)-ATPase of higher
plants, and several bacterial cation-transporting
ATPases®. The plasma membrane (H*)-ATPase is an
integral membrane protein of yeast cells. The
enzyme hydrolyzes ATP and transports protons
from the cytosol to the extracellular medium. It
was proposed that the (H*)-ATPase plays an impor-
tant role in controlling several cellular functions
such as nutrient uptake, intracellular pH and cell
growth?. Plasma membranes of Z. rouxii have a
typical(H*)-ATPase as judged by testing with vari-
ous ATPase inhibitors. The ATPase activity from Z.
rouxii was higher in cells grown in medium with
2M NaCl than that of control cells grown without
NaCl*. The (Na*,K*)-activated Mg**-dependent
ATPase, which exhibits some properties similar to
those of animal cells, has been reported to exist in
Z. rouxip”.

The ATPase activity of cells adapted to medium
with 18% NaCl was significantly higher than that of
cells unexposed to high salt. There may be close
relationship between ATPase activity and osmoreg-
ulation. In order to keep the homeostasis of yeast
cells in medium with high concentrations of salt,
plasma membrane ATPases seem to play a very
important role in adjusting intraceliular concen-
tration of cations. However, inorganic solutes are
generally thought to play only a minor role in the
osmoregulation of yeasts®. 1t is difficult to associate
the role of plasma membrane ATPases with the
accumulation of glycerol directly at present.

Z. rouxii, a salt-tolerant yeast, can grow in the med-
jum with low water activity. This characteristic seems
to depend on the ability to change the membrane
functions in order to retain intracellular glycerol in
response to osmotic stress.
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