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A BST RAC T

An investigation of the factors influencing the inhibi-

tory and toxic effects of ethanol and higher alcohols, by-

products of alcoholic fermentation, on yeast, is presented.

The relative potency of alcohols was found to correlate

strongly with the carbon chain-length or molecular size and

the lipid solubility of the respective alcohols. Higher

alcohols act synergistically with each other and with etha-

nol in causing cell death of suspensions of non-growing

'~accharomyces cerevisiae. The presence of higher alcohols

in fermented broth, even at low concentrations, and other

by-products of alcoholic fermentation, could explain the

higher potency of ethanol produced during fermentation com-

pared to added ethanol.

The kin e tic s 0 f up t a ke 0 f 1abe 11 e d ethanol sup P1i e d at

different concentrations gave no evidence of enzymic invol-

vement in the ethanol uptake process. The rate of release

of labelled ethanol by cells fed labelled glucose paralled

14the rate of C-C02 release. This does not support the view

that ethanol accumulates within the cells to higher concen-

trations than occur in the medium. Supplementation of a

basal synthetic medium with various nutrients did not confer

additional survival capacity on yeast against the adverse

effects of alcohol. Osmotic pressure did not influence

alcohol toxicity below 10~o (w/v) sorbitol equivalent of

osmotic pressure. A1c 0 h0 1 t 0 x i cit ~' i s not i n flu e nc e d bY

hydrogen ion concentration (pH) over a range of pH 5.3 to

3 . 5 •
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1.1 G£N£RAl INTRODUCTION

for many centuries, Man has used yeasts, especially of

the genus Saccharomyces, for alcohol production in homes,

laborat~ries and industries. Until the second half of the

nineteenth century, he had no knowledge of the organism or

the underlying biochemistry of the alcohol fermentation

process.

In a typical yeast alcohol fermentation, the cells

take up fermentable sugars from the surrounding medium.

These sugars are then metabolized anaerobically via the

glycolytic pathway, in the yeast cells, to ethanol, gly-

cerol, energy for cell mass formation and carbon dioxide.

On a stoichiometrical basis, one mole of glucose should

yield two moles of ethanol. However, in practice, this

relationship is not achieved mainly due to the production

of biomass and the synthesis of other carbon based com-

pounds such as proteins, Lipids, polysaccharides and many

other metabolic by-products (e.g., higher alcohols, fatty

acids, esters, aldehydes, ketones, etc.).

The world production of alcohol beverages has been
9recently valued at £24 x 10 per year (Berry, 1982). The

main physiological property of yeast which has made it such

a valuable organism to man is its ability to convert sugars

to ethanol under anaerobic conditions with remarkable effi-

ciency. Yeast alcoholic fermentation is ultimately aimed

at producing good quality alcohol beverage and in the case

of fuel and distilled beverage alcohol, achieving a high

volumetric alcohol productivity at low cost. More recently,



3

there has been an upsurge of interest in fermenting beers
of relatively high specific gravity. Such beers could then
be diluted with de-ionized and de-aerated water to an ori-,

I
I

ginal gravity suitable for consumption (Maric and Hough,
1976).

However the production of high concentration of ethanol
by yeast fermentation, is limited by the inhibitory effects
of alcohols on its own synthesis. Ethanol is a well known
cell poison and narcotic and is capable of denaturing pro-
Jeins (Cohn et a L, , 1950; Brown et a L. , 1981). Its accumu-
lation in yeast environment represents an environmental
stress, analoguous to extremes of pH values and:temperature.
There is also a growing belief that other secondary metabo-
lites such as higher alcohols, may be contributing to the
overall alcohol inhibition and toxicity phenomenon in
yeast.

In the following sections, the biochemistry and physio-
logy of yeast and the alcohol fermentation process, as they
relate to alcohol tolerance, ,are discussed.

1.2 THE PLASMA-MEMBRANE
The yeast plasma-membrane , as in other microorganisms,

lies immediately adjacent to the rigid cell wall. The
plasma-membrane together with the cell wall is referred to
as the cell envelope. It bounds the cytoplasm within which
is located the vitally important structures and organelles
of the yeast cell. Various other terms such as cytoplasmic
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membrane, cell membrane or plasmalemma are usually used to
d~scribe this membrans; 'In this text, the plssm8-membr8ne
is adopted as the standard terminology.

There is normally a large osmotic pressure difference
between the> cytoplasmic contents and the> aqueous environ-
ment. This osmotic pressure difference causes the cyto-
plasm to distend and press on to the inner surface of the
rigid cell wall. The plasma-membrane usually has a smooth
appearance but at certain stages of the growth of the yeast
cell, i nvag ina t ion s may be see n (M0 0 ran d Mu hIe thal er, 1963;
Marchant and Smith, 1967). Under certain conditions, the
yeast plasma-membrane may retract from the cell wall to
leave a gap usually referred to as periplasmic space bet-
ween the cell wall interior and the membrane. This gap is
a site where several hydrolytic enzymes are located.

1.2.1 Chemical Composition

A necessary pre-requisite for the study of yeast
plasma-membrane composition is an isolation and purifica-
tion technique which produces plasma-membrane fractions
free of other cellular components. Sophisticated techni-
ques are now available for isolating plasma-membranes from
,5. cerevisiae. One such technique pioneered by Boulton
(1965) involves the conversion of cells to protoplasts by
enzymic digestion of the cell wall. The rigid cell wall of
the yeast cell is digested with a lytic enzyme. The enzyme
is obtained from the gut of the snail Helix pomatia. Pro-
toplasts so obtained are subjected to osmotic lysis
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by placing them in a more dilute suspension media. The mem-
brane is therafter isolated from the lysate using centrifu-
gation through density gradients. This is the method of
choice for most workers and have been extensively used for
S. cerevisiae (Schibeci et aI., 1973; Duran et aI., 1976;
Santos et al.,:' 1.978) and .Ea n d i d a (Garcia Mendoza and Villam.lpva,
1967). This isolation technique is improved ~y u s i n q

outside-surface labelling of the spheroplasts (Schibeci
et aI., 1973), preferably with 1251 and by treating sphero-
'plasts with concanavalin A which minimises fragmentation
(Duran et al., 1976; Santos et al., 1978). An alternative
method for plasma-membrane preparation involves mechanical
disintegration of the cell wall. The cell membrane is sub-
sequently recovered
and Nur iminen,.1 9 7 3 ) •

by washing (Matile, 1970; Suomalainen
The plasma-membrane enriched fraction

can be obtained by differential centrifugation either before
(Matile, 1970) or after removal of the cell wall fraction by
enzymic digestion (Suomalainen and Nuriminen, 1973). How-
ever, Dub~ and others (1973) reported that the mechanical

disruption technique produces a high degree of contamination
due to entrapment of intracellular components.

A comparison of data on the chemical composition of
isolated yeast plasma-membrane presented by several invest i-

gators (Table 1.1) show that the yeast plasma-membrane is

composed mainly of lipids and proteins. The lipids and pro-
teins occur in more or less equal proportions. A small

Acidamount of carbohydrate is also reported present.
by dr o Lys t s of the carbohydrate fraction by Matile et al.,
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(1967) y i eLde d only mannose. It is believed that the man-
nose in association with proteins is localised in the plasma
membrane particles. Several other workers (Garcia Mendoza
and Villanueva, 1963; Boulton, 1965; Longley et al., 1968;

Hunter and Rose, 1971) have reported the presence of other
carbohydrates such as glucose, ribose and galactose. How-
ever, it is now thought that they are contaminants from cell
wall materials.

The yeast plasma-membrane contains two major classes of
lipids; glycerophosphatides and sterols (Longley et aL, ,

1968). Other classes of lipids found in yeast membrane
include triglycerides and esterified sterols; though they
account for a large proportion of lipids extracted from ~.
cerevisiae, they are only present in isolated plasma-membrane
in very small amounts. The main glycerophosphatides of
yea star e j) hQ S Phot idy1et h8 n0 Iamin e.J plio sPhCltid Ylin 0 sit 0 I,
phosphotidyl choline and a small proportion of phosphotidy~
serine (Letters, 1968). Hunter and Rose (1971) reported the
presence of cardiolipins in yeast plasma-membrane in addi-
tion to the phospholipids mentioned above.

The predominant sterols of the yeast plasma-membrane
are ergosterol and zymosterol (Longley et al., 1968).

Dehydroergosterol which is assumed to be a biosynthetic pre-
cursor of ergosterol may also be identified (Katsuki and
Bloch, 1967). The molar ratio of phospholipids to sterol in
the yeast plasma-membrane is estimated at 5:1.

The nature of the plasma-membrane proteins is less well
known than the lipids inspite of the fact that their
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principal metabolic functions are well categorized. The
major types of proteins of yeast plasma-membrane could be
predicted from the knowledge of the plasma-membrane func-
tions. They probably include transport proteins involved in
the uptake of sugars, amino acids and various other solutes
acro5S the membrane. Enzymic proteins which catalyse some
reactions leading to· the synthesis of membrane components
and new cell wall may also be present.

1.2.2 Enzymic Composition

The most ~rominent enzyme activity associated with puri-
fied plasma-membrane is an Mg2+_ dependent ATPase activity
(Matile et al., 1967). Invertase activity has been detected
in freshly prepared membranes, though the activity is very
low compared wi th Ule high speci fic invertase activity

associated with purified cell walLs (Matile et 31 .,1967). The cell
wall invertase is a mannan-protein while plasma-membrane
invertase is a protein (Gascon and Ottolenghi, 1967; Lampen

1966) Gascon and Lampen (1968) also showed that
the plasma-membrane invertase is a precursor molecule for
the cell wall invertase. Glyco-protein type invertase are
exclusively secreted by spheroplasts further suggesting that
the plasma-membrane is the site for synthesis of cell wall
invertase (Matile, 1970). Other enzyme activities detected
in the plasma-membrane of yeasts include phospholipases,
proteases and peptidases.
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1.2.3 Structural OrgDnisstion and function•

The yeast p La ama-fnemb r arie s e r ve s as a sturdy e nve Lop

inside which the cell functions. It also serves as a limi-

ting barrier for the penetration of sugars and other essen-

tial nutrients from the outside into the cell interior and

for the excretion of w a s t e products. The plasma-membranE'

can also "pump" substances from one side of the membrane to

the other against a concentration gradient. The yeast

plasma-membrane thus selectively regulates the flux of nut-

rients and nutrilites between the cell interior and the

external medium. It is also the site for several enzyme

activities and for the biosynthesis of several cellular

materials.

As presented in Section 1.2.1, the pLas ms-memb r ane of

S. cere-vis i a e i sat ypic ale ""ka r y0 tic 1i Pi d b i 1aye r, con t a i n_

ing protein and lipids in approximately equal proportions

(Longley et aI., 1968). The proteins serve as enzymes or

biological catalysts as well as providing the membrane with

its distinctive functional properties. The lipids provide

the membranes with their gross structural properties.

The phospholipids of the yeast plasma-membrane are

amphipathic in nature i. e, one end of the molecule is

hydrophobic or insoluble in water and the other end is

hydrophillic or water soluble. The nonpolar regions consist

of hydrocarbon chains of fatty acid molecules with a carbo-

xylic group (COOH) at the end. In a typical membrane phos-

pholipid, two fatty acid molecules are chemically bonded

through their carboxylic ends to a backbone of glycerol.
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Th~ glycerol backbone is attached to a polar-head group con-

sisting of phosphate and other groups (Figure 1.1). This

thermodynamic property of the phospholipid mo lecule makes it sn

idesl molecule to form a barrier layer between cytoplasmic

contents and the external aqueous environment. They are

also able to accomodate protein molecules in the barrier
layer.

So far, the plasma-membrane proteins have been poorly

characterized although their functions are well understood.

Two categories of membrane proteins, the peripherial and

integral proteins are distinguishable (Singer and Nicholson,
1972). The integral proteins constitute the major fraction

(ca 70%) of the proteins in the yeast plasma-membranes. It

is assumed that only the integral proteins are essential for

the structural intergrity of the membranes.

The structural organisation of the proteins and phos-

pholid molecules in the yeast plasma-membranes have attrac-

ted different views from physiologists. One such model
proposed by. D iii n i e Iii and Davson (.1935), suggests a

triple-layered unit membrane organisation. The phospho lid molec;:u}es

form a continuous bilayer sandwiched between two monolayers of pro-

tein molecules (Fig. 1.2). Although information obtained

from X-ray diffraction and high resolution electron micros-

copy Ln d i ca t es that the b u.lk Of membrr ane proteins may be

attracted to either one side of the membrane or the other,

biochemical studies show that Danielli-Davson concept repre-

sents an oversimplification of the plasma-membrane structure
(Fox, 1972).



, 1

ABC
~~ ~-------~

A := Polar head group
B = glyceroL
C ~ fatty QC id tail ( non- pOlar)

schematic diagram
ecuLe.
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A = Protein
B := PhosphJUpid
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An a lt e rne t Ive mo de}, the fluid mosaic structure was

p resen t e d by Singer and Nicholson (1972). They proposed

that the bulk of the phospholipid is organisead as a conti-

nuous fluid bilayer (Figure 1.3). The ionic and polar

groups are in contact wi th the aqueous environment. The

non-polar fatty acid chains are sequestered together away

from contact with the aqueous phase, thereby maximizing

hydrophobic interactions. The integral proteins form the

interruptions on the phospholipid matrix. Since the inte-

gral proteins are also amphipathic in nature, their polar

groupS protrude to the surface of the membrane in contact

with the aqueous phase; while the non-polar groups are

buried in the hydrophobic lipid matrix (Figure 1.3). A

small portion of the lipids may interact with membrane pro-

teins to form lipoproteins and in speci fic instances the

globular proteins may interact with polysaccharides to form

glycoproteins. Both the lipoproteins and the glycoproteins

are localized on the surface of the membrane. The periphe-
ral proteins are held on the membranes by weak non-covalent

interactions and not strongly associated with membrane
lipids . The fatty acid tails of the phospholipids instead

of being aligned in a rigid crystalline-lattice structure
a~e flexible and quasi-fluid in character. This fluidity of

the membrane is determined largely by the structure and

relative proportion of unsaturated fatty acids and sterols.

In phospholipids consisting only of saturated fatty acids,

the fatty acids are aligned in a rigidly stacked crystalline

array at physiological temperatures (Figure 1.4a). When
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[3. . .

Figure 1.3 Schematic dbgrClm of Q
ypicaL bioL09icoLmembrane 05 a fluid
rrosclc showing qlobuLor proteins
embedded in 0 phospholipid matrix.
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both saturated end unsaturated fatty acids are present, the

do ub le bonds of the unsaturated fatty acids give rise to

structural de f o rma t Lon s (F igure 1.4b) which interrupts the

ordered stacking necessary for the formation of a rigid cry-

stalline structure. The packing is therefore less orderly

and the fatty acids thus more fluid. This dynamic state of

the membrane is also l~fluenced in yeasts by its content of

sterols. The sterols are believed to fulfill a loose-fit or

"filler" role between phospholipid molecules (Proudlock

~t al., 1968). They therefore influence the level of pack-

ing of phospholipid molecules and in general stabilize their

arrangement in the membranes. Ample evidence exists to show

that all cells alter their membrane composition, and in

particular, fatty acid composition, to maintain optimum

fluidity in response to changes in environmental parameters

such as alcohol concentration and temperature (Brown and

Rose, 1969; Hunter and Rose, 1972; Ingram,1976; Okuyama

et aI., 1979; Berger et a L, , 1980; Kutchai et aI., 1980;

Ingram, 1981; Carey and Ingram, 1983; Curtain et al.,

1984).
Proteins and phospholipid molecules may be present in

both the triple-layered and the fluid mosaic arrangements in

the yeast plasma-membrane (Rose, 1976); however the fluid

mosaic arrangement of the plasma-membrane is currently

favoured by physiologists because it offers possible mecha-

nisms for various membrane functions and membrane mediated

phenomena (Ingram, 1976; Conrad

Ingram, 1981; Fieehter et al., 1981).

and Singe_1', 1961 ;
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1.3 BIOCHEMISTRY OF YEAST ALCOHOLIC FERMENTATION

ypast? urp facultative anaerobps. Undpr aerobic condi-

tions, t he y metabolize sugars to carbon dioxide and water

via the tricarboxylic acid cycle pathway. In the absence of

molecular oxygen, i.e., under strict anaerobiosis, ethanol

and carbon dioxide form the primary products. Ethanol may

also be formed under aerobic conditions by yeast if sugar

in the medium is in a large excess. This situation is

termed catabolite repression. The main reactions of yeast

alcoholic ferMentation occur via the glycolytic pathway.

The glycolytic pathway is the metabolic pathway by which

glucose is converted to pyruvate through a series of coupled

reactions. It was the first biochemical pathway in yeast to

be described.

1.3.1 The Glycolytic Pathways

(a) The Embden-Meyerh«lF-Parrras (EMP) Pathway:

The EMP pathway accounts for about 90% of glycolysis in

yeast (Blumenthal et al., 1954). The scheme of the [MP

pathway is depicted in Figure 1.5 to show various steps and

enzymes (Table 1.2) involved in the glycolytic sequence .

. Sugars other than glucose can be metaboLized via this path-

way. Sucrose is hydrolysed to glucose and fructose by yeast

cell envelope invertase. Maltose is hydrolysed to glucose

by yeast mal tase. The efficiency of the fermentation is

enhanced if the yeast strain is able to utilize maltotriose,

maltotetraose and melibiose. However, the ability of yeast
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F' ure 1.5 Embden-Meyerhof- Perras Pathway.
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Table 1.2 Enzymes and Co-factors which catalyse various
reaction steps in the glycolytic seguence

Reaction
Number Enzyme Co-factor

1 . Hexokinase Mg 2+

2. Glucosephtlsphate Isomerase

3 . Phospho fructo Kinase Mg 2+

4. Aldolase Zn 2+ (enzyme-r

bound )

5. Triose phosphate Isomerase

6. Glyceraldehyde-3-phospate
dehydrogenase

7 • Phojphoglycerate Kinase Mg 2+

8. Phosphoglycerate Mutase

9. Enolase Mg 2+

10. Pyruvate Kinase

11 . Pyruvate decarboxylase Thiamine
pyrophosphate +
Mg 2+

12. Alcohol dehydrogenase Zn 2+ (enzyme-
bound )
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to utilize various sugars is alrain-d~p~ndent (Jones et e1.,
1.981).

Glucos~ metabolism starts once glucose' is transported

into the y e as t ce l J , SU~8r t r a ns po r t across the yeast
sem i c pe rme ab Le - plasma-membrane is by wl!ly"of one or mo re

t ran spor t proteins located on the membrane- (Cirillo, 1961;

Fiechler et al., 1981; Eddy, 1982). The sequence of

reactions and the respectivE' enzymes involved in the break-

down of glucose to pyruvate are iLl us t ra t ed in FigurE' 1.5

"and Table 1.2 respectively.

Under conditions which favour yeast alcoholic fermen-

tation, the pyruvate is decarboxylated to yield acetaldehyde

and carbon dioxide by the enzyme pyruvate decarboxylase.

Acetaldehyde is subsequently reduced to ethanol in a reaction

catalysed by alcohol dehydrogenase enzyme. NAD is thereby

regenerated and causes glycolysis to proceed.

(b) Other Anaerobic Glycolytic Pathways:

If the alcohol dehydrogen.se reaction is blocked, rege-

neration of NAD by yeasts can proceed via other alternative

pat hway s . The m a i n a 1tern at ive is the pat hway for g 1Ycera 1

formation (Sols et a l , , 1971). Dihydroxyacetone phosphate

is reduced to glycerol-3-phosphate. NAD is regenerated

(Figure 1.6). The glycerophosphate is then hydrolysed by a
a specific phosphatase to yield glycerol which is excreted

by the yeast cell (Gancedo et a L, , 1968). Holzer et a1.

(1963) suggested that regeneration of NAD operates in this

manner at the beginning of glucose fermentation by yeast.
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At this stagp durjng the fermentation, the amount of acetal-

dehyde available to the cell is insufficient to support

efficient activity of the alcohol dehydrogenase.

However, the cells cannot rely exclusively on the

reduction of dihydroxyacetone phosphate to regenerate NAD.

This is because it would be deprived of the low molecular

weight compounds such as pyruvate

new cell components. Moreover,

account for the biosynthesis of

which forms the building blocks

needed for synthesis of

the [MP pathway cannot

the C-5 carbon skeleton

for the biosynthesis of

pentose phosphates and nucleic acids. These and some of the

NAD required by yeasts have been proposed by Blumenthal

et a1. (1954) to be formed via a pentose phosphate cycle

also known as Hexose monophosphate pathway (HMP). This

pathway accounts for about 30~6 of glucose metabolism in

yeasts under aerobic conditions. Some yeast which lack

anaerobic metabolic activity are thought to metabolize 60 _

80~6 of their sugar through the HMP pathway (Hofer, 1968;

Nakagawa and Tatsumi, 1968).

1.3.2 Biosynthesis of Higher Alcohols

Higher alcohols are among the most abundant and import-

tant secondary products of alcoholic fermentation by yeasts.

Quantitatively and in terms of flavour producing potentials,

they constitute the most important group of organoleptic

compounds found in alcoholic beverages and spirits. The

mixture of these higher alcohols generally referred to as

fusel alcoho~, is composed principally of iso-amyl alcohol,
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optically a c t i ve amyl alcohol and iso-butyl alcohol (Sihto

e t al., 1962). S~v~ral other alcohols such as n-propanol,

n-butanol and 2-phenyl ethanol, an aromatic h i qh e r alcohol

wi th a strong ros e= Li ke odour (Engan, 1974) are 1, . a so

formE'd. ThE' quantity and number of the various components

of fusel a j c oho Is va r y according to the raw materials used

for the fermentation (Webb and Ingraham, 1963; Suomalainen

et al., 1968) among other factors. About twenty five higher

alcohols have been identified in whisky (kah~ 1969). Higher

alcohols formation is a normal activity of yeasts. Almost

the same spectra of the alcohols occur in most beverages,

though the concentration of individual alcohols depends on

yeast strain and fermentation conditions (van Gheluwe et al.,

1975).

1.3.2.1 Mechanism of Higher Alcohol Biosynthesis

The biochemical mechanism of higher alcohol formation

has been studied since the beginning of the century, parti-

cularly in relation to the metabolism of Nitrogenous substa-

nces by brewers yeast. Webb and Ingraham (1963) reviewed

the subject of higher alcohol formation and presented a

scheme (Figure 1.7) for the formation of major aliphatic

higher alcohols.

The higher alcohols can be formed in e i ther of two

d i fferent ways; by an anabolic biosynthetic pathway from

sugars or by a catabolic pathway (the Ehrlich pathway) from

exogenous amino acids (Ayrapaa, 1973). In each case, keto

acids act as intE'rmediates. A gen?i'al scheme showing the formation of
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high~r alcohols from both carbohydrates and amino acids via

keto acids is shown in F rqu re 1.B. Guymon et at. (1961)

de mo n s t ra t ed that 1-propanol and the branched chain C4 and

Cs aliphatic higher alcohols are formed by the metabolism of

valine, leucine and isoleucine. However, this theory can be

extended to include the metabolism of all the monocarboxylic

amino acids synthesized by a pathway with r.:-keto acids as

the last intermediate, i.e., t r y o s i ne and phenyl alanine.

Alanine which produces ethanol, as shown by Baraud et al.

(1961) can also be included in the group. The amino acid

precursors of various higher alcohols in fermented alcohol

beverages are as follows:

Amino Acids Higher alcohols

Threonine n-propanol

Valine Iso-butyl alcoh IQl

Leucine Iso-amyl alcohol
(3-methyl-1-butanol)

Isoleucine Iso-amyl alcohol
(2-methyl-1-butanol)

Phenylalanine Phenylethyl alcohol

Tryptophan Tryptophol

Tyrosine Tyrosol

2-ketobutyric acid is an intermediate in the formation of

n-propanol. It has also been found as an intermediate in

the synthesis of isoleucine and in the formation of 2-methyl

-1-butanol. Reazin et a1. (1973) examined the effect of

threonine and isoleucine on the synthesis of higher alcohol~

They showed that 2-methyl-1-butanol was formed, almost
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exclusively, from isoleucine in fermentation with Sacch.

cerevisae. In contrast, threonine gave 1-propanol, 2-methyl

-1-butanol, and 3-methyl-1-butanol thereby demonstrating

that different higher alcohols could be formed via interre-

lated pathways.

In summary therefore, o:-keto acids are generally con-

verted to higher alcohols that are one atom shorter via the

action of u-keto acid decarboxylase and alcohol dehydroge-

nase. The reactions occur in a way analagous to the produc-

tion of ethanol from pyruvate. Such keto acids are formed

particularly as intermediates of amino acid metabolism. The

enzymes involved are relatively unspecific and comprises

several isoenzymes of the three isomeric forms of alcohol

dehydrogenase found in yeast; alcohol dehydrogenase I is

responsible for the production of higher alcohols from cor-

responding aldehydes (Singh and Kunkee, 1977). There is no

evidence to show that separate enzymes are responsible for

the metabolism of individual higher alcohols . However,..
Ayri;paa (1971) suggested that the keto acid decarboxylase

involved in aromatic higher alcohol formation may be diffe-

rent from that involved in aliphatic higher alcohol forma-

tion.

Most keto acids and aldehydes which appear as interme-

diates in higher alcohol formation have been identified in

yeast cells and fermentation medium (Suomalainen and

Linnahalme, 1966; Suomalainen and Keranen, 1967; Ronkainen

et al., 1967). The amount and nature of yeast nutrients,

culture conditions and yeast strain affect higher alcohol
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formation (AyrapsB', 1968, 1970, 1971; Reazin et al., 1970);

Inoue, 1975). Mutations in yeast can also affect formation

of higher alcohols. Guymon et al.(1961) showed that whereas

one mutant of a threonine deficient S. cerevisiae produced

neither n-propanol nor 2-methyl-1-butanol, the remainder of

the mutants they exarni ned produced both higher alcohols.

The relative contribution of the two pathways for the forma-

tion of higher alcohols may also vary during the course of

the fermentation, as the nutritional conditions altered

(Reazin et a L, , 1970; Inoue, 1975). It also varies with

different individual alcohols (Chen, 1978) and different

initial

(Reazin et al., 1973).

composition (Reazin

Other factors such asyeast strains

war\: et al., 1970;

also

Ayrapaa,
alter the1970) and temperature (Ayrapaa, 1970) may

balance between the two pathways.

1.4 ALCOHOL TOLERANCE IN YEASTS

The ability of yeasts, especially of the genus saccha-

romyces, to produce fermentation alcohol depend on the

possession by these yeasts of a number of discrete proper-

ties. Primary among these characteristics is the ability to

remain viable, to grow and to ferment sugars in the presence

of self-produced alcohol which may some-times reach as high

as 15 - 20% (v/v). Alcohol differs from many other metabo-

lic end-products in that it is capable of denaturing pro-

teins and solubilizing lipids (Paterson et al., 1972;

Cern-ad and Singer, 1S'81;-CL.;rtaiile~ cl., 198t~). It is <;enerollj

accepted that feedback inhibition by ethanol constitute the
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major limiting fector in yeest or bacterial alcohol fermen-

tations. Among ~ukeryotes, Saccharomyces !£p. appear to be

the most alcohol-tolerant organism$· These oroanisms are

able to grow in cor.r-enc r at ions of 8 - '12% (v/v) ethanol~ tu survive

e xp0 sur I" t 0 con c I" n t r a ti 0 ns 0 f up t 0 15?~ (v / v) I" t h f. no 1,a nd t 0

fermpnt glucose to produce pth8~rl to concentrations of around

12~'; (v/v) for normal fermentations and up to 20?'; (v/v)

during sake fermentations (Rose, 1980, 1983).

The importance of ethanol tolerance was first recog-

nized by Guilliermond and Tanner (1920) when they showed

that differences between various species of Saccharomyces

and among different strains of anyone species were attribu-

table to differences in their ability to tolerate self-

produced ethanol. Therafter, more detailed studies on the

ethanol tolerance phenomena in yeasts emerged. Gray (1941)

reported that all strains of Saccharomyces spp are not

equally tolerant, implying that alcohol tolerance is deter-

mined in part by genetic composition. He further showed

that elevated temperatures of fermentation results in the

decrease in tolerance of yeasts to ethanol. These findings

have more recently been largely confirmed by van Uden and

.fi r s group in a series of papers (Review by van Uden, 1984)
by

andAlsmail and Ali (1971a, 1971b).

More recently several investigators have reported that

a number of environmental factors such as growth temperature

(Jones et al., 1981; t e a o and van Ude n , 1982a; Brown and

Oliver, 1982) and nutrient and nutrilite content of medium

(Fukai et al., 1955; Day et al., 1975; Hayashida et al.,
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1974; Panchal and St ews r t , 1980; Jones et al., 1981; Caspy

~t al., 1983, 1984) influence ethanol tolerance in yeasts.

Inspite of the obvious importance of alcohol inhibition

and toxicity phenomena in yeast alcohol fermentation,

research on the physiological basis of ethanol tolerance did

not receive adequate attention from e a r Li e r workers. The

situation was probably so because the limitations to alcohol

fermentation, posed by ethanol and other alcohols, was not

very important in normal gravity (110 - 120 plato) fermenta-

tions with Saccharomyces cerevisiae.

1.4.1 Nature of Alcohol Tolerance

The biochemical basis of alcohol tolerance (inhibition)

has been widely studied (White, 1978; Nagodawithana and

Steinkraus, 1976; Nagodawithana et al., 1977; l.e ao and van

Uden, 1982a). The results of mating experiments with Saccha-

romyces cerevisiae show that alcohol inhibition may involve

several inhibitory mechanisms (Ismail and Ali, 1971b). How-

ever, great difference of opinion still exists as to the

actual sites of a Lc o h o I inhiDition and their

relative contribution to the overall alcohol tolerance

phenomena in yeasts.

Some of the speci fic effects that have been advanced

are highlighted in the following section.
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1.4.1.1 Inhibition of Growth and C~ll Morphology

During the course of alcoholic f e rme n t a t i on , ethanol

accumulates in the broth to such an extent that the specific

growth rate and the survival of t he fermenting yeast is

adversely affected (Aiba e t aI., 1968; Ba zua and WilkE', .:1977;

GhQ s~ - and T ya g i , 1979 b ; Novak eta 1 ., 198 1 ) . Several

aut.nor s (Navar ro and finck, 1982: Naqouawi Lhana e t a l,, 1977) have

also shown that e t h an o I directly inhibits the ethanol pro-

duct ion pathway in yeast. ThE' inhibition begins at

about 25g/1 and is total at about 100g/1. Since the ethanol

metabolic pathway generates metabolic energy, ATP, for

growth and cell maintenance, this direct inhibition of the

glycolytic pathway results in a constant proportional

decrease in cell growth rate and ethanol productivity.

Ethanol appears to inhibit the specific growth rate of

yeasts in a non-competitive manner, analogous to non-

competitive inhibition of enzymes (Ho Lz b e rq et aI., 1967;

Aiba et al., 1968; Balua and Wilke, 1977; Luong, 1985).

The specific qr owt.hj-ate can be expressed as a function of the

limiting subtrate concentration as follows;

u , = l:iO[S/(K + S)]
1 s

(1)

where: u , is the specific growth rate in the p re s e n c e of
1

ethanol; lJO and K are the maximum specific growth rate ands
Monod constant respectively; S is the substrate cone en-

tration.

From equation (1), when ethanol is present at sub-

in h ibit 0 rye 0 nee n trat ion s, lJ. a p pro a c h e s lJO. S im i Ia r Iy, w hen
. 1
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t.tl€' growth of yeast- is completely inhibited by ethanol, ll·1
approachps zero. for this reason, seve ra l Ln ve s t i qa to rs

have attpmpted to pstablish a correlation bptwppn 111/110 and

thp pthanol concentration producpd during the course of fer-

mentation or added exogenously to the medium.

In the literature to date, five types of dependence of

ll· upon ethanol concentration have been reported.
1

(1) Linear Relationship;

This model is expressed mathematically as,

lli = llO - K1P
= llO(1 - P/Pm) ( 2 )

where: P and P are the ethanol concentration in the fermen-m

ting broth and the maximum value of P above which cells do

not grow respectively; K1 is the inhibition constant.

Holzberg et a1. (1967) used equation (2) to describe the

effect of ethanol produced by yeast cells on the rate of

ethanol formation. They further suggested that the minimum

concentration of ethanol which showed measurable inhibition

in yeast was 26g/1 and that above this threshold concentra-

tion, a linear relationship between growth and product for-

mation for a given strain of yeast was exhibited. Ghose and

Tyagi (1979b) later observed a similar linear relationship

between growth and ethanol formation while studying the

ethanol inhibition kinetics of Saccharomyces cerevisiae

grown in cellulose hydrolysate.

However, the simple linear relationship between u , and
1

P appears only applicable' where yeast growth and
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fermentation are nutrient or sub t ra t e limited (Bazua and

Wilkf>, 1977; Novak et al., 1981).

(2) Exponential Relationship;

This model was proposed by Aiba et al. (1968) and

Nagatami et a1. (1968) from experiments on alcohol fermen-

tation with a respiratory-deficient mutant. It is d e sc r i >

bed as follows:

(3)

where: K2 is the inhibition constant. K2 appears to depend

on the method of cultivation of the yeast, i.e., whether it

was cultivated in a batch culture or continuous culture.

The model has recently been used by Moulin et a1. (1980)

and Leao and van Uden (1982b).

(3) Hyperbolic relationship;

Aiba and Shoda (1969) originally proposed this model

which is as follows:

( 4 )

where: K3 is the inhibition constant. Recently, Novak et

al. (1981) have employed the model to describe the kinetics

of inhibition of growth and fermentation of Saccharomyces

cerevisiae by ethanol.

(4) Parabolic Relationship;

This model, expressed mathematically as
1

u . = 1l0(1 _ PIP )2
1 m ( 5 )
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was proposed by 8azua and Wilke (1977) although as pointed

out by the authors, the equation did nol quite fit their

experimental dala.

In all the cases described above, non-competitive

effects on growth rate and fermentation rate was generally

observed and the kinetic equations apply where ~. is repla-
1

ced with Vi - the specific rate of ethanol production in the

presence of ethanol; u 0 is replaced by "'0

specific rate of ethanol production at zero ethanol concen-

the maximum

tration. The exponential and hyperbolic relationships pre-

dict that yeast has the potential to grow and produce

ethanol indefinitely. However, in practice, there is a

definite ethanol concentration above which growth and fer-

mentation cease. The results obtained by Bazua and Wilke

(1977) and Ghose and Tyagi(1979b) show that there is a

certain maximum level of ethanol produced that completely

supressed growth and ethanol formation. This level depends

on the amount of oxygen present (Paca, 1982). Bazua and

Wilke (1977) further suggested that the capacity to produce

ethanol indefinitely, as observed by Aiba et al. (1968), is

due to the adaptation of the organism to ethanol and its

utilization of the remaining glucose in the fermenter. How-

ever, the model formulated by Bazua and Wilke (1977) cannot

explain the ph e nornenou observed by Holzberg et a1. (1967) and

more recently by Beaven et al. (1982) that ethanol is excre-

ted by anaerobic cultures of yeast after cessation of

growth.
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Using Gho se and Ly aq i t e (1979b) mo de l , Brown e t e I ,

(1981) showed that the inhibition of yeast growth by ethanol

is complex and does not show no n e comp e t i t Lv e inhibition.

Although non-compE'titive inhibition was observed after their

data was correctE'd for the dE'crease in viability causE'd by

ethanol.

(S) The w i de variation of results obtained by d i f f e ren t

wO'rJ(ersseem tu irave been taken care of in t.he fifth mo de l p roposed

recently by Luong (198S). The model is exprE'ssed mathema-

tically as follows:

llilllO = 1 (PIP )0: ( 6 )m

vi/vO = 1 (PIP 1)8 (7)m
wherE': 0: and B are empirical constants. The magnitude of a

indicates the type of relationship between II _ and P while
1

the relationship between v. and P depends on the empirical
1

constant 8.

For P *0, equation (6) and (7) can be rearranged as

follows:

In [1 - (ll.lllO)] = o:lnP - o:lnP
1 m (8)

and (9)

~ straight line results when In[1 - (lli/llO)] or

In[1 - (Vi/Va)] is plotted against InP. The kinetic para-

meters (a, B, P and P I) of the inhibition can then be cal-m m
culated from the least-square regression equation. These

kinetic constants depend on the microbial species, the

physiological conditions of the organism and the nature of

the culture medium.
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Since> alcohols have> su r f ace active p rop e r t i es , it is

only logical that they can disrupt the Ln t e q r i t y of t he

p lasme -jnemb ran e of yeast. Maiorplla et a1. (1983), in the

st~dy of thp modps of inhibition of ethanol and somp secon-

dary products of fermentation reported that ethanol did not

cause any apparent change in ce Ll morphology of the yeast.

However, the authors observed that h i qhe r alcohols, which

inhibit at lower concentrations, caused a change in thp mor-

phology of the yeast cells. The inhibited cells were long

and rod shaped. The ce Ll s also appeared as if they had

repeatedly budded but the buds did not separate off into

individual cells. The change in morphology is attributed to

the relatively higher lipid solubility of the higher alco-

hols which caused disintegration of the plasma-membranes.

1.4.1.2 Lipid Composition and Biosynthesis

Saccharomyces spp. are intermediate between bacteria

and animal cells in terms of their lipid composition. Like

most prokaryotic organisms, they cannot synthesize polyunsa-

turated fatty acids and so contain only mono-unsaturated and

saturated fatty acyl esters in their phospholipids (see Sec-

tion 1.2.1). However, like animal cells, they contain large

proportions of phosphotidylcholine and membrane sterols

which are largely absent from prokaryotic organisms. More-

over, the lipid composition of Saccharomyces spp is unique

because this organism synthesizes ergosterol rather than

cholesterol. Furthermore, their phospholipids contain very

high proportions (70 - 80~nl1C\Saturated fatty-acyl residues.
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Th!:' p re se nc e of e rqo s t e ro l and t h e high unsaturated fatty-

acyl c o n t e n t in y eaa t memb rane s a re important for alcohol

tolerance.

Yamashiro et al. (1967) showed that sake yeasts grown

anaprobically in the prpsencp of ethanol are more resistant

to growth inhibition by ethanol than cells which had not

been previously adapted to pthanol. Such a differential in

alcohol sensitivities implies that, on exposure to ethanol,

yeast cells can adapt in some ways to comp ensa t e for the

detrimental effects of ethanol. Recent studies by Inoue

et al. (1962), Brown and Oliver (1982) and Jones and

Greenfield (1984) suggest that previous culture history has

a significant effect on the dynamics of the response of

growing cultures to changes in ethanol concentration. Jones

and Greenfield (1984), in their study reported that a forty

fold increase in the resistance to cell death due to ethanol

was brought about by adapting the cells to 7% (v/v) ethanol.

Thus further reaffirming previous reports which implicated

the lipid environment of various cell membranes as the

primary site

(White, 1978;

of action of both ethanol and temperature

van Uden, 1984). The nature of the adaptive

response observed in their work is probably due to altered

membrane composition and thus physical state, in response to

presence of ethanol.

Yeast membranes and other biological membranes are

known to have the ability to alter their chemical composi-

tion to counter the effect of membrane-active agents such as

ethanol or temperature which increases the membranp fluidity
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(Hun t e r and Ro se , 1972; Ingram, 1976; Ingram et a L, , 1978;

Thomas e t a l ;, 1978). In anothe-r study, Be av en et a l , (1982)

suggested that S. cere-visiae adapts to ethanol during growth

by altering its membrane fatty-acyl composition. Yeast

cells we-re- grown in the presence of increasing concentra-

tions of ethanol and subsequently analysed for phospholipid

fatty-acyl composition. Thf'Y observed that yeasts grown in

the prf'Sf'nce of ethanol displaye-d a dose-dependent increasf'

in t he content of mono-unsaturated fatty acid (primarily

oleic acid, C18:1) acr-orupa n i ad by a decrease in saturated

residues. Ingram (1976) reported similar findings with

E. coli. These rf'sults suggest that S. cerevisiae can alter

its membrane lipid composition as an adaptive response to

ethanol.

Membrane composition is also known to influence the

kinetics of cell death upon exposure to ethanol (Thomas

et al., 1978).

1.4.1.3 Membrane Organisation

It has been recognized that addition of relevant con-

centrations of alcohols increases the freedom of motion

within the membranes, lowers the phase-transition tempera-

tures of model membranes, and decreases membrane order

(Ingram 1976; White, 1978; Janoff and Miller, 1982;

~ich8elis and Michaelis, 1983). the relative pctency of the alcoho ls

correlates with the alcohol partition coefficients, increae-

sing with longer ch a i n e Le nq t h and molecular size (Gray and
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Sova, 1956; Lr o y e r , 1955; t e ao and van tlde n , 1982b). ThE'se

effects on membranE' properties result from a variety of bio-

physical changes. Hydrophobic interactions are the prin-

cipal driving force for the biological self-assembly of

membranes. Both electrostatic and hydrophobic interactions

are involved in maintaining the spatial organisation of mem-

brane components. Ethanol as an amphipathic molecule which

interacts directly with the lipid bilayer in membranes would

therefore be expected to cause physicochemical changes in

membrane properties. Such changes would presumably have

adverse effect on cellular activities especially transport

processes (Ingram, 1976; Berger et al., 1980).

Apart from the well-known alcohol-induced increase in

membrane fluidity, addition of ethanol to aqueous environ-

ment surrounding the membrane causes an apparent increae in

pH values (Jukes and Schmidt, 1934). It also causes a

decrease in the strength of hydrophobic interactions and

increases the sifength of coulombic interactions (Yaacobi and

Ben-Naim, 1974; Franks and Ives, 1966). In addition, a

small proportion of ethanol partitions into the membranes

and directly disturbs packing. On the basis of measurements

of the partitioning of ethanol into membranes (Conrad and

Singer, 1981; Rottenberg et aI., 1981; Seeman et aI., 1971),

the intra-membrane concentration would be expected to be

less than one tenth of the ethanol in the aqueous phase.

Other recognizable effects of ethanol include a decrease in

the tendency for molecules to ionize and in the availability

of an additional bulk-phase molecules which is capable of
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participating in hydrogen bonding and competing with wat e r

(Ingram and Buttke, 1984).

Although both short and long chain alcohols c aus e an

increase in membrane fluidity, they frequently elicited

different effects on membrane organisation (Ingram, 1976;

Jain and Wu, 1977; Ingram, 1981). This difference in

effects may result from fundamentally d i f f e r e n t modes of

action between long and short chain alcohols despite the

superficial appearance of a continuous relationship between

lipid solubility and alcohol toxicity

Alcohols have two basic functional groups, namely, a

hydroxyl function and a hydro-carbon tail. As the alcohol

chain -length increased the effect of the alcohol, predic-

tably is dominated by the hydrophobic nature. Therefore,

short chain alcohols tend to increase the polarity of the

hydrophobic interior of the membrane and thereby weakening

the permeability barrier. The long chain alcohols which

partition more effectively into membranes cause a substan-

tial increase in fluidity and also facilitate increased mem-

brane leakage. This correlation between partition coeffi-

cients and alcohol potency provides substantial evidence

that a hydrophobic site, such as the cell membrane is the

target site for alcohol inhibition of fermentation.

1.4.1.4 Membrane Leakage

Alcohols are membrane-active agents and have been shown

to increase membrane pe>rmeability to ions and small
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molecul~s in many types of cells. Hayashida and Ohta (1978)

demonstrated that ethanol enhanced leakage of molecules from

Saccharomyces sakp. Concentrations of ethanol which inhibi-

ted growth of this organism caused leakage of both enzyme

p ro t e ase s and small ultraviolet-absorbing molecules. The

potency of alcohols in promoting leakage in yeast is

believed to increase with cha i n e Le nq t h and hydrophobicity.

Small ions such as protons and potassium are thought to be

most susceptible to leakage (Eddy, 1982). In recent years,

it has become apparent that the energy used to transport

nutrients actively into cells is derived from the coupling

of proton currents and ion fluxes (Eddy, 1982). This is

illustrated by the ability of uncoupling agents such as

dinitrophenol to inhibit amino-acid uptake in S. cerevisiae

(Keenan and Rose, 1979). Therefore, an alcohol-induced dis-

turbance of the permeability barrier would be expected to

inhibit nutrient accumulation and ultimately to inhibit cell

growth.

1.4.1.5 Transport Systems

Alcohols have been shown to inhibit transport systems

in yeast and other microorganisms (Gray, 1941; Lester, 1965;

Thomas and Rose, 1979; Le ao and v an Uden, 1982b,.1983, 1984;

Lou rei r0 - D iasan d Pe ina do, 1982) . InN. er ass a , Le s te r

(1965 ) e xamin edt h e e f fe c t 0 f ph eny let han 0 Ion upta ke 0 f

glucose and amino acids. At concentrations which inhibited

growth and macromolecular synthesis, alcohol inhibited glu-

cose incorporation by 45% and amino acid uptake by 75.95%.
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Phenylethanol also inhibited the uptake of adenine and

aspartic acid in Saccharomyces sake (Yamashiro e t a L, , 1971)

Many other recent studies have investigated the effect

of ethanol and higher alcohols on the solute accumulation of

S. c e r e v i s i e e • Lp~o and van Uden (1982b) used D-xylose as a

non-metabolizable analogue to study the effect of alcohol on

glucose transport systpm. Thpir results showed that none of

the alcohols testpd affected the affinity of the transport

system for D-xylose, as judged by the km value . However,

the alcohols lowered the rate (v value) of sugar uptake.max
Furthermore, as the concentration of alcohols was increased,

there was a corresponding decrease in the V value.max This

allowed the authors to calculate a characteristic inhibition

constant (K) using the equation:

Vo - KV = e xmax
S

K +Sm

Where 5 is the concentration of the D-xylose, K is them

Michaelis constant, V is the rate of initial uptake, vmax is

the maximum uptake of D-xylose in the absence of alcohols

and x is the alcohol concentration. For each of the alco-

hols tested, a K value was determined. As shown in Figure

1.9, the inhibitory constants of the various alcohols could

be correlated with their lipid-buffer partition coefficients.

Their results further illustrated a direct relationship

between alcohol potency for inhibition of sugar uptake and

hydrophobicity or molecular size of the alcohols. This led

the authors to conclude that alcohols inhibited sugar uptake
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in S. cE'reovisiaf' by changing t he lipid environment of t he

plasma membrane. In a similar study, loureiro-Dias and

Peinado (1982) investigated the effects of ethanol, isopro-

panol, propanol and butanol on maltose transport. The alco-

hols were found to inhibit the rate of maltose uptake in a

non-competitive manner. The extent of inhibition for each

alcohol was determined by its lipid-buffer partition coeffi-

cient and showed a positive correlation with the solubility

of the alcohol. These results are consistent with Le~o and

van Uden (1982b) and provides further evidence pointing to

the membrane as the site of action for alcohols. The study

by Thomas and Rose (1979) further lends credence to the

importance of alcohol effects on yeast membrane transport.

They grew Saccharomyces cerevisiae anaerobically; a condi-

tion in which yeast has a requirement for sterol and unsatu-

rated fatty acids. The medium was supplemented with ergos-

terol and either oleic acid or linoleic acid. Yeast cells

enriched with either of the two unsaturated residues were

then exposed to ethanol. The effect of ethanol on the

growth and sugar or amino acid uptake was followed. With

unsaturated fatty acids, ethanol addition led to an imme-

diate decrease in rates of growth and nutrient uptake. The

degree of this inhibition was dependent on the nature of the

unsaturated fatty-acyl residue. Yeast cells grown with

linoleic acid were more resistant to ethanol inhibition than

cells supplemented with

changing the nature of

lipids only, and

Assuming

supplement

does not

thatoleyl residues.

the unsaturated causes

changes in the membrane affect



--------------------------------------

4S

membrane pro t e i n s , t hen t he results of Thomas and Ro se (1979)

indicate a relationship between alcohol inhibition of growth

and nutrient up t ak e, and membrane-lipid composition. Thus

pointing to the me mb ran e as an important s i t e for alcohol

inhibition.

1.4.1.6 Thermal Tolerance

Gray (1941 ) demonstrated that the sensitivity of

by ethanol wasSaccharomyces

increased at

cerevisiae to inhibition

elevated temperatures. More recent reports

from van Uden's laboratory show that alcohols depressed the

optimum and maximum temperature of growth (van Uden and

da Cruz Duarte, 1981; Loureiro and van Uden, 1982), increa-

sed the minimum temperature for growth (Sa-Correira and

van Uden, 1983) and enhanced thermal death (Le~o and

van Uden, 1982a) of yeast strains .. van Uden and da Cruz

Duarte (1981) indicated in studies with S. cerevisiae that

as the concentration of extracellular alcohol was increased,

the maximum temperature at which the yeast could grow was

lowered. On the basis of their studies, the authors sugges-

ted that the si tes which determine maximum growth tempera-

t u re are located in the cell membrane. Moreover, that

ethanol affected the membrane by lowering their sensitivity

to thermal inactivation. Further support for a relationship

between thermal tolerance and alcohol tolerance came from

the studies of Leao and van Uden (1982a). They studied the

effect of several alcohols on temperature induced death of
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5. c!:"revisiap c e lIs , Their results suggest that alcohols

were more effective in altering thermal death as their

molecular size and hydrophobicity increased. The effect of

the alcohols was also non-specific and solely dependent on

their lipid solubility. Lhe se findings led the authors to

extend their membrane target hypothesis and p rop ose that

alcohols a Lt e red the lipid VIcinity of the thermal sites

such that the same amount of heat leads to a grE'ater amount

of disorder. For a given alcohol, thE' concentration at the

target site would be determined by its partition coefficient

and this is the basis for the relationship between thermal

death point and alcohol chain-length.

The results of Le~o and van Uden (1982a) and Sa-Correia

and 'van Uden (1982) were obtained at combinations of etha-

nol/temperature in the region beyond that at which growth

ceases. This implies that their model is not valid below

11~6 e than 0 1 at 30 0 C for the irs t ra in 0 f 5 . cere vis iae 0r

below 8~6 ethanol for K. fragilis at 300C (van Uden, 1984).

Despite this short-fall, the authors' results coupled with

the findings of Gray and Sova (1956) provide strong eVidence

for the involvement of cell membranes in the growth inhibi-

tion of yeast by alcohols. SincE' all the alcohols tested by

Le~o and van Uden (1982a) have positive temperature coeffi-

cients, which implies that higher temperatures will enhance

their partitioning into membranes (Janoff and Miller, 1982),

j,t follows therefore that the enhanced potency of alcohols

at elevated growth temperatures may result from a higher

concentration of alcohol within the membrane as well as from

the increased membrane disorder.
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1.4.1.7 Enzym~ Inhibition and D~naturation

Th~ irr~v~rsible denaturation and non-comp~titive inhi-

bition of glycolytic enzymes have been advanced as one of

the possible compon~nts of the overall enzyme inhibition by

alcohol (Llorente and Sols, 1969; N8godawithana et al.,

1977). Other possibilities include the feed-back inhibition

of alcohol dehydrogenase enzyme, non-specific inhibition

effects on cytosolic or membrane-bound enzymes and pertur-

bationof other membrane functions.

Several investigators have determined the effects of

alcohol on various glycolytic enzymes (Augustin et al.,

1965; Navarro, 1980; Llorente and Sols, 1969; Nagodawithana

et al., 1977; Millar et al., 1982). Augustin et al. (1965)

and Aiba et al. (1968) provided much circumstantial evidence

which pointed to a possible ethanol feed-back effect on

hexokinase. Later, Gray and Sova (1969) combined hexokinase

and ethanol in extracts of S. cerevisiae. They found a

marked inhibition of the enzyme at a concentration of

0.015 ivj ethanol. This concentration was lower than the

level of ethanol that inhibited overall in vivo fermentation

rates.

Firm evidence for enzyme inhibition by alcohol was pro-

v ided by Nagodawi thana et al. (1977). They examined the

effect of ethanol on several glycolytic pathway enzymes in

extracts of S. cerevisiae. The authors observed a non-

competitive inhibition of the activities of hexokinase and

a-glycerophosphate dehydrogeoase. Hexokinase was inhibited
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in th~ range 0 - 15% (w/v) ethanol. They therefore conc]u-

ded that hexokinase was the pacemaker enzyme in the alcohol

production pathway.

Further support for the inhibition -of hexokinase camp from

Navarro (1980) in studies on fermentation rates in vivo in

the p re senc e of high Ln t rece Ll u Ls r ethanol concentration.

He used a range of metabolic intermediates from the glycoly-

tic sequence as starting substrate. Fermentation rate was

not reduced in the presence of ethanol except when glucose

was used as substrate. This finding further reaffirms

earlier studies which suggest that hexokinase was the enzyme

most sensitive to ethanol; although in contrast to the find-

ings of Nagodawithana and Co-workers (1977), inhibition of

hexokinase was found to be irreversible under the conditions

of Navarro's (1980) study. This was attributed to the very

high in vivo ethanol concentration.

While most of these early studies have pointed to hexo-

kinase as the enzyme most sensitive to ethanol inhibition,

recent in vivo studies of Millar et a1. (1982) showed that

hexokinase was less sensitive to ethanol inhibition than

pyruvate decarboxylase, phosphoglycerate kinase and several

other glycolytic enzymes. Millar et al. (1982) further con-

cluded that a general inhibition of glycolytic enzymes by

ethanol could slow down the overall metabolism and lead to a

decline'in f'ermenta.t-i.on rate. The authors did not observe any

inhibition of hexokinase below about 10% (w/v) ethanol; also

at concentrations above 12% (w/v), ethanol denatures several

glycolytic enzymes including .g.yceraldehyde phosphate
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d e h y dr o qe n a s e (lab!£> 1.3). End product inhibition, there-

fore, is probably only important at very high concentrations

of ethanol, as hexokinase is one of the most resistant to

ethanol denaturation. However, accumulation of high concen-

trations of intracellular ethanol during fermentation as

observed by Nagodawithana and Steinkraus (1976) and Navarro

and Durand (1978) could predictably have a denaturing effect

on enzymes. Llorente and Sol (1969) compared the ethanol

sensitivities of alcohol-sensitive Kloeckera apiculata to

those of the alcohol-tolerant Saccharomyces evilormis. They

observed that enzymes from the alcohol resistant organism

were less susceptible to ethanol inhibition than the same

enzymes from alcohol-sensitive organism. If there finding

is true for all organisms, then alcohol inhibition of glyco-

lytic enzymes could be advanced as a possible mechanism for

alcohol tolerance (inhibition). Unfortunately, sufficient

information in favour of this hypothesis is not available.

Moreover, there is a possibility, in Llorente and Sol's

(1969) studies, that the alcohol-tolerant yeast was simply

less permeable to ethanol since the effects of ethanol was

determined by incubating intact yeast cells with ethanol

before assaying for enzyme activity. In addition, the pro-

position that the glycolytic enzymes serve as primary sites

for ethanol inhibition is not readily compatible with the

vast literature which shows that Saccharomyces cerevisiae

and indeed other microorganisms adapt to ethanol following

changes in membrane composition.
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Table 1.3 DENATURATION or YEAST ENZYMES BY ETHANOL
I ,.

THE % (w/v) ETHANOL REQUIRED TO CAUSE 10%, 50% AND
90% DENATURATION IN 30 min AT 30DC AND pH 6.0
(MILLAR ET AL., 1982)

Enzyme

25

10% Loss 50% Loss 90% Loss

Hexokinase
Phosphoglucose Isomerase
Phosphofructokinase
rructose 1, 6-bis-P aldolase
Triose Phosphate Isomerase
Glyceraldehyde-P-dehydrogenase
Phosphoglycerate kinase
Phosphoglycera~e mut~se
Enolase
Pyruvate kinase
Pyruvate decarboxylase
Alcohol dehydrogenase

16
22
14

15
25
13

16
20

12
18
14

25

19
35
19
18
35+
17

19
35
19
21
17

35+

40+

22

20

40+

21
21
40+

28
27

19
40+
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1.4.1.8 Intracpllular Alcohol

Studies on alcohol tolerance of y e a s t, so far, have

been primarily concerned with the effect of alcohol incor-

porated exogenously into growing or resting yeast cells.

However, the fermentation industry is mainly interested in

the effect of alcohol on yeasts under conditions of rapid

alcohol production.

introduced on both

Under such conditions, alcohol is

sides of the plasma membrane.

being

Early

reports suggests that ethanol is transported across biologi-

cal membranes by purely simple chemical diffusion (Collander

and Barlund, 1933; Stein, 1967) apparently due to their

hydrophobic nature.

More recently, several workers have proposed that the

intracellular concentration of alcohol, in the course of a

batch,fermentation, is much higher than its concentration in

the extracellular medium (Navarro and Durand, 1978;

Nagodawi thana and Steinkraus, 1976;

Beaven et a L. , 1982; Goma et a L, ,

Panchal and Stewart, 1980; Novak et

Thomas and Rose, 1979;

1981; Navarro, 1980;

aI, 1981: Neva r r o and

Finck, 1982; Pamment and Stucley, 1982; Stucley and Pamment,

1982; Strehaiano and Goma, 1983; Dosari et al., 1983)

Nagodawithana and Steinkraus (1976) reported that added

ethanol was less toxic to S. cerevisiae than equivalent

concentration of ethanol produced by the yeast. The death

rates were lower in the presence of added ethanol than those

me a sur e d at si mil are x t ern ale t han 01 con c e nt rat ion s e~o ge-

nously produced. They proposed that, due to an inbalance
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thp of production and the

bp an Ln t race Ll u la r

net outflux of

ofethanol,

ethanol

there would accumulation

which in turn would e xp La i n t h e app a ren t q rea t e r

e ndo qe n ou s ly produced e t han o L.

(1978) in their study, found that

inhibitory

Navarro

p o t ericy of

and Durand

during batch growth of S. carlsbegensis in 12~o suc rose

medium, intracellular ethanol concentration always exceeded

the extracellular Le ve ls and reached a maximum value of

3pO gil at 30°C. This maximum level was attained early in

the fprmentation, before cessation of growth and decrease in

specific rate of ethanol production was observed. They

therefore, concluded that accumulation of intracellular

ethanol was responsible for the inhibition of growth and

ethanol production.

Further support for ethanol accumulation by yeast cells

came from Panchal and Stewart (1980). They studied ethanol

production by a strain of S. cerevisiae (uvarum) grown anae-

robically in a parhally defined medium. Sucrose was used as

the carbon source. The medium was supplem~ented with sor-

bitol, a non-metabolizable sugar. As the concentration of

the sorbitol in the medium, was increased, intracellular

ethanol concentration increased. At high intracellular con-

centrations, cell viability decreased. This suggests that

intracellular ethanol accumulation might be responsible for

the loss in cell viability experienced in commercial fermen-

tations.

Similar batch experiments conducted by Novak et a1.

(1981) showed that intracellular ethanol attained a peak of
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127 gil early in the fermentation, also confirming p rr-vious

reports; although intracellular alcohol declined rapidly

after reaching the peak value.

Thomas and Rose (1979) measured the intracellular

alcohol concentration of yeast cells grown anaerobically in

glucose medium, in the presence of oleic or linoleic acids.

The authors found that the intracellular ethanol concentra-

tion of mid-exponential phase cells was about 5 - 7 times

~reater than the average concentration in the medium. They

further concluded that the efflux of ethanol into the exter-

nal medium by the yeast cells was downhill, under their

experimental conditiuns. This hypothesis has been recently

disputed by Loureiro and Ferreira (1983), and Guijarro and

Lagunas (1984) who favour the widely accepted view that the

movement of ethanol across yeast plasma-membranes, like

other biological membranes (Stein, 1967), is purely diffus-

sional in nature and therefore ethanol is not accumulated by

yeast cells.

1.5 MECHANISM or ALCOHOL TRANSPORT

Based on the numerous report that intracellular alcohol

contributes to the overall inhibition of yeast alcohol fer-

mentation process, it has become clear that any attempt to

alleviate alcohol inhibition would of necessity include a

technique designed to promote intracellular alcohol efflux

in yeast.

alcohol

A constructive approach to reducing intracellular

req u i res an understanding of the mecharu smt s ) and
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rate> by which e t h an o I is t ran s p o r t e d across (out of and

into) the> yeast plasma-membrane.

So far, v e r y little> information is available on t h e

nature of alcohol transport systE'm in yeast and other orga-

nisms. Several workE'rs have proposE'd that ethanol is accu-

mu la t e d by S. cerE'visiaE' against a c o n c e n t ra t i o n q rad i e n t

(sE'e Section 1.4.1.8) during f e rme n t a t i o n of sugar. This

accumulation s u q q e s t s that alcohol transport in yeasts is,

a t l e a s t in part, by carrier mediated transport mechanism.

However, Collander and Barlund (1933), Stein (1967) and

Kalant (1971) suggest that plasma-membranes of plants and

animal cells are freely permeable to alcohol. Moreover,

recent reports by Loureiro and Ferreira (1983) and Guijarro

and Lagunas

that alcohol

(1984) indicate, and confirm earlier

permeates yeast plasma-membrane, by

report,

simple

uptakediffusion.

and efflux

Guijarro and

of ethanol

Lagunas (1984) found that

in two different strains of

S. cerevisiae follow first-order kinetics, were insensitive

to the presence of structural analogues of ethanol, to dras-

tic pH changes and to the action of reagents of amino and

thiol groups; and in fact that intracellular-extracellular

equilibrium was attained in less than five seconds. These

results imply that ethanol permeates the yeast cell plama-

membrane without involvement of a carrier protein. The

authors also observed that the rate of efflux of ethanol

appeared greater than the ability of the yeasts to produce

et han 01 • The abo ve 0b s e rva t ions su g g est that in t r ace 11 u 1a r

accumulation of alcohol is not possible. Furthermore, they
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found similar concentrations of ethanol both inside the

yeast cells and in the cu Lt ur e sup e rn a t an t at d i f f e ren t

stagf.>s of growth; and suggested that accumulation of ethanol

as rf.>portpd hy somp authors could be due to inadequacies

in their experimental and analytical procedures.

Murooka and Harada (1974), though, p re sen t ed e v i de nc e

for active transport of alcohols in Corynebacterium aceto-

philium, a gram pos Lt i ve bacterium. Th ese conflicting

reports obviously point to the need for more resf.>arch and

invariably better undE'rstanding of ethanol transport system

in yeast, and indeed in other organisms.

1.5.1 Factors Influencing [thana I Transport

One of the major factors which influence alcohol trans-

port in yeast appear to be the plasma-membrane fatty acid

composition or proteolipids containing unsaturated fatty

acids (Hayashida et a L. , 1974, 1975; Day et aI., 1975,

Whi t e , 1978; Thomas and Rose, 1979; Hayashida and Ohta,

1981; Jin et al., 1981). Hayashida et al. (1974) demonstra-

ted that the final ethanol concentration in the medium

during batch production of Sake was increased by more than

40% when the fermentation medium was supplemented with pro-

teolipids. The result suggests that unsaturated fatty acids

and proteolipids protect yeast cells from alcohol inhibition

during active growth and fermentation by enhancing efflux of

ethanol. The unsaturated fatty acids are also believed to

protect resting cells from penetration of extracellular



ethanol (Day et a L, , 1975; Lafon-Lafourcade et al., 1979).

The apparent contradiction between this hypothesis and the

argument that t he unsaturated fatty ac i ds : e nh a nc e d ethanol

efflux was rationalized by Thomas and Rose (1979). ThE'Y

p o s t u l a t e d that the p r o t e i n s involved in solute efflux may

be less affected by ehanol inhibition than those involved in

ethanol uptake; or that the distribution of unsaturated

fatty acids in the plasma-membrane was assymetrical.

N:' va r r 0 (1 980 ) 0 b s e r vedt hat inc 0 r p0 rat ion 0 f pep ton e

..( 5g /1) 0 r sur fa c tan t sin t 0 c u I t u r e mediu m 0 f yea s t cell s

significantly reduced ethanol accumulation and inhibition.

The abo v ere s u l t s uggest t hat the sec o upounds a 1so in flu e nc e

the membrane permeability to ethanol.

Another factor which affects ethanol transport across

the yeast plasma-membrane is the growth temperature.

and alcoholSeveral studies ex ist, which relate gtowth tenper atur e

toxicity (Nagodawithana and Steinkraus, 1976; Navarro and

Durand, 1978; Janoff and Miller, 1982; l.e a o and van Uden,

1982a). The experiments by Navarro and Durand (1978)

clearly showed that th~ rate of ethanol production by yeasts

increased with elevated temperatures. However, the studies

of Kleinans et al. (1979) indicate that at high tempera-

tures, the yeast plasma-membrane permeability also increa-

sed. It follows therefore, that the higher ethanol produc-

tion rate could be attributed to increased permeability of

the plasma-membrane.

Osmotic pressure has also been proposed by Panchal and

Stewart (1980) to influence the rate of ethanol efflux in
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yeast cplJs. Their sludjes revealed that as the

osmotic pressure of t he medium was lowered, intracellular
ethanol concentration of their lager brewing yeast decreased
and thE' extracellular ethanol level in the medium inreased.

1.6 FACTORS AFFECTING ALCOHOL TOLERANCE IN YEAST

1.6.1 Effect of Nutritional Supplementation

Several authors have reported an improvement in alcohol
fermentation productivity, an increase in the final alcohol
concentration and high viable yeast crop after fermentation
when the medium was supplemented with various nutrients.
Such nutrients included lipids (unsaturated fatty acids and
sterols), proteins and vitamins (Hayashida et al., 1974; Day
et al., 1975; Jin et al., 1981; Watson, 1982; Casey et al.,
1983; Lafon-Iafourcade, 1983; Janssens et al., 1983; Viegas

et a1., 1985a~ Damiano and Wang, 1985). However, a number of
workers (Casey et al., 1983,1984; Viegas et al., '1S'(j5ahave
suggested that the improvement of alcohol tolerance, when
these nutrients are added to growth media is due to the
satisfaction of nutritional deficiencies rather than acqui-
sition of tolerance per se.

1.6.1.1 Role of Lipids

Var~ 0 us. stel'0 1san d uns aturat ed fCltty acid s have bee n
shown to increase the viability of resting cells and to
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prolong thpir fermpntativp ability (Lefon-Lefourcade et al.,

1979). The improvements have been partly attributed to the

enhancpment of ethanol resistance of yeast cells, consistent

with thp important role of fatty acid membrane composition

on ethanol tolerance in Saccharomyces cprpvisjap (Thomas

et a L. , 1978) and I. coli (Ingram et aI., 198G). However, Casey

et a1. (1983) showed that nutritional defects rather than

ethanol toxicity was responsible for reduced alcohol produc-

tivity and poor survival rate of yeast during alcohol fer-

mentation of high gravity worts. This implies that supple-

mentation does not confer additional alcohol tolerance to

the yeast but increases the length and level of new yeast

cell mass synthesis over unsupplemented worts. They, there-

fore, conclude that brewery yeast are tolerant to levels of

ethanol previously associated with winery and distilling

yeast; and that they do not require genetic manupulation or

strain improvement to become tolerant to high alcohol con-

centrations.

The high alcohol concentrations produced during sake

fermentation have been attributed to oryzenin, a major com-

ponent of rice protein, and a proteolipid extracted from the

koji mould. Oryzenin is believed to act as a detoxicant,

absorbing higher alcohols, while the proteolipid enhanced

alcohol tolerance (Hayashida et aI., 1974). Hayashida and

co -w 0 rk ers g rew sa key e astin a ch emic a 11y de fin ed me diu m

supplemented with the high concentration alcohol producing

factor derived from Aspergillus oryzae. The yeast produced

up to 20% (w/v) ethanol. The factor, a proteolipid isolated
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from th~ ~nv~lop of A. oryza~ was 8ubs~quently shown to be

compos~d primarily of phosphotidylcholine and a protein,

with a small amount of s t e r y I e s t e r (Hayashida and Ohta,

1978). Thp phosphotidylcholine component of the proteolipid

was found to be responsible for facilitating alcohol tole-

ranee (H a yash ida eta 1., 19 74, 19 75 ). Ins ub seq uen t s tudies ,

Hayashida and colleagues (Hayashida et al., 1976; Hayashida

and Ohta, 1978, 1980) presented conclusive evidence that

unsaturated fatty .a c i ds are required for promoting alcohol

tolerance in yeast. They showed that p ro t eo Li p i d s , not

only promoted yeast growth and alcohol production but, also

conferred the ability to endure high concentrations of

ethanol on yeasts. They grew sake yeast in the presence or

absence of proteolipids. Incubated the cultures in a buffer

containing 20~6 (v/v) ethanol for 48 h at several tempera-

tures. The cells were then compared for their fermentative

capacities as measured by evolution of carbon dioxide.

Their results clearly showed that cells incubated in the

presence of proteolipid were more tolerant to ethanol as

they were able to undergo fermentation even after the 48 h

e xp0 sur e t0 20 ~o (v / v ) e than 01. Inc 0n trast c ell s g row n in

the absence of proteolipid showed a marked decrease in their

ability to evolve carbon dioxide. Additional studies showed

that supplementation of sake yeasts with proteolipids also

enhanced spheroplast stability and lowered membrane leakage

(Hayashida and Ohta, 1978).

More recent studies by Hayashida and his

1980; Ohta and Hayashida,

group

1983)(Hayashida and Ohta, 1978,
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indicate that addition of e rqo s t e ro I which is also p re sen t

in the proteolipid confers ability to pndure high concentra-

tions of alcohol on the yeast. Thus Hayashida and co-

workers convincingly demonstrated that alcohol tolprance is

related to lipid metabolism, s i nc e unsaturated fatty acids

and ergostprol play an important role in alcohol tolprancp.

Sincp thp initial studips by Hayashida and his group,

spveral other invpstigators have confirmed that thp addition

of exogpnous lipid supplpments enhanced alcohol production.

Thpy exploited the anaprobically induced requirempnt by

yeast for exogpnous sterols and long chain unsaturated fatty

acids (And reasen and Steir, 1953, 1954), to investigate t he

structural requirement of lipid supp leme n t s for increased

alcohol tolerance by Saccharomyces cerevisiae. Thomas et a1.

(1978) enriched plasma-membranes of ~. cerevisiae N.C.Y.C.

366 with fatty-acyl residues and various sterols. They

investigated the effect of the lipids on the viability of

the yeast in a phosphate buffer pH 4.5, containing 1 tv!

ethanol. They observed that the yeast cells remained viable

to a greater extent when their plasma-membrane was enriched

with linoleyl residues (C18:2) rather than oleyl (C18:1)

residues, irrespective of the nature of the sterol enrich-

ment. However, cells enriched in ergosterol or stigmasterol

(which contains an unsaturated side chain) and linoleyl

residues were more resistant to the toxic effects of ethanol

than cells enriched in campesterol or cholesterol and

linolpyl residues. In the same study, Thomas et al. (1978)

examined the effect of fatty-acyl chain length on ethanol
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tolerance. Their results demonstrated that enrichmenl of

cells with the unsaturated fatty-acid, palmitoleic acid

(C16: 1) residues and ergosterol was more effective in con-

fering ethanol tolerance than either

cetolyl (C20:1) residues and ergosterol.

oleyl

Moreover, linoleic

acid was even more effective than the mono unsaturated falty

acids as medium supplement.

In a subsequent study, Thomas and Rose (1979) reported

that uptake of solutes (glucose and amino acids) was less

affected by ethanol effects in S. cerevisiae cells enriched

with linoleyl rather than oleyl residues. However, Whi t e

(1978) observed that combined addition of fatty acids and

sterols enhanced tolerance less than separate additions of

the individual lipids. Apparently suggesting that a kind of

antagonism may exist between the fatty acids and sterols.

Contrary to the views held by c e ve r a I workers that

phospholipids, sterols and unsaturated fatty acids have an

effect on ethanol tolerance and production, Watson (1982)

proposed that unsaturated fatty acid residues and not

ergosterol enhanced yeast ethanol tolerance. The author's

conclusion was based on the observation that cells low in

ergosterol content but with membrane lipids enriched with

oleyl residues produced high concentration of ethanol and

retained their viability after prolonged exposure to high

concentrations of ethanol.
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1.6.1.2 Role of Proteins

The addition of protein-lipid romplexes to the growth

medium of alcohol f e r ment.at.i cns have been investigated by

several workers searching for methods of improving alcohol

fermentation productivity and increasing final ethanol

concentrations (Hayashida et aI., 1974; Hayashida et aI.,

1978; Jin et a l ; , 1981; Jin and Wang, 1982; Ju et al., 1983;

Damiano and Wang, 1985; Viegas et al., 1985a). While addi-

tion of only unsaturated lipids enhanced ethanol fermenta-

tion p ro duc t Lv i t y and ethanol tolerance (Thomas et al.,

1978; Ingram et a L, , 1980; Jassens et aI., 1983), a greater

alcohol productivity and protection from alcohol effects

occured when a protein

(Hayashida et a L, , 1974;

et al., 1985a).

Soy flour is an abundant and inexpensive source of

pro t e i n (3 8?6) and lip i d ( 21?O). The 1i P ids can bee a s i 1Y

and lipid were used together

Damiano and Wang, 1985; Viegas

assimilated into cellular materials. In alcoholic fermenta-

tions by both Saccharomyces cerevisiae (Damiano and Wang,

1985) and Zymomonas mobilis (Ju et al., 1983), Soy flour

addition into growth media lead to a significant increase in

batch and continuous fermentation productivity. Ju et al.

(1983) reported that an 81.6% increase in ethanol concentra-

tion and fermentor productivity occured when soy flour was

added to the feed at a concentration of 10 gil in a conti-

nuous fermentation with Zymomonas mobilis. The improvement

in alcohol productivity of yeast cells due to the addition
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of protein-lipid complexes is, though reported to be a

result of en Inc rea se in cell mass synthesis and hence

concentration rather than an Lmp ro ve me n t in alcohol

tolerance of the YE'ast cells (Casey et al., 1984; Viegas et

al., 1985a; Damiano and Wang, 1985).

1.6.1.3 Role of Vitamins

Vitamins regulate yeast metabolism (Rattray et al., 1975).

Their function is enzymatic in nature, i.e., they genE'rally

act as either co-enzymes or precursors for fully active

enzymes. As such vitamins are not consumed in fermentation

but may be inactivated or degraded.

Some of the major vitamins in yeast metabolism include

biotin, pantothenate, inositol, thiamine, pyridoxine, para-

amino benzoic acid, folic acid, niacin and riboflavin (Jones

et al., 1981). Essential vitamin requirement for maximum

fermentation rate is strain-dependent, with biotin and

pantothenate being essential for all strains of Saccharo-

myces (Atkin et a1. ~ 1949; Ng, 1976). The active forms of

the enzymes, their metabolic roles and concentrations

required for optimum yeast fermentation are given in Table

1.4.

Despite the important role of vitamins in yeast meta-

bolism, they have attracted little attention in recent years,

especially in respect of their influence on alcohol tole-

rance. The vitamin pantothenate has been reported to

protect yeast cells from alcohol inhibition effects (Fukai
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e t al., 1955; Day e t eL, 1975). Day e t e1. (1975) q re w

YE'ast cells in a synthptic medium containing sub-inhibitory

concentrations of E'xogenously addpd E'thanol. They observed

pantothenate prompted improvement in thE' E'ndurance or tolE'-

rance of thE' yeast to alcohol effects with 1.4 mg/l panto-

thenate supplement. Supplementation of the samE' medium with

biotin and thiamine, individually, to concentrations of

50)'g/1 and 1.4mg/l respectively did not confer any addi-

tional alcohol tolerance to the yeast strain. It is belie-

ved that the protective effect confE'rred by the pantothe-

nate to the y e a s t may be related to its In f Lu ence on lipid-

unsaturated fatty acid biosynthesis (Rose and Beaven, 1981;

Rattray et aI., 1975). Deficiency of pantothenate caused a

reduction in the lipid content of yE'ast cells and in parti-

cular of unsaturated fatty acids Hosono and Aiba, 1974;

Furukawa and Kimura, 1971; Rattray et al., 1975).

Rahn (1952), in another study, reported that thiamine

imparted additional ethanol tolerance to yeast. However,

investigations carried out later by Nagodawithana and

Steinkraus (1976) suggests that the vitamin thiamine only

enables yeast cells to endure the amount of alcohol which

the cells would normally have produced but not higher

concentrations.

Rose (1963) suggested that deficiency of biotin caused

changes in permeability properties of yeast cell membranes.

Yeast cells grown in media containing sub-optimal concentra-

tion of biotin are much more permeable to a wide range of
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ao lu t e s than b i o t rnvop t i ma I yeasts. Biotin also plays a

major rolE' in thE' synthesis of fatty acids. SuomalainE'n and

Ka re nen (1963) reported reduced a yn t h e s Ls of long chain

unsaturated fatty acids (C18:1, C18:2) by bakE'rs yE'ast grown

in thE' absence of biotin. ThesE' observations suggE'st that

biotin d oe s not protect yeast c e Ll s from t he toxic e f f ec t s

of alcohol.

Inositol has bE'en shown to pJay a cE'ntral rolE' in con-

trolling fE'rmentation rate (Atkin E't al., 1949). ThE'
omission of inositol fom the fermentation medium has a

greater effect than omitting all vitamins except biotin,

with a minimum requirement being of the order of 2mg/1.

Inositol is an essential growth factor for many yeasts where

in the form of phosphotidyl inositol, it plays a key role in

maintaining the integrity of the yeast membrane (Atkin et

aI., 1949; Graham et a1.,1970; Kirsop and Brown, 1972;

Crane, 1975).

1.6.2 Effect of Oxygen

Oxygen is utilized by yeast as an essential requirement

in lipid biosynthesis (An~eason and Stier, 1953; 1954;

Bloomfield and Bloch, 1960; Haukeli and Lie, 1973) and as

the ultimate electron acceptor in oxidative phosphorylation

or for electron transport. The stimulating effect of trace

amounts of oxygen in ethanol fermentation is of anabolic

nature rather than catabolic, enabling the cells to synthe-

size unsaturated lipids necessary for cellular membranes



67

(I<irsop, 1974; Hosono and Aiba, 1974; Hayashida e t al.,

197~; Watson, 1982). So the addition of t h e s e lipids into

fermentation mf'dia is an important factor under oxygen-

limited conditions bf'cause many yeasts can incorporatp thf'm

from t h e growth

Pt al., 1978).

media (Altertum and Rose, 1973; Ttiomas

However, thesf' sterols and fatty acids may

c a u s e inhibition if added to c u l t u r e s grown under aerobic

conditions (Tyagi, 1984).

Yeast cells with lower unsaturated fatty acids have

bef'n shown to possess reduced ability to absorb nutrients in

the presence of c he a La t o r s which reduce concentration of

trace metals available to yeast (Lie et al., 1975). This

and other reports suggest that essential lipids or oxygen

added to fermenting yeasts may counteract the growth retar-

ding effects of c he a l a t o r s , thus indicating the membrane

strengthening effect of oxygen or lipids.

Addition of oxygen or olf'ate to wort, not only influen-

ced the yeast cell viability but also increased alcohol

tolerance during ethanol fermentation (Bloomfield and Bloch,

1958; 1960; Andreasen and Kirsop, 1974; Day et aI., 1975;

Nagodawithana and Steinkraus, 1976; Jones et al., 1981: Ryu

et al., 1984). A major effect of .incr-eased oxygen availability on

lipid composition is an increase in the proportion of unsa-

turated fatty acid residues in the yeast. This increase in

the lipid unsaturation has been correlated with an improve-

ment in yeast cell viability (see Section 1.6.1.1). Ryu et

al. (1984) investigated the effect of oxygen supplementation

on yeast cell viability, alcohol tolerance and other physio-
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logical parametprs of high alcohol tolerant strain of Sac-

charomycE's c e re v i s i ae . Th e y found that supplementing t he

culture wHil air at a flow r-ate ranqe of 0 - 11 ml eir/l/h or a small

amount of oxygen up to about 80 u mol oxygen/l/h, improved

cell viability as well as alcohol tolerancE' of the yeast.

Similar observations were reported by Nagodawithana (1976)

and Jones et a1. (1981). Deficiency of oxygen or reduction

in unsaturated lipids of whole cells leads to weakening of

the membrane structure but also to a change in the physio-

logy of brewers yeast (Haukeli and Lie, 1976).

As suggested by Moreno and Goma (1979), the dissolved

oxygen concentration should be at least 20% of the saturated

value to ensure long term viability of yeast in continuous

recycle fermentation systems. Ghose and Tyagi (197?b)

obtained a 75% increase in fermentor ethanol productivity in

a continuous yeast fermentation with recycle, with aeration

at 0.125 vvm as compared to no aeration. Nagodawithana and

Steinkraus (1976) growing yeast in a high gravity wort,

observed that there was a progressive increase in the per-

centage of cells surviving (2 to 13 to 34 to 60~6), as the

dissolved oxygen concentration in the medium increased from

o to 13 to 20 to 100% respectively at 30aC.

1.6.3 Role of Osmotic Pressure

The nature and concentration of sugar s ubftra t e in the

fermentation medium is believed to influence alcohol tole-

Moulin et al., 1980; Navarro,

(Panchal

1980).
and Stewart,

Moulin et a1.
1980;

(1980)

rance in yeasts considerably
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studied the effects of sub~rates and alcohol on the specific

rate of fermentation. They observed that the inhibition of

fermentation by ethanol depends largely on the nature of the

sugar substrat e , i. e ., w het her the s ugar was a m 0nos acc h a rid e

or a disaccharide. The simultaneous presence of ethanol and

glucose at a concentration greater than 32 gil and 100 gil

respectively provoked a synergistic effect on the yeast.

However, syn e rq i s t f r- effect of subx ra t e and ethanol was

only observed at alcohol concentration of more than 64 gil

with lactose at more than 200 gil.

The effect of osmotic pressure of the substra t e and,

more significantly, the effect of toxicity of ethanol limit

the maximum subtrate concentrations which can be tolerated

by yeasts (Kunkee and Amerine, 1968; Moulin et al., 1981).

Sub~rate inhibition relates principally to osmotic pressure
effects. Above a critical concentration which ranges from

15 to 25~~ (w/v) (Gray, 1946; Jones and Greenfield, 1981;

Panchal and Stewart, 1980), decreased water activity, low

yeast nutrient to fermentable sugar ratio and the onset of

plasmolysis all combine to give a decrease in cell viabi-

lity, rate of fermentation and ethanol yield (Brown, 1976;

Nagodawi thana end .Steinkraus, 1974; 19;;6; Jones and

Greenfield, 1981; Panchal and Stewart, 1980; Casey et aI.,

1984).

Tolerance to high sugar concentrations have been repor-

ted for a number of yeasts. This tolerance has been related

to the ability of the plasma-membrane to maintain a conti-

nuous permeabilty barrier whilst undergoing contraction in
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t h po p r e s f:' n cpo f h YP 0 - 0 smot icE' n vir 0 n mE'n t (C 0 r r y, 1 976; Hose ,

1978; Moram and Witler, 1980). Panchal and St e wa r t (1980)

found that a high osmotic prE'ssure appE'arE'd to causE' incrE'a-

spd pthanol inhibition duE' to dE'crE'asE'd pE'rmE'ability of

E'thanol out of thE' CE'lls. FurthE'rmorE', morE' of thE' ethanol

was rE'tainE'd intracE'llularly for a longE'r time than was the

case wh e n c e Ll s were grown in low osmolarity me d i a , and

therE'forE', rE'sultE'd in a reduction in CE'11 viability. How-

E'vE'r, thE' rE'sults of Gray (1946) indicated that training of

y e a s t c e l Ls to Lmp r o v e t h e i r o s mo t o l e r anc e r e s u l t e d in a

decrease in their ethanol tolerance. Similar observations

were r e p o r t e d by Nagodawi thana and St e i nk r au s (1976) wh e n

the subjected cells of Saccharomyces cE'rE'visiae to rapid

fE'rmentation involving high pitching rates (greater than 109

cells/ml) in nutrient media containing 25° erix h o rie y

solutions.

In ethanol tolerant strains, two critical concentra-

tions are observE'd; onE' at which growth is complE'tE'ly inhi-

bited (ca 7 10~6 (w/v)) but fermentation c o n t i nu e s , and

an o t h e r at which fermentation completely stops, Le., 15 -

20~6 (w/v) (Gray, 1941; Troyer, 1953; Day et al., 1975).

Both of thE'sE' concentrations however arE' dE'pE'ndent on thE'

c o nc e n t r a t i o n of glucose p r e s e n t , with higher glucose con-

centrations causing increased inhibition at any ethanol

concentration (Kunkee and Ame r i n e , 1968; Jones and w-eE'nfield,

1981).
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1.6..4 Other factors
O t he r important factors which Ln f lue nc e alcohol t o Le -

rance include, tempe-rature (sf'e Se c t i on 1.4.1.6) and t h e

levf'l of nitrogE'nous nutriE'nts in the broth (Casey et al.,

1983; 1984).

1.7 M[T~ODS Of ALLEVIATING AlCOHOL INHIBITION/TOXICITY
RE'newed i n t e res t in alcohol as a liquid fuel e x t end e r

as well as the economic advantages that could be derived

from fermenting high concentration worts for beverage

alcohol production, have stimulated increased research acti-

vities in this area. Conventional alcohol fermentation is

limitE'd by thE' inhibitory effects of ethanol which decrease

the rate at alcohol production anc cell biomass concentraticn. This
alcohol effect is manifested in its capacity to prohibit

higher volumetric alcohol productivity and consequently

result in a high labour cost of fermentation.

Improving alcohol productivity requires the development

of high rate processes. This essentially means,

(a) developing continuous processes

(b) m a in ta in ing a ve ry hi g h b i0m ass con cent rat ion in

the fermentor
(c) maintaining high yeast cell viability

(d) rapid and continuous removal of the limi ting

end-product, alcohol

Several techniques have been developed for alleviating

alcohol limitation effects on alcoholic fermentations. These
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include immobilization of yeast cells, cell recycle, vacuum

fermentation, on-ljne extraction, mixed cultures and genetic
. -manipulation among others.

1.7.1 Cell Recycling

The use of low sugar concentration broths to avoid

alcohol inhibition, results in low biornass concent.rat ions which

does not favour high alcohol productivity. The cell rec y -

cling process is employed to overcome this problem (Cysewski

and Wilke, 1977; Cheryan and Mehaia, 1984). It involves the

removal of cells from the outflow by filteration, settling-

out or centrifugation and their subsequent return to the

fermentation broth. The fermenter contents may actually be

cycled continuously through a stripping column to maintain a

low fermenter ethanol content. One obvious disadvantage of

this system is that nutrients such as vitamins and co-

factors need to be added occasionally to replace those dep-

leted by the high biomass concentration. This implies addi-

tional costs. However, time and cost of cell separation may

be reduced by using a highly flGcculent yeast strain.

1.7.2 Vacuum Fermentation
The vacuum fermentation process was first proposed by

Boeckler (1948) and later described by Ramalingham and Finn

(1977) and Cysewski and Wilke (1977). The process markedly

increases fermentation rates at the expense of sub s t an t i a Ll y

increased process energy requirements. Ethanol inhibition
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is o ve rc ome by pe-rforming the fermentation unde r partial

vacuum and undf'r temperature compatible with the yeast meta-

bolism (for example, 55mmHg and 35DC). Under these condi-

tions, the more volatile ethanol boils off. Ethanol, thus,

is continuously removed from the fermentation broth, so

maintaining a low ethanol concentration in the broth.

The efficiency of the process is now established; how-

ever, the energy cost is a major disadvantage. Moreover,

vacuum fE'rmentation leads to a build up of toxic non-v~latilE'

compounds, which inhibit the rate of production. The use of

cell recycle process removes these compounds; so when used

together with a vacuum fermentation system, a twelve-fold

increase in alcohol productivity is o bse rved (Cysewski and

Wilke, 1977; 1978).

To thE' brewer, this could mean vast savings in capital

as the volume of the fermenter could be reduced. The disti-

llation costs which accounts for a substantial proportion of

the enE'rgy/production costs are also greatly reduced;

because the fermentation is performed at a higher tempera-

ture, a maximum use is made of the heat of fermentation.

Unfortunately, the process is not economically viable

at the momE'nt as it costs up to 29 times as much as conven-

tional fermentation (Ghose and Tyagi, 1977a; Maiorella and

Wilke, 1980).

1.7.3 On-line Extraction

The on-line extraction process is a low energy separa-

tion technique which avoids the problem of high energy cost
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associated with vaccum fermentation process.

arp available:

1. Adsorption - which involves the use of activated carbon

(Wang et al; 1981).

2. Solvent extraction where the ethanol produced is pre-

ferentially distributed into the extracting solvent (Goma

et al., 1980; Wang et al., 1981).

Two methods

Alcohol is e x t rac t i b Le from water by liquid liquid

extraction (Hartline, 1979) and readily dissolves in some

liquids which do not mix with water. This solubility diffe-

rence is exploited, in on-line extraction process, to reco-

ver alcohol by solvent-extraction on-line from the fermen-

tation beer. Unfortunately, most organic solvents have

undesirable effects on microbial growth and product forma-

tion. Also some of the solvents form a stable emulsion with

the fermentation beer during extraction and are difficult to

separate out. So the non-toxicity of prospective solvents

towards the cells must first be established. By the proper

selection of the solvent, alcohol is preferentially distri-

buted into the extractant. The yeast cells in the aqueous

b r ot h E~'e therefore exposed to a sub-inhibitory alcohol

concentration.

Both of the on-line extraction methods, either indivi-

dually or used in conjunction with one another have been

reported to reduce ethanol inhibition of yeast cells and

substantially improved alcohol productivity (Goma et al.,

1 9 8 0 j Minier and G0 mc;,' 19 8 1 ; Wang et al. , 19 8 1) .
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1.7.4 Mixed Cultures

It is economically advantageous. to use high spec i f i c

gravity broths for yeast alcohol f erme n t a t i on , Howe ve r ,

this causes a decreasE' in cell viability and final E'thanol

y Le ld (Day et al., 1975; Casey et al., 1983). ThE' use of

inocula consisting of two yeasts with osmotolerant and

alcohol tolerant properties respectively. helps to o ve rc ome

this reduced alcohol productivity problE'm (Jones and

Greenfield, 1981).

1.7.5 Immobilization of yeast Cells

The use of immobilized whole yeast cells for industrial

processes has gained considerable interest in recent yef~s.

Cells may be immobilized by binding them on to some matrix

such as a water exchange insoluble ion material, by trapping

them in a biopolymer matrix where they are physically

retained or by crosslinking from cell to cell or cell to

carrier with a bifunctional reagent (Chibata and Tosa, 1977).

Some advantages which could be achieved by using immo-

bilized whole yeast cell systems in fermentation over cell

free systems are as follows:

1 • A higher

can be

biomass concentration per unit fermentation

achieved than with batch, continuous or cellvolume

recycle systems. This results in a corresponding increase

in alcohol productivity.

2. The product extraction is much more efficient since

there is no need for cell recycle or cell removal.
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3. The problem of maintaining a specific growth and dilu-

tion rates inherent in continuous free cell systems is not a

factor in an immobilized whole cell system. Flow rates can,

therefore, be optimized for best system kinetics.

4. The risk of contamination is reduced due to fast dilu-

tion rates and high yeast cell densities.

5. Finally, and more importantly, alcohol toxicity is also

reduced, a s a Icoho I

tion (Stoutbammer,

Munnecke, 1981).

is removed on-line during the fermenta-

1977; Krouwell, 1979; Williams and

1.7.6 Genetic Manipulation

The importance of membrane lipid composition and alco-

hol mass transfer in alcohol tolerance raises the possibi-

lity of alleviating alcohol inhibition effects by genetic

manipulation.

techniques of

varying degree

Mutation and selection and recombination

genetic manipulation have been used, with

of su(cess, top rod u ceye a st stra ins whi ch

possess a higher tolerance to alcohol and increased alcohol

production capability.

Mutant yeast strains capable of fermenting at twice the

rate of the best brewers yeasts, and which possess increased

tolerance to alcohol have been isolated by Oliver and Brown

(1982). The authors used carbon dioxide, a product of the

fermentation,

system. The

as a trigger

flow of ethanol

for an automatic monitoring

into the continuous fermenter

is therefore, decree-sed when the carbon dioxide evolution

increased. However, early attempts by Gray (1945, 1946) to
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select yeast strains capable of tolerating higher concentra-

tions of alcohol, by repeated transfers of the cells into

media containing increasing concentrations of alcohol was

not successful. Similarly, little success was ac h i eve d by

Stewart (1981) using conventional mutagenic techniques, to

obtain yeast strains (mutants) which possessed increased

alcohol tolerance.

Day et al. (1975) produced hybrids which ferment at a

faster rate than their parent cells, but possessed only the

same deqree of tolerance to alcohol as the parent cells.

Hybridization technique apparently, is not very promising as

a tool for improving alcohol t o le rance and productivity of

industrial y e as t strains, because, most industrial y ea s t

strains are polyploid or aneuploid and although they are

usually heterozygous for mating types; they sporulate poorly

and have very low spore viability. So genetic analysis of

strains is very difficult (Tubb, 1979).

Protoplast fusion is a more viable recombination tech-

nique for improving yeast alcohol tolerance. Yeast strajns

with considerably high tolerance to alcohol and increased

alcohol production capability have been obtained by proto-

plast fusion (Panchal and Stewart, 1982; Seki et al., 1983).

However, any meaningful application of genetics to the

construction of novel, or improved alcohol tolerant yeast

strains would, in the light of information so far available

in this area, require the characterization of gene(s) invol-

ved in conferring the properties of high alcohol tolerance

and productivity on yeasts. Such genes could then be
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transform~d into recipient cells and incorporated as part of

their inheritable genetic material. The transformation

technique has the advantage of permitting the transfer and

subsequent integration of

into the recipient cell.

specific purified gene sequences

It allows highly specific changes

in the genome to be carried out. This is especially neces-

sary where, as in alcohol beverage production, undesirable

characteristics or loss of strain stability is to be aVoided.

Unfortunately, there is no information on the cloning

of structural genes for the biosynthesis of specific lipids

or transport proteins in yeast. The cloning of genes for

the biosynthesis of specific lipids has been reported for

bacteria (Raetz, 1978; Ohta et al., 1981).

1.8 AIMS or THE PROJECT

The project was designed to investigate the factors

influencing the inhibitory and toxic effects of ethanol and

higher alcohols on yeast. Various experiments were conduc-

ted,

1. To verify whether there was any synergistic interaction

between mixtures of different higher alcohols and ethanol/

higher alcohol mixtures.

2. To investigate whether toxic effects of alcohols could

be ameliorated by varing growth conditions such as nutrients,

osmotic pressure and hydrogen ion concentration (pH).

3. To investigate the nature of transport of ethanol and

other alcohols across yeast cell plasma-membrane.
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4. To v e r i f y if the primary cause of c e Ll death was t h e

same as caused inhibition of yeast growth.



i )

. )

2. M ATE R I A l 5 AND MET HODS
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2.1 ORGANISM

Saccharomyc~s cerevisiae stra~n 0" a distillery yeast

strain, used in this work was obtained from the department's

yeast technology group culture collection but, was origi-

nally supplied by Chivas Bros' (Distillers) Ltd., Keith, U.K

2.1.1 Stock Culture Maintenance

Stock cultures were maintained on agar slopes compris-

ing the following:

Malt Extract 0.3 percent (w/v)

Yeast Extract 0.3 " "

Mycological Peptone 0.5 " "
Glucose (BDH) 1 .0 " "

Agar (Technical No. 3 ) 2.0 " "
to distilled water

The medium was sterilized by autoclaving at '21oC and

15lb pressure for 15 minutes. Aliquots (10 m l ) were dis-

pensed into bottles asceptically and allowed to solidify as

slopes at room temperature. Under asceptic conditions,

slopes were inoculated with yeast from the stock culture by

means of a sterile loop. They were then incubated at 30°C

for 48 han d s tor e d at 4 °C un til needed. Sub-culta res were

prepared every six months on fresh agar slopes to prevent

loss of vigour of the culture.
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2.2 REAGENTS AND THEIR PREPARATION

~ J 2.2.1 Citrate Pho s~hilte Buffer (p~ 4.6) Reagents•
Rea9f'nts~

;:_-
(i) Citratf' (citric acid) O. 1 molar

(ii) Disodium Hydrogf'n orthophosphatf' (Na2HP04) 0.2 molar
(iii) Distilled water

.;) The bu f f er was made up according to the method of Gomori
(1955).

2.2.2 Phosphate Buffer (0.1 N) pH 7.0

Reagents:

(ii )

Di-sodium Hydrogen Orthophosphate (Na2HPD4) 0.2 M.
Sodium d i hy dr-oqen orthophosphate (NaH2P04) 0.2 M.

(iii) Distilled wateT.

The buffer was prepared as described by Gomori (1955).

2.2.3 Coupler Reagent

~ Reagents:

(i) 2,4 dichlorophenol (sulphonated) reagent 0.123 M

(ii) Distilled water.

Procedure:

A 4 ml portion of the 2, 4 dichlorophenol reagent was
dispensed into 100 ml volumetric flask. Distilled water was
then added to mark and the solution thoroughly shaken.
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2.2.4 Colour Reagent

(i) Glucose' Oxidase 0.030 g

(ii ) Peroxidase II 0.005 g

(i I i ) Sodium Azide 0.050 g
(i v ) L-amino phenazone 0.035 9

(v ) Phosphate buffer O. 1 M pH 7.0

Procedure

Peroxidase II (5 mg) and 30 mg of glucose oxidase were

dissolved in 20 ml of 0.1 M phosphate buffer (pH 7.0). The

solution was quantitativeJy transferred to a 100 mJ volume-

tric flask and madp up to mark with 0.1 M phosphate buffer

(pH 7.0) solution. Sodium azide (50 mg) and 35 '11gL-amino-

phenazone were then added to the enzyme solution. The solu-

tion was thoroughly mixed and stored at 00

needed for a maximum of two weeks.

2.2.5 Methylene Blue Dye Solution

Reagents:

(i) Methylene blue

(ii) Sodium citrate dihydrate

(iii) Distilled water

0.01 9

2.0 9

Procedure:

Methylene blue dye 0.01 9 was dissolved in 10 ml dis-

tilled water. Sodium citrate dihydrate (2 g) was added and
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t h e mixture s t i r-r e d until dissolved. ThE' mixture was fil-

t e r e d through a membr an e f f l t e r p ap e r (Millipore; 0.45 um

pore s i z e : 2.5 em d i a , ) and the filtrate was made up to

100 ml in a vo Iumet r ic flask as described by pierce (1970).

2.2.6 Honoethanolamine/Ethanol Solution

Reagents:

(i) Monoethanolaminf:'

(ii) Absolute alcohol

Procedure:

The solution was preparf:'d by thoroughly mixing portions

of monoethanolamine and absolute alcohol (1 :2, v/v). Then

stored at 4°C in the dark when not in use.

2.2.7 Ergosterol and Tween 80 Stock Solution

Reagents:

(i) Ergosterol

(ii) Tween 80 (Polyoxyethylene Sorbitan Mono Dleatf:')

(iii) Absolute alcohol

Procedure:

A concentrated stock solution of ergosterol and Tween

80 was prepared by dissolving ergosterol and Tween 80 in

absolute alcohol as described by Andreasen and Stier (1953).
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Ergosterol (25 mg) and 10 ml of Tween 80 were mixed in 30 ml

portion of absolute alcohol. The mixture was shaken for

several minutes and then made up to 50 ml with absolute

alcohol in a 50 ml volumetric flask. When 1 ml portion of

this stock solution was added to 100 ml medium, the resul-

tant concentration of ergosterol and Tween 80 were 5 mg/L

and 0.2~o (v/v) respectively. Addition of this stock solu-

tion to the medium introduces a small amount of ethanol but

.has no adverse effect on anaerobic growth of yeast

(Andreasen and Stier, 1953).

Stock solutions of only ergosterol was also prepared

for the study of the effect of lipid supplements on the sur-

vival of yeast cells in suspensions containing ethanol.

Ergosterol (25 mg) was dissolved in 50 ml absolute alcohol

to give a stock solution of 0.5 mg/ml. When 0.1 mlof this

stock solution was added to 100 ml medium the resultant con-

centration of ergosterol was 0.5 mg/l.

2.3 MEDIA PREPARATION

2.3.1 Media for Alcohol Toxicity Studies

Two different media were used for the evaluation of the

toxic effect of the various test alcohols on yeast.

composition and preparation were as follows.

Their

[a] (i) Yeast Extract 0.4 per cent (w/v)
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(ii) Potassium d ihy dr o qe n orthophosphate (KH2P04) 0.3

per cent (w/v).

(ii i ) Ammonium sulphate [(NHtt-)2S04] 0.3 per cent (w/v)

_(i'l.J .Ma.gnei>ium sulphate (MgS04.7H20) 0.02S pe r c e n t (w/v)

( v ) .' C81c ium c h l 0 rid e (C a C 1 2 • 2H20) O. 02 5 per c e n t (w / v )

(vi) Zil'lc sulphate (ZnS04.7H20) 0.022 per cent (w/v)

to distilled water

This inorganic salts-yeast extract medium containing 10~6

(w/v) glucose was used for the determination of the amount

of various alcohols produced by S. cerevisiae under labora-

tory conditions.

[b] Yeast Nitrogen base (YNB) without amino acids

(Difco); 6.7 9 to 1 litre of distilled water.

2.3.2 Media for Alcohol Inhibition Studies

6 • 1 .g 0 f YNBan d 1 0 9 0 f D- 9 1 u cos e IIIere dis sol ve d .i-n

distilled water and made up to 1 litre in a volumetric

flask.

2.3.3 Media for Radiotracer Experiments

(i) Yeast Nitrogen base (YNB) 6.7 g

(ii) D-Glucose 50.0 g

to 1 litre of citrate/phosphate buffer pH 4.6
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2.3.4 Inoculum Culture Media

The inoculum or seed culture media were the same as the

growth media for all the studies except that the glucose

concentration of all inoculum media was 2% (w/v).

2.4 STERILIZATION OF MATERIALS

2.4.1 Sterilization of Glassware and Metal Instruments

All glassware and metal instruments used for this study

were sterilized with dry heat. Such materials were ade-

quately plugged with non-absorbent cotton wool or wrapped in

kraft pape r or Aluminium foil as appropriate, packed in

metal baskets and loaded into an oven, which has been

previously maintained at 160°C, for 2 hours.

2.4.2 Sterilization of Media

All media except heat labile ones were steri-

lized by autoclaving at 121°C and 15 lb pressure for 15

minutes. Solutions of media or media components which are

heat labile were sterilized by vacuum filtration through pre_

sterilized membrane filters (Millipore; pore size - 0.45 ~m;

4.5 cm d i a ) and collected in sterile flasks or bottles.
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2.5 GROWTH CONDITIONS rOR ALCOHOL TOXICITY AND INHIBITION
STUDIES AND rOR DETERMINATION or ALCOHOL LEVELS

2.5.1 Preparation of Inoculum Culture

Yeast cultures were activated for a period of time before

inoculation into each of the growth media. The activation

was necessary in order to adapt the culture to the appro-

priate condition, to ensure transfer of actively growing

cultures and also to standardize the inoculum. The activa-

,. tion was achieved by using a loopful of cells from a fresh

slope to inoculate 100 ml or 200 ml portions of media in a

250 ml or 500 ml conical flask respectively. The cu l t u r e

was incubated at 300C with shaking at 250 revs. per minute in

an orbital shaker for 16 h. After the inc~oation period,

the cells were harvested by centrifugation at 3000 rpm for

15 min. Then resuspended in appropriate volume of quater

stength ringers solution or buffer such that 0.5 ml of a

well mixed suspension contained approximately 1.0 x 108 cell

2.5.2 Preparation of rlasks for Alcohol Toxicity and
Inhibition Studies

Each flask (250 ml size) received 0.5 ml portion of

inoculum culture containing approximately 1.0 x 108 cells

and 95 ml medium in addition to the appropriate volume of

alcohol(s). Sterile distilled water was added such that the

final cell count after inoculation with yeast culture was

approximately 1.0 x 106 cells/ml as shown in Table 2.1.
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2.5.3 Experimental Condition for Alcohol Toxicity and
Inhibition Studies

Shake flask cultures prepared as indicated in 2.5.2

containing various concentrations of the test alcohol were

incubated at 30DC with shaking at 250 revs. min-1 for 24 h in

the inhibition experiments and for 12 h in the toxicity

studies. Yea s tee 11 vi ab iIi t Y and cell con c en t r at ions wer e

determined for each of the cultures after the incubation

period.

2.5.4 Experimental Conditions for the Study of the

Concentration of Various Alcohols Produced by Yeast
Grown in thes~thetic Glucose Medium.

A portion (1 litre) of freshly prepared medium in a 2

litre conical flask plugged with non-absorbent cotton wool

was allowed to equilibrate at 30De f'cr several hours. The

medium was then inoculated with a well mixed inoculum cul-

ture such that the resultant cell concentration was appro-

x imat e l y 2 x 107 cells/m!. The e u I ture was left at 30De
. -1wit h ma gnet i cst i r r in gat 50 revs. mi n for 48 h.

2.6 GROWTH CONOI T IONS fOR RAOI OTRAC 1:: R EXPER IHENTS

2.6.1 Preparation of Inoculum Culture

A loopful of cells from a fresh slant was used to ino-

culate portions of the buffered yeast nitrogen base inoculum

medium in a 250ml conical flask. The culture was incubated
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for 16h at 30De with shaking at 80 rpm in an orbital shaker.
The cells were harvested by centrifugation at 3000 rpm in a
cool spin MSE centrifuge at 4De for 15min-. The pellets were
washed once in 20ml cold citrate/phosphate buffer (pH 4.6),
collected by centrifugation under the same conditions and
resuspended in cold buffer. All media used to activate ino-
culum cultures were free from sterols and fatty acids.

2.6.2 Experimental Procedure

An appropriate volume of the buffered YNB medium con-
taining 5% (w/v) glucose was dispensed aseptically into the
culture flask. The flasks were fitted with side-arms which
were sealed with suba seals. The neck of the flasks were
plugged with druschel heads containing - gas inlet and out-
let channels (Figure 2.1). A Por tion (1m1) 0fer g0ster01 and
Tween 80 stock solution was added to each 100ml medium. The
addition of the ergosterol and Tween 80 was necessary
because of the speci fic requirement for sterols and fat ty
acids by yeasts growing under anaerobic conditions (Andreasen
and Stier, 1953, 1954). The medium was flushed with oxygen-
free nitrogen at a rate of 40ml/min for 15.min, prior to ino-
culation with yeast, in a water bath maintained at 30De with
shaking at 80rpm. After the initial nitrogen gas flushing
period, the nitrogen flow rate was reduced to 10ml/min. The
medium was then inoculated with the inoculum culture to a

8concentration of 1 x 10 cells/mI. Samples were removed at
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ig 2.1 Experimental setup for the study of glucose
etabolism, ethanol excretion and carbon dioxide release.
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zero timp and pre-determined time intervals with a hypoder-

mic syringe through the suba s~aJ.

Radioactive scast ret.es WE're introduced into the medium

after one or two hours of incubation period depending on the

objective of the experiment. Samples were rapidly centri-

fuged at 6,500 rpm in a microfuge for 1min or filtered

through a membrane filter (Millipore: 0.45 u m pore size, 2.5cm

dia), cooled rapidly in dry ice-acetone and stored at _20DC

until needed for labelled ethanol and glucose analysis.

Carbon dioxide produced by cells was trapped in 25ml of

0.5N NaOH solution or ethanolamine/ethanol solution (1:2)

contained in dru sche I trap bottle sets (Figure 2.n. The

trapping solution was replaced at intervals and the appara-

facilitate this step without losst~s was designed to
14of CO2,

2.7 ANALYTICAL METHODS

2.7.1 Estimation of Yeast Cell Viability

The proportion of living yeast cells in a culture can

be estimated in several different ways. Methods either

based on plating onto a solid medium or involving micros-

copic inspection are commonly used.

The plating method involves the surface plating of

suspensions containing known numbers of cells. After

culturing for 48 h the number of colonies presumably formed

from single cells are counted and the proportion of the
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original c~lls capable of forming visible colonies is calcu-

lated as th~ viability index.

Various t echn i que s involving the us e of microscopic

examination are available. However, differentiation between

living and dead c~lls is much more conveni~ntly and rapidly

achiev~d by suitably staining a portion of the cultur~ and

v i ew i n q under the microscope for ability of the cells to

reduc e stain. Methyl~ne blue is the recommended and most

ext en si vel y us e.d 0 fall the vi tal sta ins (E .B .C ., yea st

group, 1977). Staining methods for cell viability assess-

ment are less reliable than plate count or the slide culture

techniques which directly gives the proportion of cells that

are viable. This s i t u a t i on arises because, the staining

technique is based on the ability of cells to enzymatically

reduce any stain. This could sometimes prove deceptive

since the enzyme may be present in cells which can not

reproduce and are thus microbiologically regarded as dead

cells (Rose, 1976). In certain instances, the enzymes may

even fail to decolourize the stain although the cells are

viable. Also the reliability of the methylene blue tech-

nique decreases as the physiological state of the yeast cell

decreases. Due to such limitations of the staining tech-

nique as enumerated above, most workers still relied on the

tedious and time consuming plate count method for absolute

viability values especially for cells in poor physiological

conditions.
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2.7.2 Total Cell Count Determination

(a) Principles; A drop of a well mixed suspension of

yeast c e Ll s was put into haemocytometer counting chamber.

Each counting chamber of thE' haemocytometer slide has a sur-

facE' divided into squares of known area. The counting was

performed under the microscope with magnification x400-
600.

(b ) ProcedurE': Samples WE're generally diluted 1/10 or

1/100 after vigorous agitation in a rotor mixer. The haemo-

cytometer coverslip was pressed firmly on to the two support

arE'as of the chamber until Newton's rings appeared on the

edges. A drop of the cell suspension was dispensed into the

counting chamber. The chamber was then placed onto the

microscope field and the yeast cells counted. Buds are

generally ignored unless their sizes are greater than one-

half of the parent cells. The counts were carried out in

duplicates and the average count taken as the cell count of

the diluted yeast cell suspension. The total count was

obtained by multiplying the count thus obtained by the

dilution factor.

2.7.3 Viable Cell Count (Plate Count) Determination
(a) Principles: When an appropriate dilution of cells

from a yeast culture is surface plated on agar plates, only

viable cells are capable of growing and dividing to form

colonies. Non-viable cells, microbiologically, regarded as
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dead cells (Rose, 1976) have lost the ability to divide and
form daughter cells when provided with suitable conditions.

(b ) Procedure: Portions (0.1 m l ) of a well mixed yeast
cell suspension were diluted ser i a Ll y in quarter strength
ringers solution which had been previously equilibrated at
the desired temperature in a water bath. A po rtion (0.1 m J)

of the dilution which gives 30 300 cells were surface
plated in triplicates on M.Y.G.P. agar plates. The plates
were incubated ~t 30De for 48 h. The final colony count was
taken as the average of three plates for the dilution con-
taining 30 - 300 colony forming units. The viability index
(VI) is given as:

VI = No of viable cells of rulture containing alcohol
No of viable cells of control culture

The percentage of viable cells = (VI x 100)%.

2.7.4 Methylene Blue Stain Technique

( a ) Principles: when yeast cells are immersed in
methylene blue, the stain permeates the cells. Viable cells
contain enzymes which can reduce the stain to a colourless
leukomethylene blue and hence remain colourless. Non-viable
cells in contrast are unable to reduce the stain because
their enzymes have either become inactivated or are absent
(E.8.e., yeast group report, 1977). They thus stain blue.
The proportion of unstained cells is therefore a measure of
viability. For this purpose also, buds are ignored during
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)

counting unless their sizes are greater than one-half of the

f>' r"n lee I I •
(b ) Procedure>: A pc r+i on (1 m L) of undiluted cell suspen-

sion was mixed thoroughly with an equal volume of the stain.

The mixture was allowe>d to stand for 10 min after which the

suspension was diluted in quarter strength ringers solution

such, that 40 - 60 cell s are pre sen t per mic r0scop ic fie Id

using magnification x 400. The standard counting procedure

was performed in a haemocytometer slide. Both colourless

(viable) and blue stained (dead) cells are counted. About

1000 cells were scored for viability.

is calculated as follows:

The viability index

VI = No of colourless cells
No of colourless cells + No of blue stained cells

Percentage viability = (VI x 100)%

2.7.5 Yeast Cell Mass Determination

The' concentrat ion 0 f y ea s t cells in a suspension ma y be

raea eu red ins eve r8 I way s . To~ s tao dar d met hod is the dry

WE'ight determination wh.t.h may be related t. the values
obtained from any of the other methods such as cell count,

spectrophotometry or nephlometry by simple calculation from

a stand a rd curve (E.B.C. yeast group report, 1977). In the

present study the cell mass was determined by both dry cell

weight measurements of filtered cells in a Toshiba microwave

oven ER-558 and spectrophotometric measurements of absorbance

readings at 550 nm.
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(a) Proc~dur~ for c~ll dry weight d~termination:

A portion of well mixed yeast cell auspension (10 -

40 ml ) was harvested by memb ran e fil tration on to pre-

w~igh~d me mb rane f i l t e rs (Millipor~; 0.45 u m pore s i ze j

4.5 cm d i a ) • The pellets we re washed twice with equal

volume of distilled water and dried to constant weight for

15 min in the microwave oven. Filters containing dried

yeast pellets were left in a dessicator for 15 min before

weighing. The difference in weights of the pre-weighed

filters and the filters plus yeast pellets gave the dry

weight of the yeast cell suspension per sample volume of

culture. Results are expressed as grams or milligrams per

yeast dry cell matter.

(b) Procedure for spectrophotometric method

Scope: This technique provides a rapid method for measur-

ing yeast cell concentration in a suspension during the

course of a fermentation.

Principles: Samples were taken from the yeast cell sus-

pension and diluted appropriately to obtain optical

density readings which fall within the linear range. The

turbidity is measured by light dispersion or absorption

against a medium blank.

Procedure: Samples were taken from the culture at

required intervals and diluted appropriately (usually

1:10). The optical density of the suspension was read off

from a unican Sp 1800 spectrophotometer at 550 nm against

a medium blank.
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2.7.6 Residual Glucose Deterination

Rpsidual glucose was determined enzymatically using

glucose oxidase method.
( a ) Principles: Colorimetric techniques for glucose

determination by glucose oxidase method are based on the

following reaction in aqueous media

Glucose + 02 Glucose::> gluconic acid + H202 + oxygen
oxidase

H202 + chromogen

o x i d iz ed chromogen

Peroxidase oxidized chromogen----------------->
_________ > - stab 1e colo ured pro duct

The oxygen acceptors (chromogen) originally used were benzi-

dine, O-tolidine and O-dianisidine. Because of the carcino-

gpnic nature of these compounds, Trinder (1969) reported the

use of phenol-4-aminophenazone. The latter gives a purple

colour in the presence of Hydrogen peroxide and peroxidase.

Barham and Trinder (1972) then developed a technique for the

determination of glucose using sulphonated 2,4 dichlorophenol.

(b) Reagents: (i) 0.1M phosphate buffer pH 7.0

(ii) Colour reagent

(iii) Coupler reagent

(iv) Distilled water

(c) Assay procedure: Samples were first diluted to obtain

glucose concentratiuns which fall within the sensitivity

range (0 25 mg/100 m L) of the assay method. Aliquots
0.2 ml of the diluted samples were dispensed into test tubes.

Coupler reagent (3 m l ) and 1 ml portion of colour reagent

were added to each of the samples. The tubes were mixed and

incubated at 37°C for 15 min in a water bath. Absorbance
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(A) of t he solutions was read at S15nm using 10mm ce Ll s

against d Le t t LLe o water blank in 8 Unicam SP1800 spectro-

pho t ome t e r , A control was prepared in the same way except

that 0.2 ml distilled water was used instead.

A calibration curve, using known amounts of glucose,

was prepared to calculate the amount of glucose in each of
the samples.

(d) Preparation of calibration curve; A 20 mg/100 ml stock

solution of glucose was prepared by dissolving an accurately

weighed 20 mg of glucose in distilled water. The solution

was thoroughly mixed and various dilutions 5 mg/100 ml,

10 mg/100 ml and 2.5 mg/100 ml were prepared from the slock

solution. Exaclly 0.2 ml of the various dilutions and slock

glucose solution was added to 3 ml of colour reagent and

1.0 ml coupler reagent. Absorbance readings corresponding

to the various glucose concentrations were obtained as in

Cc) above.

A typical calibration curve (Figure 2.2) was prepared

by plotting optical density (A) readings at 515 nm against

the corresponding glucose concentration.

ssion equation was calculated as

Y = 0.04X - 0.02

The linear regre-

2.7.7 Measurement of Radioactivity

The radioactivity in samples was determined by means of a

scintillation counting technique and a radiogas detector.
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2.7.7.1 Procpdurp for Liquid Scintillation Counting
14 14ef CO2 and [1- C] Ethanol

Th e amount of 14C02 produced by ceLls was es t i ma t ed by
counting 1.0 ml portions of trapping solution containing

from each sample in 10 ml of a toluene based liquid
scntillation cocktail in a 20 ml glass counting vial. The
composition of the scintillation cocktail is as follows;

COMPONENT AMOUNT(%)

Toluene 70 (v/v)
triton X-100 30 (v/v)
2,S-Diphenyl oxazol (PPO) 0.4 (w/v)
1 ,4-D j - 2(5-Ph E' n y lox az0 lyL)b e nzen e (P0POP ) 0 .0 1 (w/v )

Each sample was counted twice in duplicates in a
Packard Tri-Carbliquid scintillation sp e c t r 0 rt'I e .~e' .r

model 3330. Controls containing only the scintillation
cocktai 1 were countedj their counts recorded _as backqrounc CL~mtg:

were subtracte~ Tr'Lm counts obtained for samples.
[1 - 14C] ethanol samples were similarly counted using

the toluene based scintillation cocktail in a Packard Tri-
Carb 300C liquid scintillation system.

2.7.7.2 The Radiogas Detector Technique

Labelled 14C_ethanol was alse measured by means cf 8 radio-
gas detector, model 504 NUCLEAR, U.K., interfaced with a
Perkin Elmer Sigma 115 gas chromatograph. The radiogas
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detector is used to measure the activity of each peak in a
continuous flow system. A 1:1 splitter system directed half
of the effluent gas stream to a flame ionization detector to
detect any volatile components' peaks. The other half of
the gas stream passes to the gas proportional counter where
the components are first oxidized to 14C02 and H20 on pass-
age through a CuO-packed column at 700°C in a tube furnace.
The radioactivity in each peak is then counted as 14C02 as
it passed through the counting chamber. An anti-coincidence
circuit corrected for background irradiation. The total
number of radioactive disintegrations in each eluted compo-
nent peak was determined with a digital event counter.
Ra d i oac t i v i ty is, therefore, expressed as the total number
of counts (dpm) in each peak, rather than as counts per
minute (cpm ). A Consul 115 produces a trace of radioacti-
vity simultaneously as the mass signal from the chromato-
graph.

2.7.7.' Procedure for Determination of Radioactivity in
Ethanol by Radiogas Detector Technique

A 10 ~l sample was injected into the Perkin Elmer Sigma
115 gas chromatograph fitted with a 2 m x 4 mm o.d, 3 mm
Ld. glass column packed with 5~6 free fatty acid phase
(FFAP) on a chromasorb GHP 100 - 120 mesh and operated at an
oven temperature of 60°C isothermal. The injection/detection
temperature was kept constant at 150°C. The carrier gas was
Argon/Carbon dioxide (95:5, v/v) at a flow rate of 20 ml per
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m;f1ut •• At t h e end of t he co lumn the 1: 1 ap li t t e r d f rec t e d

onp half of the ga8 to the proportional counter (Modp! 504,

[51 Nuc le a r , U.K.). Peaks and numprical responses corres-

ponding to the amount of radioactivity in the ethano! con-

tained in the sample was printpd by the Consul 115. Reten-
tion times for the radioactivity peaks were initially dpter-

mined by t he use of standard solution of the 14C-Iabelled

ethanol.

A calibration curve was prepared using known amounts of

14C-pthanol to quantify the concentration of the radioactive

ethanol in each of the samples.

Preparation of Calibration Curve: An aliquot 4 pI of t h e

standard 14C_pthanol (0.2 ~ci/~l) was madp up to 200 ~l with

ethanol (10-1M) such that 1.0 ~l of the diluted portion con-

ta ine d 0'004 u c i 0 f 1abe 11 ed e tha no 1 . Po rtion sO. 5 to 6. 5 u I

corresponding to 0.002 to 0.026 \lci 14C_ethanol were injec-

ted into the gas chromatograph. The corresponding peak res-

ponses were obtained as described for samples.

A typical calibration curve (Figure 2.3) was prepared

by plotting peak response against the corresponding radio-

activity in ethanol.

calculated as

The linear regression equation was

Y = 5331.52 x +5.13

for the curve and used to compute the radioactivity in the

samples.
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2.1.8 Analysis of Non-Rsdioactive Alcohols

Numerous techniques are available for determination
of alcohol concentration in fermented wash. Such methods
include thE' gravimetric method, enzymatic method and gas
chromatography.

The gas chromatographic technique was used in this
study to estimate the concentration of ethan~ and highE'r
alcohols produced by the test organism. This is widely
accep t ed and extensively used for the determination of
various other categories of volatile compounds in alcohol
beverages because of the speed and accuracy at which the
componE'nt peaks can be rE'solved in thE' chromatogram. But
because t he vo la t i Le compounds occur in reLa t i vely small
proportions relative to ethanol and water in fermented
wash, sample preparation of the fermented wash by distil-
lation, continuous or batch solvent extraction or a combi-
nation of these techniques have been widely used to
achieve concentration of these volatile organic components
(Powell and Brown, 1966; Stenroos et al., 1976; Morgan,
1965). The analysis was carried out using a Perkin Elmer
gas chromatograph with the following specification:

Instrument
Column:

Perkin Elmer F33 with dual flame ionization detector.
2 m 9Iass, 4 mm o,d, 3 mm i.d., packed with 5~ofree
fatty acid phase (FFAP) on chromasorb GHP 100 - 120
mesh (Rhase separations).
Oxygen free .nitrogen, 40/min flow rate.CarrLer gas:

Oven temperature: Programmed, 60°/6 min, 4°/min to 2250C



106

Injection/Detection Temperature: 250°C

Ln t e q r-at o r u Infotronic CRS 30B

Sample Size: 5 ~l

Sensitivity: Range 100, Attenuation x 4

Range 10, Attenuation x 4

2.7.0.1 Preparation of Samples

Samples of fermented wash were concentrated by slow

and gentle disti llation prior to injection into the chromatograph.

(a) Distillation of samples:

Reagents: (i) Polypropylene glycol antifoam.

(i i) n-octanol (Internal Standard) 1.0 mI in 100 ml

o f 5 0 % (v / \:) e Lhan 0 1 .

(iii) Alcohol standard - a mixture of higher alcohols

in 1 litre of absolute alcohol (Table 2.2)

Procedure: Portions (250 ml) of cell free fermented wash

were double distilled in quick fit apparatus consisting of

a 500 ml round bottom distillation flask, a splash head

and an inland revenue condenser. A 1.0 ml aliquot of

n-octanol (IS) and a few drops of antifoam were added to

the samp 1e s . The samp 1e was fir std is till edt 0 100 m 1

volume and then redistilled to 25 mI. The distillate was

collected in a volumetric flask in both distillations.

The distillation flask, condenser and the splash head were

rinsed with distilled water between each distillation.

The condenser and collection flask were shielded from the

bunsen flame by an aluminium partition. The final distil-

late was retained for gas chromatographic analysis.
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Table 2.2 COMPOSITION or HIGHER ALCOHOL
STANDARD MIXTURE

ComponE"nt Weight (g ) Volume ( m I )

n-Propanol 4.02 5.00
Iso-butanol 8.02 10.00
n-Butanol 0.08 0.10
Iso-amyl alcohol 16.20 20.00
2-PhE"nyl E"thanol 1.02 1.00

to " litre absolute alcoholI
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2.7.8.2 Preparation of Calibration Curves

An alcohol standard mixture was pr~p~red by dissolving

various volumes of the individual higher alcohols (Table 2.2)

to 1 litre of absolute alcohol in a volumetric flask.

Several dilutions of the standard mixture 2/100, 4/100,

6/100, 10/100 were made up in 50% (v/v) ethanol to approxi-

mate the range of concentrations of the higher alcohols found

in the distillate. Each dilution contained 1.0% (v/v)

n-octanol (IS). 5 ~l of each of the dilutions was injected

into the chromatograph. Retention times of each of the

components were initially obtained by injecting pure solu-

lions of the various components. Peak arpas and peak area

ratios of various components versus n-octanol were computed

and printed by the integrator. Peak area ratios versus

n-octanol for each of the component higher alcohols plotted

against the corresponding weight response ratios showed

linearity (Figure 2.4 1:0 Figure 2.8). Because the flame

ionization detector responds differently to various com-

pounds, correction factors were applied to the peak area

response ratios computed by the integrator for accurate

quantitation of concentrations.

The response factor is given as the reciprocal of the

gradient for each of the calibration curves j while the

product of the response factor and the weight of n-octanol

(IS) gave the correction factor for each of the component

higher alcohols (Table 2.3).
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1able 2.) R[SPONS£ fAC10RS AND CORREC1ION fACTORS USED
fOR QUAN1I1A1ION or HIGHER ALCOHOL CONCENTRA1IONS

Componpnt Rpsponsp factor Corrpclion faclor

n-propanol 1.41 46.53

Iso-butanol 1.OB 35.64

n-butanol 0.60 19.BO

Amyl alcohol 1.08 35.64

2-phpnylethanol 0.93 30.56
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The sample distillates were injected into the chromato-

graph under similar conditions as the standards. Individual

peaks were identified by comparing their retention times to

the standards. The concentration of the various higher

alcohols was obtained as follows:

Alcohol (mg/l) = Area Ratio component x correction factor
f)-oetanol

2.7.8.3 Ethanol Determination

Ethanol concentration was determined by an internal

standardization method as described by Jamieson (1979).

n-Butanol was used as internal standard. CuI t u re superna-

tants were generally injected directly into the gas chroma-

tograph without any pre-treatment such as solvent extraction

or distillation to concentrate the ethanol.

Equal volumes of 50',0 ( vi v ) ethanol and (v I v )

n-butanol were thoroughly mixed. Aliquots 1.0 ul of the

mixture were injected into the gas chromatograph. Peak area

response ratios of the n-butanol and ethanol were computed

by the integrator. Same volumes of sample and n-butanol

were subsequently mixed and 1.0 ~l portion similarly injec-

ted into the gas chromatograph. Peak area response of

sample ethanol fraction and n-butanol were also obtained

from the integrator. The ethanol concentration in sample

was calculated as follows:

[Ethanol] g/ml = Ratior. si3mple '.x [.Ethanol Std] :II RatiO{n-butanol )
~-butanol ; Ethanol Std
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The following operating conditions were used for gas chro-
matography of non-radioactive ethanol in radioactive
experiments.

Intruments: Perkln Elmer Sigma 115 analyser

Column:
with flame ionization detector.
2 m glass, 4 mm o.d; 3 mm i.d.,

packed with 5% FFAP and chromasorb
GHP 100 - 120 mesh.
O.F.N., 70 ml/min flow rateCarrier gas

Oven temperature: 60oC, Isothermal
Injection/Detection temperature: 1500C
Integrator: Consul 115
Sample Size: 1 ~l
Sensitivity: Range 50:4, Attenuation 5
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3.1 ALCOHOL INHIBITION or YEAST GROWTH AND CELL VIABILITY

In this section, the effect of various alcohols on the

growth and cell viability of Saccharomyces cerevisiae strain

D1 was studied. The various conditions described in the

method sections were used, unless otherwise specified.

3.1.1 Response of Yeast Cells to Alcohol Challenge

Experiments were initiated to assess the extent to

which n-butanol (as a representative of alcohols) affected

the growth of yeast. Conical shake flasks (250 ml) contain-

in9 thp salts-yeast pxtract glucose medium described in the

method section were used. Viable inoculum cells were inocu-

La t e d into 100 ml portions of medium to a final concentra-

t ion of 1 x 106 cell s/m l , n-But an01 o. 8 % ('II / V) was add edt 0

the medium before inoculation. The flasks were stoppered

with non-absorbent cotton wool plugs and incubated at 30°C

for 24 h as described earlier. A control culture was also

set up with sterile distilled water added in place of

n-butanol.

The specific growth rate (cell number/hr) was obtained

as the slope of the least-square line which fitted the

natural logarithm of total cell numbers as a function of

inc ubat ion t ime da ta po in ts (Fig u re 3. 1 ) • The regression

analysis were performed on values which gave slopes with

maximum correlation coefficients (r). Four replicates were

performed on same inoculum to obtain the inhibited growth
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rates. The cell number and cell d~nsity (dry weight)
measur~ments for growth were used rather than optical den-
sity (0.0.) inspite of the relative ease of 0.0 measure-
ments. This was necessary because the alcohol may have an
effect on cell size and shape and thus affect optical den-
sity values.

Figure 3.2 and Figure 3.3 illustrate typical growth
cur v es of cu ltures con tainingO. 8~o ( w/v ) n-but an0 I and the
con tr0 1 cu 1ture wit h0uta dded n-but ,an0 I . The cells showed
an almost immediate response to the presence of n-butanol.
The inhibited cultures continued to grow at a rate similar
to the control culture for about 60 min after addition of
the n-butanol (Figure 3.2). Then followed a period of
limited yeast growth (lag phase) which was about 3 h longer
than in the control culture; after which they resumed a sus-
tained but shorter exponential growth at an inhibited rate

-1 -1of 0.295 h compared to 0.497 h for the control culture.
Thus, the n-butanol reduced the growth rate of the cells by
about 41~o and depressed the maximum cell concentration by
about 62% compared to the control culture.

3.1.2 Effect of Various Concentrations of Alcohols on Yeast
Growth

The effect of ethanol and some higher alcohols on the
growth of Saccharomyces cerevisiae was studied to see
whether the extent of inhibition of the growth depends on
the concentration of the alcohols and, to verify if the
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alcohols exerted the same or similar influence on the growth
of the yeast.

All the growth inhibition experiments were performed in
shake flasks as described in the previous section. Each

flask received the synthetic glucose medium, the appropriate
alcohol and/or sterile distilled water and 1 x 106 cells/ml
inoculum cells to 100 ml final volume. A glucose concen-
tration of only 10 gil was chosen to limit ethanol produc-
tion and thus prevent masking of higher alcohol effects by
ethanol inhibition. The alcohols were added to the sterile
medium before inoculation. Flasks were stoppered with non-
absorbent cotton wool plugs and incubated at 300C for 24 h.
Cell mass and cell numbers were determined as described in
the method sections.

The results obtained are depicted in Figure 3.4. The
following mathematical expression proposed by Luong (1985)
was used to predict the kinetic pattern of alcohol inhibi-
tion of yeast growth.

1 (1)

where II. is the final cell concentration in the presence of~l .

alcohol, is the maximum cell concentration at zero
alcohol concentration, P is the alcohol concentration, P ism
the alcohol concentration above which the cells do not grow
and ex is the empirical constant. For P+,O, equation (1)
can be re-arranged as follows:
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In'_( ~. - ~~J _ o 1n P - ex I n Pm ........ ( 2 )

A plot .o f In C - ~~J98 e fwnctil;;ln·of ln P sb ewe d a
linear re La t i onah lp (Figure 3.4). The kinetic constants

(cx., Pm' 150,120) were -obtained from the least-square regression

equation which fitted the data points (Table 3.1).

120 are the alcohol concentrations which produced SO~o and

20% inhibition of cell growth respectively. The values of

the kinetic constants ate given in Table 2.

The results, generally, indicate that all the alcohols

tested inhibited the growth of Saccharomyses ce rev i s i ae •

Ih» inhibition increased pf"o(;VeSSlveL'j as the concentration

of the alcohols increased beyond the minimum concentration

which produced measurable inhibition (Figure 3.5). The 150,

120 and Pm values for the alcohols decreased progressively

as the carbon chain or molecular weight increased. For

example, the ISO and Pm values for ethanol were 1.159 M and

2.24 M respectively compared to a value of 0.017 M and

0.02 M respectively for 2-phenylethanol.

The inhibitory effects of the alcohols were also corre-

lated with the membrane-buffer partition coefficient for the

various alcohols (Seeman, 1972). This is illustrated in

Figure 3.6 where the 50% inhibitory concentration (ISO)
values of the various alcohols in the culture medium were

plotted as a function of the respective membrane-buffer

partition coefficients. The results indicate that the capa-

city of alcohols to inhibit yeast growth increased progres-

sively as their lipid solubility increased. This implies
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lab) .. '.1 lIN[AR R£GRlSSION ANALYSIS or DA1A OB1AIN[D

r OR At COHOt I NH 1 B J 1 ION or GROWl H or SArCHAROMYC[ 5

tfRf.VJSIA£

Linpar Rpgrpssion Corrpjation Co~ffjcjpnt
Alcohol Equation (r)

Et hano l y = 1.11x - 5.15 + 0.9859

n-propanol y = 0.64x - 1.73 + 0.9635

n-Bulanol y = 0.69x - 2.00 + 0.9819

Iso-amyl alcohol y = 0.93" - 1.95 + 0.9736

2-Phenylpthanol y = 1.96x - 2.24 + 0.9964
1
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that alcohol inhibition may result from the alteration or

disruption of the lipid environment of the cell plasma-

membrane.

The molecular volume of the alcohols (Seeman, 1972)

also appeared to playa role in the inhibitory mechanism of

the alcohols as is illustrated in figure 3.7. The 150

values of the alcohols in the lipid phase, calculated by

dividing the ISO concentrations in the medium (Aqueous

phase) (Table 3.2) by the respective Li p irf -b u f f e r partition

coefficients, decreased progressively with increasing mole-

cular volume of the alcohols.

This result further strengthens the

alcohol inhibition of yeast plasma-membrane may consti-

tute a major component of the overall alcohol inhibition

phenomena in yeast. It is also worth noting that there

appears to be a better linear relationship between the cal-

culated ISO value in the lipid phase and molecular volume

(Figure 3.7) than between ISO values in the aqueous phase

and the lipid-buffer partition coefficients (Figure 3.6).

Generally, it can be concluded that the potency of

alcohols increased as the respective solubility in lipids

and molecular size increased; also the inhibitory capacity

of the alcohols increased progressively with increaSing con-

centration of the individual alcohol.

There was no apparent change in cell morphology

associated with ethanol inhibition. However, yeast cells

that were challenged with higher alcohols showed an obvious

change in cell morphology. The cells were long and
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lablp J.2 KINETIC CONSTANTS fOR THE INHIBITION

or GROWTH or SACCHAROMYCES r£R£VISIA[ BY AlCOHOI$

r-

Alcohol a Pm 120 150
(gil) (gil) (g/1)

~

Ethanol 1. 11 103.5 24.29 53.4

n-propanl 0.64 1LI • 5 1. 21 4.9

n-bulanol 0.69 18. 1 1. 76 6.6

Iso-amyl alcohol 0.93 8. 1 1 .44 3.8

2-phe-nylalcohol 1.96 3 .1 1 .37 2.1
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rod-shaped (Pseudomycelial) and appeared as if they had

r ep e a t e d l y bUddE'd but that t he buds had not separated into

individual c e Ll s after cell division. ThesE' obsE'rvations

further points to the cell membrane disruption as one of the

probable mechanisms of higher alcohol inhibition. Though,

the possibility of enzyme inhibition can not be ruled out

since as generally believed alcohols freely permeate t he y

y e a s t cell memb r an e , and alcohols are known to inactivate

proteins (Day etal., 1975).

3.1.3 Effect of Alcohols on Cell Viability

In a separate set of experiments, the effect of ethanol,

n-butanol and amyl alcohol on yeast cell death was studied

to find out whether the primary cause of cell death was 8

result of same effect as caused inhibition of cell

growth.

The experiments were conducted as described for the

inhibition of growth studies, except that glucose was not

added to the medium. CuI tures were incubated at 30DC for

12 h. Cell viability was determined using the standard

dilution plate counts and the methylene blue staining tech-

niques described in the method sections. There was reason-

able agreement between the two methods.
v

rhe plot of In(1 - ~) against In P (Figure 3.B) -~ere
o

v . is the number of viable cells in the culture containing
1.

alcohol and \)0 is the maximum number of viable cells in the
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cultur~ without add~d alcohol-conformed to a straight line

r~lationship as described by the following equation (Luong,

1985) J

( 3 )

B is defined as the empirical constant, P I is the maximum
ITl

alcohol concentration above which there is total cell death.

By regression analysis of the linear portion of the curves

(Table 3.3), values for the kinetic constants s , pIm'
and LDSO (Table 3.4) were obtained. LD20 and LDSO represent

the concentrations of alcohols that caused 20% and SO% cell

death respectively.

Ihe resu lt s re ve a l that the proportion of t h e dead

ce Ll s i nc reased p roq ress i ve ly as the alcohol concentration

was increased for all the alcohols tested (Figure 3.9). For

ethanol, the LD20 value was 1.019M compared with an LDSO

value of 1.376M. Also, the LDSO value for ethanol of 1.376M

was higher c ornp a re d to 0.159M and O.049M for n-butanol and

iso-amyl alcohol respectively. These results suggest that

the toxicity of alcohols to yeast increased as the carbon

chain~length or molecular weight increased, thus pointing to

the membrane as a probable site for alcohol toxicity.

The plot of LD50 of the alcohols in the medium versus

their respective membrane-buffer partition coefficient and

molecular volume are represented in Figure 3.10 and Figure

3.11. These resul ts show that as in the case of growth

inhibition by alcohol, alcohol toxicity appeared to increase

progressively as the molecular size and lipid solubility was

increased. Again pointing to membrane disintegration as one
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table ,., LIN£AR R£GRtSSION ANALYSIS or DATA OBTAINED
rOR TH£ TOXICITY or VARIOUS ALCOHOLS TO YEAST

r-

LinE'ar RE'grpssion Co r r-e Ie t i on
Alcohol Equation Copfficipnt (r )

Ethanol y = 3.0)x - 13.5 + 0.9827

n-Butanol y = 1.50x - 4.4 + 0.9924

Iso-amyl alcohol Y = 1.09x - 2.2 + 0.9642



labl~ 'e. KJN[11C CONSTANTS rOR Cflt O£AIH or
SACCHAROMYC[S C[R[VISJA£ IN SUSP[NSIONS CONIAIN1NG
VARIOUS ALCOHOlS

,
Alcohol B Pm LI>20 lr>50

(gil) (gil) (gil)
t-

[thanol 3.05 79.6 46.96 63.42
n-Butanol 1.50 18.79 6.42 11. 83
Iso-amyl alcohol 1.09 8.17 J 1.87 I 4.32

1- -
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of the probable mechanisms of cell death due to alcohol.
An inspection of Table 3.2 and Table 3.4 show that the

concentration of alcohols which inhibited growth of the
yeast cells were lower than the concentrations that caused
cell death under our experimental conditions. For example,
120 and ISO values for ethanol were 0.S2M and 1.1S9M res-
pectively compared tu L020 and LDSO values of 1.109M and
1.376M ethanol respectively. It can also be seen that the
maximum ethanol concentration above which total cell death
occurred was significantly lower than t h> ethanol level above
which cells do not grow. The values of P , and P were esti-m m
mated to ce 79.6 gil and 103.5 gil respectively. These obser-
vaiions suggest that non-growing cells are more susceptible
to alcohol toxicity, since the concentrations of alcohol
which inhibit growth are generally lower than the level that
causes cell death. P. striking difference between the res-
ponse of growing cells and non-growing cells to alcohol
challenge was also reported by Day et al. (1975). The above
authors observed that non-growing yeast were less resistant
to alcohol toxicity than growing cells.

3.1.4 Toxicity of Synergistic Mixtures of Alcohols

The concentration of alcohols produced in the course of
a laboratory fermentation of a synthetic glucose medium was
determined in order to assess the potential effects of
alcohols on new processes which remove ethanol as a con-
centrated product from the wash during alcohol fermentation.
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The levels of ethanol, iso-butanol, propanol, n-
butanol, amyl alcohol and 2-phenyl ethanol produced by
Saccharomyces cerevisiae are presented in Table 3.5. The
resul ts indicate that the levels at which these alcohols
occu r ina normal yeas t fe rmenta t i on are much lower than
their respective lethal concentrations.

Because of the above observations, it was thought
desirable to test mixtures of alcohols for their synergistic
toxicity to yeast. Culture medium was prepared as per the
alcohol toxicity studies; cell numbers and cell viability
were similarly evaluated. One level each of the three alco-
hols, ethanol, n-butanol and iso-amyl alcohol, was used in
each of duplicate trials. The different concentrations and
combinations of the alcohols added to the medium are shown in
Table 3.6. Synergistic effects were determined by comparing
amounts of cell death predicted from a simple additive
effect of the alcohols to the amount of cell death observed.

Representative results of these experiments are
depicted in Table 3.6. In these studies, the combination of
ethanol/n-butanol, ethanol/iso-amyl alcohol and n-butanol/
iso-amyl alcohols produced toxic effects that are greater
than the sum of their independent effects. These effects
were, respectively, 2.4, 2.9, and 1.6 times greater than the
toxicity predicted from a simple arithmetic addition of
their independent effects. A similar synergism by short
chain aliphatic alcohols have been observed with E. coli
(Ingram, 1976). Two short chain alcohols, ethanol and
methanol were found to have roughly additive effects
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Table 3.5 CONCENTRATIONS OF VARIOUS HIGHER ALCOHOLS
PRODUCED DURING A LABORATORY FERMENTATION OF A SYNTHETIC
GLUCOSE MEDIUM

Extracellular Coefficient of
Higher alcohols (Mg/1) Concentration Variation CV%

n-Propanol 22.85 ± 3.18 13.9

Iso-Butanol 16.15 ± 2.89 17.9

n-Butanol ND -
Amyl alcohol 45.50 ± 13.29 29·0

2-Phenyl ethanol 1 .6 ± 0.28 17.6
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on membrane fatty acid composition of I. coli cells. Simi-

I a r I y, concent ra t ed nonme t abo Ii zabl e feed component s such as

highly concentrated salt solutions and some ethyl esters and

fatty acids, psrticularly decanoic and octanoic acids, have

been implicated as toxic to yeast in processes !whereby

ethanol is removed selectively from the fermenting broth to

eliminate ethanol inhibition effects (Nordstrom, 1964; Shin

e t aI., 1983; Lafon-Iafourcade, 1984; Larue et aI., 1984;

Meiorella e l [! 1., 1984).

For a simple batch culture, higher alcohol toxicity and

inhibi tion of cell growth would not be important because

t he y would not be accumulated sufficiently to elicit such

effects. Howpvpr, their effects may become appreciable when

accumulated in new p r oc e s s e s whereby ethanol is conti-

nuously removed on-line, and where they may be expected to

act in synergy with ethyl esters and fatty acids.
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3.2 ALCOHOL TOXICITY AND YEAST ENVIRONMENT

In this section, the effect of nutritional supplements,

osmotic pressure and pH on the toxicity of alcohols to

Saccharomyces cerevisiae was investigated.

3.2.1 Effect of Nutritional Supplements

I9. the c 0 u rse c f the _ stu dy 0 f a Ic 0 h 0 I t-ox icit y , a

striking observation was made when yeast cell viability was

measured in both the salt-yeast extract medium and YNB

medium containing added n-butanol. The yeast cells showed

greater capacity to tolerate n-butanol in YNB medium than

in the salls-yeast extract medium. This improved ability to

tolerate n-butanol challenge in YNB was clearly seen when

In[1 - (\1/vo)] and InP plots for the cells in the two media

were compared by linear regression analysis (Figure 3.12).

At any particular n-butanol concentration, the ability of

yeast to survive added n-butanol was significantly superior

in YNB medium than in salts-yeast extract medium. In addi-

t Lo n , the steeper slope of the plots for cell death in

sal ts-yeast extract medium caused the extent of the di f-

ference between the two media to become even greater as the

n-butanol concentration increased (Table 3.7). This was

reflected in the fact that the maximum n-butanol concentra-

tion above which total cell death .occurreo (PI), (18.7~ gil) was
f.J

lower in salt-yeast extract medium than in YNB medium

(23.6~ g/1). Moreover, LDSO'value for cells suspended in salt-
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yea at extract medium was 11.8 gil compared to 15.59 gil for
cella suspended in YNB medium.

These results suggest that some components of the YNB
me d i um , presumably, may be acting as 'survival factors' for
thE> cells against n-butanol effect. There have been
numerous but conflicting reports in the Li t erat ure on the
influence of nutritional supplements on the growth and sur-
vival of yeasts in broths containing alcohol. Such addi-

t Lv es WPfP basically lipids (urisa t ura t ed fatty acids and
stE>rols), proteins and vitamins (Fukai et al., 1955;
Hayashida et a L, , 1974; Day et aI., 1975; Jin et al,, 1981;
Cas eye tal., 1983, 1984; Y i egas eta 1., 1'7858, vi enne and
Stockpr, 1ge~). Howpvpr, the superior tolerance of ypast to
alcohol when grown in natural media rather than synthetic
media (Day et aI., 1975; White, 1978) lends more support for
the view that the nutritional supplementation may actually
enhance yeast ability to survive high alcohol concentra-
tions.

Because of the observations described above, it seemed
logical to examine to what extent alcohol toxicity was
influenced by the composition of the growth medium. The
experiment was performed in shake flask cultures by adding
various supplements to the salt-yeast extract (basal) medium
containing 61.75 gil ethanol (Table 3.8). The supplements
tested include a mixture of vitamins, a
sterol, unsaturated fatty acid provided

sterol as ergo-
in the form of

Tween 80 a commercial material containing principally
polyoxyethylene mono-oleate and, a combination of all three
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."pplemt"nts . -.-listed above .i n UHt presence or absence of Ho

mannitol. The vitamin mixture contained per litre of stock
solution, Biotin (2 mg), ca-pantothenate (400 mg) and myo-
inositol (2g). The medium contained 8 levels of vitamin
mixture (0.1%, v/v increments), 9 levels of ergosterol
(0.5 mg/l, increments); and 8 levels of Tween 80 '( O. H~,

v/v), increme-nts); and were inoculated each with ye-ast at
initial concentration of 1 x 106 cells/m!. Cultures
Wp rl:' incubatpd In shake flasks for twelvE'
hours. Cell viabilty was measured as described earlier.

The results are depicted in Table 3.8 where it can be
seen that varioJs supplements and their combinations did not
confer any additional survival capacity on the yeast. One
possible explanation for the negative effect of the tested
supplements on y eas t survival is that the concentration of
ethanol was too high to allow incorporation of the nut-
rients. Another is that the supplements may not be acting
as survival factors after all, at least in a free state.
The first interpretation seems unlikely since the same con-
cent ration of ethanol did not prevent the alcohol tolerance
of the cells in YNB medium relative to the salt-yeast
extract medium. Casey et a1. (1984) and Viegas et aI ,
(1985a) both have previously proposed that nutritional
supplementation dio not influence the abiLity of yeast to sur-
vive high alcohol concentrations but merely act by increa-
sing the amount of new cell mass synthesis over the levels
of unsupplemented cultures. Similar reports by Vienne and
Stocker (1985) indicate that nei ther speci fic growth rate
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nor biomass yield of Kluveromyces fragilis could be improved
significantly by adding mineral salts, vitamins or a combi-
nation of both to an ethanol (LD50 value) containing cul-
ture. Studies carried out by Fukai et al. (1955) and Day et
al. (1975), in contrast, indicated that the vitamin panto-
thenate and lipid supplements improved yeast survival ability in
medium containing high concentrations of alcohol. However,
Fukai and his colleagues pointed out that their lipid
supplement was unable to stimulate the production of high
concentration of ethanol by their Sake yeast, unless carried
by a protein component in the form of lipid-protein complex.
Many yeasts have however been shown to incorporate free
unsaluratpd fatty acids from growth medium, especially under
oxygen-limiting conditions (Alterthum and Rose, 1973; Thomas
et al., 1978).

3.2.2 Effect of pH and Osmotic Pressure

Hydrogen ion concentration (pH) is a significant factor
in industrial alcohol fermentation due as much to its
importance in controlling bacterial contamination as to its
effect on yeast growth, fermentation rates and by-product
formation. The absolute pH limits for growth, for most
strains of Saccharomyces cerevisiae, have been reported to
be 2.4 and 8.6 with an optimum for growth of 4.5 (Jones et
al., 1981). Yeast sugar fermentation rates have been shown
to be relatively insensitive to pH values 3.5 to 6. Most
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bench scale CSTR atudies to date have been controlled at pH
values between 4 and 5 (Aibs et al., 1968; Bazua and Wilke,
1977). The effect of pH and temperature on yeast metabolism
and subtrate yield coefficient have been shown to be inde-
pendent (Eroshin, 1976). As far as we are aware, there has
been little or no information in the literature on the rela-
tionship between pH and alcohol toxicity.

The effect of pH of the medium on alcohol toxicity was
therefore investigated. The study was conducted as descri-
bed previously for alcohol toxicity experiments. The pH of
the salt-yeast extract medium was adjusted to pH levels of
4.5, 3.5 and 2.5 with 0.1N HCl solution prior to autocla-
ving. The unadjusted synthetic medium with pH 5.3 served as
control. The media were supplemented with 61.75 gil ethanol
and inoculated with cells from the seed culture to a final
concentration of 1 x 106 cells/mI.

It was observed (Table 3.9) that alcohol toxicity was
relatively unaffected over a range of pH values. The lower
limit being at about pH 3.5. It is probable that below this
pH value, physiological stress due to extreme and adverse pH
levels rather than alcohol toxicity per se, would be respon-
sible for the high cell death.

To assess the influence of osmotic pressure on the
survival of Saccharomyces cerevisiae to alcohol, shake flask
cultures containing salts-yeast extract medium supplemented
with increasing concentrations of sorbitol - 0, 1, 10, 25
and 40~~ (w/v) were prepared. Ethanol (61.75 g/l) and then

cells (to 1 x 106 cells/ml) were added to the medium.
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Cultures were incubated at JODC for 12 h with shaking at
250 rpm. Culture medium without sorbitol served as control.
Yeast cell numbers and viability were determined as des-
cribed in the method sections.

The results are represented in Table J.10. At and
above osmotic pressures equivalent to 10 per cent sorbitol
concentration in the medium, the percentage of viable cells
fell significantly compared to the control culture. It was
also evident that the percentage of viable cells decreased
progressively as concentration of sorbitol and hence osmotic
pressure was increased beyond the 10% sorbitol level. Total
cell ceat h was ob serv ed at 40 (wIv ) sorb ito 1 con centration.
These results are consistent with previous reports by
Nagodawithana et al. (1974) and Panchal and Stewart (1980),
that high osmotic pr essur e enhanced or more appropriately
predisposed the cells to the toxic effect of alcohols. The
probable mechanisms for the osmotic pressure effect have
been elegantly presented by the above authors. At high
sugar concentrations, under aerobic conditions, catabolite
repression of the respiratory enzymes caused the cells to
depend solely on the energy generated via the glycolytic
pathway. In the presence of inhibitory concentrations of
alcohol, inhibition of the glycolytic pathway occurs
(Nagodawithana et a L, , 1977) causing a depletion of the
energy level in the system. This could ultimately result in
the reduction of the metabolic activity of the cells causing
cell death. Low level sugar, on the other hand, permits
the respiratory enzymes to function whenever energy is in
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short supply. This would lower the rate of ethanol produc-
tion and may contribute to the higher percentage of viable
cells at low sugar concentration. However, Maiorella et al.
(1983) more recently proposed that osmotic stress does not
cause any direct disruption of the yeast cell membrane.
This observation implies that osmotic pressure seems
unlikely to interfere with the ethanol mass tranfer; meaning
that alcohol accumulation may not have occured as a conse-
quence of osmotic stress. Perhaps a better understanding of
the mechanism by which ethanol and probably other alcohols
are transported in and out of the cell would help to explain
the relationship between osmotic stress and alcohol toxicity

more satisfactorily.
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J.J ACCUMULATION AND TRANSPORT or ALCOHOL ACROSS YEAST CELL
PLASMA-MEMBRANE

Alcohol produced by Saccharomyces cerevisiae in the

course of a batch fermentation or added from the outside

adversely affects the state of the yeast cell and its meta-

bolic activity (see review, Ingram and Bukkte, 1984). The

underlying mechanisms for alcohol inhibition are many.

Several authors (Nagodawithana and Skeinkraus, 1976;

Navarro, 1980; Pamment and Stucley, 1982; Beaven et aI.,

1982) hold the view that alcohol is accumulated by yeast

cells, indicating that active transport plays a role in

ethanol efflux, at least during some stage in the course of

yeast alcohol fermentation. This hypothesis, if correct,

would signal an important permeability difference between

yeast and other eukaryotic organisms. Ethanol, like other

uncharged compounds of small molecular size,
.
IS generally

assumed to permeate the plasma-membrane of plants and animal

cells by simple chemical diffusion (Collander and Barlund,

1983; Stein, 1967; Heredia et a L. , 1968) in the absence of

any evidence which proves the involvement of protein

c a r r t e r Cs ) . More re c en t I Y, Lou rei ro and Fer rei r a ( 1983 ) ,

Guijarro and Lagunas (1984) have proposed that permeation of

ethanol across the yeast cell plasma - membrane is purely

diffusional in nature without the involvement of any pro-

tein. They further showed that the rate of ethanol diffu-

sion should not allow detectable accumulation of ethanol

during fermentation of sugars because the sugar to ethanol

conversion rate was lower than the rate of diffusion.
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It seems clear, that a rational approach to alleviating
ethanol inhibition should of necessity incorporate the study
of the me chan Lemf s ) involved in alcohol transport across
yeast cell plasma-membrane. Progress in this area should
aid attempts to develop techniques designed to enhance
ethanol efflux from the cell.

There have been reports, recently, of successful gene
transfers in Saccharamyces cerevisiae using both protoplast
fusion (Van Solinger, and VClnqer Plaat, 1977)
and transformation (Hinnen et al. , 1978 ;
Jansen et al., 1978). These exciting developments offer the
possibility of characterizing and cloning structural gene(s)
for the biosynthesis of specific high alcohol tolerant
lipids and/or proteins that would enhance alcohol mass
transfer especially from the inside to the outside of the
cell. The cloning of structural genes for the biosynthesis
of specific lipids in bacteria have been achieved (Raetz,
1978; Ohta et al., 1981) and there is good reason to believe
that similar procedures may be developed for yeasts.
However, a better understanding of the ethanol transport
system(s) and factors influencing it seem essential for pro-
gress to be achieved in this area.

3.3.1 Effect of Extracellular Ethanol Concentration on the
Efflux of Ethanol by Growing Yeast Cells
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3.3.1.1 Pr~liminary Investigations

Initial investigations were performed to determine the
growth conditions that would favour a short fermentation
time for the test yeast strain under rigorous anaerobic con-
ditions. The short fermentation time is very essential for
radiotracer experiments. The rate of glucose utilization,
growth and product formation by Saccharomyces cerevisiae at
various inoculum concentrations were studied.

The fermentation was conducted as described in the
methods section. Portions of the synthetic medium (100 ml)
supplemented with 5% (w/v) glucose in 250 ml specially pre-
pared conical flasks were used (Figure 3.12). The flasks
were fitted with gas inlet and outlet channels. The medium
was de-aerated by flushing with oxygen free nitrogen gas at
a rate of 40 ml/min for 15 min before inoculating with star-
ter culture to a concentration ranging from 1.0 x 107 celli
ml to 1.2 x 108 cells/m!. The cultures were shaken at
80 rpm in a water-bath previously maintained at 30°C and
simultaneously gassed continuously at 10 ml/min throughout
the course of the fermentation. Samples were removed from
the suba seal at the indicated times for determination of
residual glucose, ethanol and yeast cell mass concentration.

The results in Figure 3.13 and Figure 3.14 were selec-
ted as ideal conditions for the radiotracer experiments. It
was observed that generally, as the inoculum size was
increased, the fermentation time progressively decreased.
This would account for the faster rate of sugar utilization



159

(1/6) aso~nt6 tenplsa~
ll/ b) uo\"\'o ...rvu cnuo") 10U'6''-\.\-3

( lIb) ~'-IG\.dJ-.l\ ,(.lp ",Yd::>

lUu OC;g""\-13 ~:>\.1"QqJO'5C\\.I

J ,

il3i..giJiJ at J
J JIJ •IJUJ 81I....J~)-
0+.<1

IIII
I 0+.<1

10..... o
10

10
C\J

o ('I)

CD
t-
::Ia
-r4
u,

-
-
c:
Q
-r4

10 ....
ca....
::I
U
Q
c:

~ ....
e,
CD........
ca

('1)1)
&
-r4....



160

>-
(01""1
(01""1
COCO
EU0· ...
.....c
.cO e,
1:11)
CCO
CO C •COEcc;:'
0;a ....
....01:1
....'-1)
U en E;:,
1:1 -0->,-1""1,

co a,E;a<,
I""1C1lM'ol""1an- CI""1-col)e, .cuI)oJ s: ...,cPo (0

III
an- 1).,.0

XU
C •N ;:,
0 C 1""1.... 0"; en

ioJi .... ....-oJCI CO ....I)u

IjoJ
1""1 CO co' ...

~;:, (0 ........

oJ 8 U ....(0 I)

jii 0 1""1.....c
c ....> ........ ....I)c

;:',->-

.... Iii
'- 1)(0I)I) (OUCO

i (Y)~
o •

CO U enlc
.... ;:, >- ....
0 C+. I) 1""1.c

~
E en.... ....c.... 00 ....

N I)........co
coEa:'-0....

o
an

an
N

o

(t/B) 9so~ntB tenplS9H
(l/G) UO\"\-12J.,\uo::>UQ") "\OU'Q41:J



161

at higher concentration of inoculum. For example, glucose
consumption was completed in 6 h when an inoculum concentra-
tion of 1 x 108 cells/ml was used compared to 4 h wi th
1.2 x 108 cells/m!. The ethanol yield remained constant
irrespective of the inoculum level while biomass yield
declined progressively with increasing levels of inoculum.
Above 108 cells/ml inoculum size, only very little increase
in cell mass was observed.

In another experiment, the above conditions were used
to follow the time course of radioactive [U_14CJ glucose utilization and
the production of 14C_ethanol. Cultures (10 ml) containing

cells/ml in a 50 ml flask were charged with 5 ~ci
each of the labelled glucose after 1 h incubation period.
Samples were analysed for radioactive ethanol by means of
the radiogas detector described in the method sections.

As illustrated in Figure 3.15, the results show that,
as expected, glucose was exausted in the medium after 6 h
incubation period. The pattern of 14 C-ethanol production
paralleled that of the non-radioactive (cold) ethanol; both
reached a peak level after 6 h incubation period. A slight
drop in the levels of ethanol produced after the peak con-
cent ration were attained was observed. The reason for this
reduced ethanol level was not immediately clear, since the
cultures were placed under continuous gassing with oxygen-
free nitrogen and thus a strict anaerobic situation was
assumed. Further analysis of the samples for acetate was

The only plausible explanation, therefore, isnegative.
that some of the ethanol may have evaporated to the
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hpf:ldspac€' and was flushed away by the gassing process ,
14C_lebellE'd carbon dioxide (14C02), orre of the major

products of anaerobic catabolism of glucosE', was also deter-
mined. ThE' effectiveness of two reagents 0.5 N sodium
hydroxide (NaoH) solution and ethanol/mono-ethanol amine
solution (2:1, v/v) as prospE'ctive 14C02 trapping solutions
were assessed.

A number of 50 ml culture flasks fitted with gas inlet
and outlet channels as described earlier, were placed in a
30DC water-bath. Into each flask was dispensed 10 ml of the
synthetic medium containing 5% (w/v) cold glucose and cells
to a concentration of 1.2 x 108 cells/ml. CuI tures were
incubated as described in the method sections. After 1 h
incubation period, the 14C02 traps were charged with 25 ml
of either the sodium hydroxide solution or ethanol/monoetha-
nolamine solution and the cultures were simultanously loaded
with 8 uc i [U_14CJ glucose from the side arm. At 30 min
intervals the trap solutions were replaced and processed for
liquid scintillation counting. In order to ensure that the
14C02 is quantitatively collected double traps were instal-
led for each sampling interval. Details of the counting
proc edu re are described in the method sections.

Figure 3.16 and Figure 3.17 illustrate the time course
14. . . C.OL\..e?c-\2c!of CO2 produc t i on , by Saccharomyces cereVISIae cells,,,in

'0.5 N NaoH solution and ethanol/ethanolamine solution res-
pectively. The graphs show the cumulative counts collected
over the indicated time intervals while the histograms show
the amount of 14C02 produced during the particular time
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inte-rval. The production pattern, over the tested

period, for t he two trap solutions paralleled each other.

Both shOWE'd little or no initial lag period and showed maxi-

14mum CO2 during 3 - 4 h after addition of radioactive subs-

trate. HowE'ver, 14the amount of CO2 collected was higher

with 0.5 N NaoH solution than with ethanol/monoethanolamine

14The low count of CO2 in ethanol/monoethanolaminesolution.

solution may be due to the high vapour pressure of the amine

(Madsen, 1969) which .could cause a gas phase reaction that

1e ads t 0 de p 0 sit ion 0 f car b. m ate , for me d fro m the rea c t ion

of the with the amine, at points removed from the

amine solution. It was thus concluded that 0.5 N NaoH solu-

t i on was superior to ethanol/rnonoethclll[,lam_lne solution

(?~1, v/v) with respect to both counting and CO2 trapping

e f f i c i e n c y and W2 S the ref 0 r e use d a s t rap sol u ti 0 n fO raIl

3uLsequent 14CO assay.
2

3.3.1.2 Effect of Addition of 2% (v/v) Ethanol on Efflux of
Ethanol by Saccharomyces cerevisiae.

In this section, the effect of addition of ethanol

exogenously into a growing culture of Saccharomyces

cerevisiae on product formation and leakage was studied.

The techniques selected from preliminary experiments were

used. The radioactive substrate, 8 11c i [U - 14C] 9 1ucos e was

added to the culture (10 mL) after 1 h incubation period.

Non-radioactive ethanol (2~o, v/v) which had been previously
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maintained at 30De was added to the culture 1 h after addi-
tion of labelled glucose. A control culture was set up in

which 20'10 (v/v) equivalent of sterile distilled water
(at 30De) was added instpad of ethanol. Samples were
collected V ta the suba seal just before and immediately
after addition of the ethanol or water and at the indicated
times. Radioactive ethanol was analysed using the radiogas
detector.

The results are presented in Figure 3.18 and
Figure 3. 19. Addition of the 201

10 (v/v) ethanol caused as
expected, an immediate dilution effect on the concentration
of glucose and radioactive ethanol. The level of cold
ethanol showed an expected rise. Thereafter, both the hot
and cold ethanol appeared to have been produced without any
obvious lag period and at the previous rate of production
(Figure 3.18). The control experiment (Figure 3.19) showed
a similar behaviour.

A ~u~ber of possible explanations could be advanced for
this observation. It is possible that the intracellular-
extracellular equilibrium may have been attained very
rapidly, probably in a matter of seconds or minutes.
Alternatively, it may be that ethanol is transported into
the medium by means of a protein mediated transport system,
probably by facilitated diffusion. As shown in Figure 3.20,
if an intracellular-extracellular equilibrum (steady state)
was attained very rapidly, there would be no lag period
before ethanol appeared in the medium and may indicate tbe eper-atIcn of a
simple diffusion system for ethanol transport. However,occurence of a lag
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period before ethanol was released to the medium would indi-
cate that a mediated transport system may be operative.

Because of the limited information, provided by the
above experiment (Figure 3.1~ and 3.19), it was thought
desirable to examine the rate of release of ethanol to the
medium few minutes after addition of the radioactive subs-
trate.

The results are shown in Figuto€ 3.21 where it can be
se~n that ethanol was released to the medium soon after the
addition of [U_14CJ glucose without any obvious lag phase.
The rate of 14C02 production pattern over the tested time
interval was also found to correlate well with the ethanol
profile (Figure 3.21). These results suggest that ethanol
may be transported through the yeast cell plasma-membrane by
simple chemical diffusion, and are consistent with the
results of Heredia et al. (1968) for other compounds of low
molecular size. They also agree with the results of
Guijarro and Lagunas (1984) and Loureiro and Ferreira (1983).
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'.4 ALCOHOL UPTAKE SYSTEM IN YEAST

3.4.1 Description of the Procedure,

3.4.1.1 Organism

Saccharomyces cerevisiae strain D1 was used for this

study. The origin and maintenance of stock cultures are as

described in chapter 2.

3.4.1.2 Preparation of Inoculum Cultures

Cells were grown in shake flasks, in yeast nitrogen

bas erne diu m wit h 0 uta min 0 acid s r v NB) sup p lemen ted wit h 2?~

(w/v) glucose as carbon source. The medium was buffered to

pH 4.6 using citrate-phosphate buffer solution. Flasks

(500 ml) containing 200 ml of the medium and stoppered with

non-absorbent cotton wool plugs were incubated at 30°C in an

orbital incubator, with shaker speed at 200 rpm for 20 h.

Cells were harvested by centrifugation at 4°C and 3000 rpm

for 15 min in an MSE refrigerated centrifuge; then washed

twice in cold buffer by centrifugation under same conditions

as above and resuspended in buffer.

The resuspended cells were adapted for uptake experi-

ments as follows: portions of medium (200 ml) supplemented

with either glucose or ethanol as sole carbon source were

inoculated with the resuspended cells to a concentration of

2 x 107 cells/ml. The culture was then incubated at 300C

for 16 h with shaking at 200 rpm. The cells were harvested
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by c en t rLf'uqat i on end washed t w i ce in cold buffer as des-
cribed above. The CE"11 pellets were resuspended in the seme
cold buffer and kept under ice until needed for up t ak e
essey.

3.4.1.3 Measurement of Ethenol Upteke

The general procedure employed for measuring upteke of
e t hano l into yeast c eLl s was as follows:
specified, uptake of radioactive [1

Unless otherwise
14e] ethanol was

carried out at 30De in a 5 ml
The reaction mixture con t a i ned

or 10 ml
10-4 M

reaction mixture.
[1 14e] ethanol

(5 ci/mol), 0.1 M citrate-phosphate buffer solution which had
been previously de-aerated by gassing pure nitrogen at a
rate of 40 ml/min for 15 min and adapted yeast cell suspen-
sion to a concentration of 1 x 109 cells/ml of reaction
mixture. The reaction mixture was continuously flushed with
pure nitrogen gas at the rate of 10 ml/min throughout the
course of the reaction; and shaken at 80 rpm in a water-bath
for 2 min before addition of [1 - 14e] ethanol to start the
reaction. Reaction mixtures were incubated for the period
indicated in each experiment. At appropriate intervals
cells were collected and filtered through membrane filters
(Millipore: 0.45 um pore size; 2.5 cm d i a ,) under vacuum;
pellets were quickly washed twice with 2.5 ml of the same
citrate-phosphate buffer solution at room temperature in a
multifiltration unit (Figure 3.22). Filters containing cell
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ig. 3.22
tudy.

Experimental setup for the alcohol transport



176

p~llets w~r~ rapidly tran8ferr~d to 10 ml of a toluene based
liquid scintillation mixture containing Triton x-100 in a
20 ml glass counting vial. Cellular radioactivity was coun-
t~d in a Packard Tri-Carb 300 c liquid scintillation system.
Controls were run simultanously using heat killed cells
Ethanol uptake was calculated from the radioactivity present
in the yeast cell pellet.

3.4.2 Initial Control Experiments

In order to obtain non-overestimated readings of
pthanol uptake by measuring radioactivity retained in yeast
cells, it was essential to correct for non-specific binding
of labelled [1_14C] ethanol to yeast cells and binding to
membrane fi Iter. Such corrections were important, particu-
larly for kinetic analysis of transport assay.

To determine binding of [1_14C] ethanol to membrane
C' • 1 -4 [ 14] (
11 t er , 2 ml of 10 M 1- C e t uanoI 50050 cpm ) at 40[, WaS

filtered through the membrane filter under vacuum. After
standing for 1 min 25 sec., the membrane filter was quanti-
tatively transferred to 10 ml of the scintillation mixture
for counting as described in chapter 2.

Another set of duplicate filter papers were washed with
equal amount of [1_14C] ethanol as described above except
that the filters were washed twice with 2.5 ml cold citrate-
phosphate buffer solution before counting the radioactivity
retained on them. A period of 1 min 25 sec filtration a~d washing time
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was also allowed before counting the radioactivity on the
membrane filter.

The result are depicted in Table 3.11 where it can be
seen that less than 2% of the radioactivity was retained on
the filter paper without any washing; and the washing
process removed over 90% of the [1_14C] ethanol bound to the
membrane filter

eth~no\..
To investigate the non-specific binding of [1_14C)"to

yeast cells, 0.5 ml of the inoculum cell suspension contain-
ing approximately 5 x 10B cells was fil tered through the
membrane filter. After two successive washings in 2.5 ml of
cold buffer solution, the filter and cell pellets were
quickly transferred into the scintillation mixture for
measurement of radioactivity. The experiment was performed
five times each with intact yeast cells and heat killed
cells.

Heat killed cells were prepared by allowing the same
suspension of adapted yeast cells to stand in a water-bath
at BOoC for 20 min. The suspension was then placed under
ice until cooled. 0.5 ml portions containing approximately
5 x 10B heat killed cells were used for the experiment.
The results are presented in Table 3.12.

3.4.3 Induction of Transport System

The ability of yeast cells to incorporate exogenously
added ethanol when grown on di fferent carbon sources was



L.-
Cl

(.!)

Z~
o
Z
H

CD

178

,o~· tJ"\ 0 0
;> . . .
· od' \0 0
U 't"" od' 't""

f--- ,.

0'1 0'1 a:>

· . . .
,0 0'1 CD 0\· N \0 f'I\
IJ) ..... 11'1

f..----
l'"'-
I'"'-

\X \0 0'1 f'I\
CD "" ....
CD .- If'I

f'I\ 1""\ Cl
1""\ N .....

"" 0'1 N 0\
Cl
If'I

..- 1""\ Cl
t- 0\ .-

Cf) 1""\ co ..- 0\
Q; Cl
~ If'I

co
o
,-"
~ If'I Cl u-.
c, N 0\ ""Q; N Cl 00

a:: ..- .-
I.f"I

\0 ...... I.f"I

..... 0\ "".... I'"'- ro......
IJ\

-0
ID

I-< I-< en
CD ID en

-; ~ ~ co
0 ~ c:n ~ c,

c .~ c .~ I-<

co r-. ~ .~ ~ 0'1 -; CD

s: · s: c 0 +l

~ E C en c: .-" c: ....;

CD 0 co 0 s: co .-"
c, ~ UJ s: ~

,...., · -0 -0 co oI-l

,:loU -0 CD ..iJ ID ~ 1) s:- ,"--' c ::J c 0'1
..- .~ 0 .-" I-< ....... ::J
~ co s: co CD co 0

~ .oI-l .oI-l .oI-l +l I-<

CD 'N (I) ~ 0 s:
0:: ~ 0:: co I- .+J

..........



179

Table 3.12 SHOWS NON-SPECIFIC BINDING OF [1_14C] ETHANOL TO
SACCHAROMYCES CEREVISIAE CELLS

Replicate's . -
14[1- C] ethanol

(d.p.m, ) 1 2 3 4 5 X S.D. C.V.~o

Intact Cells 104 88 85 129 203 121.8 48.6 39.9

Boiled Ce lls 25 27 20 73 138 57.6 50.7 88.'0
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Lnv es t Lqa t ed to verify transport induction patterns. For
this purpose, Saccharamyces cerevisiae cells were prepared
by growing in YNB medium containing either 2% (w/v) glucose,

(w/v) glucose or Ho (w/v) ethanol as the sole carbon
source. Cells were harvested as described ealier
(S€'ction 3.4.1.2) and used for the uptake assay. A control
experiment was set up using heat killed cells.

The results are shown in figure 3.23. Cells grown in

ethanol as sole carbon source showed an immediate capacity
14to transport [1- C] ethanol. Similarly, cells cultured in

290 glucose or 190 glucose medium were also able to take up
[1_14C] ethanol immediately. An almost identical pattern of
[1- 14C] ethanol uptake rate and similar amounts of the
radioactive ethanol taken up was observed for cells cultured
in the ethanol and glucose media.

These results suggest that the presence of ethanol is
not essential for the formation of the ethanol uptake
system. However, when cells from a 24 h slant, cultured
once in YNB medium containing 2% (w/v) glucose for 20 h were
used for the uptake assay, it was found that the cells had
on 1y a low rat e 0 f ethan 0 I upta ke (Fig ure 3 .23 ). This
suggests that the capacity of cells to incorporate [1_14C]
ethanol may depend on the stage of growth of the culture or
the physiological state of cells.
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3.4.4 ~ptake of [1-14C] Ethanol by CuIturea Harveated at
Different Stages of Growth

Bas~d on the observation that cells grown and harvested

as de s c r i be d above possessed reduced capacity to take up

ethanol. It was of interest to investigate the effect of

the stage of growth of the cells on the uptake of ethanol

by yeast cells.

The cells were grown in YNB medium containing 2%

glucose for 20 h. Washed c~lls were, thereafter, inoculated

into a fresh medium. Th~ culture was incubated at 30°C with

shaking at 200 rpm. Cells were collected at the indicated

tim e s , wash ed t wi c pin col d b u f f E' ran d us pdf 0 r t hpup t a k p

assay.

Figure 3.24 illustrates the variation in amount of

ethanol incorporated by cells as a function of the stage of

growth. The ability of the cells to incorporate ethanol

increased progressively as the age of the culture increased

to 12 h. Cells harvested after 12 h incubation seemed to

possess similar ability to incorporate ethanol.

3.4.5 Effect of Glucose on Ethanol Uptake

The effect of D_ glucose on [1_14C] ethanol entry into

Saccharomyces cerevisiae during relatively short reaction

times (2 min) are shown in Figure 3.25. The reaction mix-

ture comprised the buffer solution, glucose solution and

cells to a concentration of 1 x 109 cells/ml in 5 ml volume.
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The glucose solutions and 10-4 M [1_14C] ethanol were added

together. As shown in Figure 3.25, the smount of ethanol

incorporated by cells appeared to increase as the concen-

tration of glucose increased indicating that uptake of

ethanol may have been enhanced by glucose.

However, when the uptake of ethanol was assayed in a

buffered 5~o (w/v) glucose medium (YNB + 5~o (w/v) glucose.), the

amount of ethanol taken up by the cells were lower, at any

po i n t , compared to the control experiment in which ethanol

uptake was assayed in buffer solution without glucose and

YNB supplement (Figure 3.26). Since the cells were incu-

bated in the glucose medium for 5 min prior to addition of

the radioactive ethanol, it is probable that this pre-

incubation of the cells in the glucose medium was r~onsible

for the reduced entry of ethanol. Ethanol is produced

inside the cells as a result of the anaerobic glucose meta-

bolism. This production and efflux of ethanol could be

responsible for the reduced uptake of radioactive ethanol

added exogenously. The presence of ethanol inside the cells

would cause a faster attainment of intracellular-extra-

cellular ethanol equilibrum, thus resulting in a smaller

amount of ethanol being taken up than in the absence of

ethanol inside the cells. This could also explain the

reduced uptake of radioactive ethanol (Section 3. 4.4) by

cells at the early stage of the growth phase when glucose

concentration in the medium was still relatively higher.

The explanation for the enhanced uptake of ethanol with

increasing concentration of glucose when both were added at
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the sam€' time could be that the ethanol was being carried
along into the cells as glucose was transported into the
cells. Alternatively, it could be speculated that the entry
of glucos€' into the cells opens up the pores in the membrane
to such an extent that uptake of higher amounts of ethanol
is facilitated.
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3.4.6 Effect of Higher Alcohols on Ethanol Uptake

Amyl alcohol and n-butanol at various concentrations

were screened as potential inhibitors of ethanol uptake in

Saccharomyces cerevisiae to veri fy the speci fici ty of the

ethanol transport system. For the purpose of this experi-

ment, the inhibitors were added 2 min before addition of

[ 1 - 14 C ] ethanol (1 0 - 4 'M ) to start the reaction. Samples

were collected at the indicated times and analysed for

ethanol retained by the cells.

used.

Ethanol adapted cells were

The results in Figure 3.27 illustrate the time course

of inhibition of [1_14C] ethanol uptake in Saccharomyces

cerevisiae by various concentrations of n-butanol. It can

be seen that n-butanol at concentrations indicated (Figure

3.27) effectively inhibited transport of ethanol. The

degree of inhibition increased as the concentration of

n-butanol was increased (Fig. 3.28). These results suggest

that some interactions may exist between the transport

systems of ethanol and n-butanol, and probably other

alcohols, and that the inhibi tion r e f Lec t s the toxic nature

of n-butanol to the cell.

However, further investigations (Table 3.13) revealed

that neither amyl alcohol nor n-butanol, at equimolar con-

,centrations as ethanol, inhibited ethanol uptake of

Saccharomyces cerecisiae. This observation thus eliminates

the possibility of a common or specific binding site for the

alcohols and indicate that the reduced uptake of ethanol at
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higher concentrations of n-butanol may be due to the inhibi-
tory effects of n-butanol on yeast.
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3.4 7 kinetic Characterization of Ethanol Tranaport Syatem

In order to evaluate the kinetics of the transport
system of ethanol, the amount of ethanol incorporated by
Saccharomyces cerevisiae cells at various concentrations of
ethanol was determined. Suspensions of ethanol adapted
cells (final concentration, 1 x 109 cells/ml) were incubated
at JOOC and charged with [1_14C] ethanol at concentrations
ranging from 10-5M to -J10 M ethanol, in a final reaction

.
mixture volume of 5 ml. After incubation for 30 sec and
90 sec, the radioactivity retained in the cells were
measured as described earlier using the scintillation
counter.

Figure 3.29 describes the time course of uptake of
ethanol at the different ethanol concentrations and illus-
trates the correlation between initial rates of uptake and
ethanol concentration. Uptake of [1_14C] ethanol was linear
for less than 30 sec after which the rate of ethanol uptake
gradually decreased and probably levels out. This observa-
tion was true for all the concentrations tested (Figure 3.7.9)

The amount of ethanol taken up at 30 sec and 90 sec
intervals were related to the respective initial concentra-
tions of ethanol in the reaction mixture in order to estab-
lish whether the transport system was chemical (diffusional
in nature) or biochemical (involving a protein) in nature.
The data obtained were statistically analysed using the
linear regression method. The amounts of [1_14C] ethanol
taken up at 30 sec and 90 sec intervals and the respective
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initial ethanol concentrations in the reaction mixture were
conventionally depicted as scattergrams. The data in Figure
3.30 and Figure 3.31 represent the scattergrams for ethanol
uptake measured at 30 sec and 90 sec respectively. When
the ethanol uptake rates were plotted as a function of
initial ethanol concentration, a positive linear relation-
ship was observed over a wide range of initial ethanol con-
centrations. Calculation of the least-square linear fit to
the" data, for the 30 values of the scattergram, gave the
following values, r = 0.9722, m(slope) = 10.46, intercept on
y (ethanol uptake) axis = -2.4 for 30 sec interval and
r = 0.9357, m(slope) = 17.16, intercept on y (ethanol
uptake) axis = -47.14 for 90 sec interval; where r = cor-
relation coefficient. It seemed reasonable, based on the
above results, to suggest that ethanol is probably trans-
ported into yeast cells by a simple chemical diffusion
process.

Several of the criteria used to distinguish when uptake
of a compound occurs by simple diffusion or by involvement
of a carrier protein (Stein, 1967) have been studied to
establish the nature of alcohol transport mechanism.
Evidence presented in this study strongly suggests that
yeast plasma-membrane is freely permeable to ethanol and
most probably other aliphatic alcohols.

Although we are aware of the problems associated with
the use of non-respiratory defficient (grande) cells in
uptake studies. The data reported in this study such as the
transport of ethanol from cells metabolizing radioactive
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glucose (Figure 3.18 and figure 3.21), induction data
(Figure 3.23), data on inhibition of ethanol uptake by
higher alcohols (Figure 3.27 and Table 3.13) seem to provide
reasonable evidence to support the existence of a passive
diffusion mechanism for alcohol transport in yeasts.
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'.5 DISCUSSION ON TH£ £THANOl TRANSPORT SYST£H

Due to the sensitivity of the measureme.nt of [1_14C]

ethanol retained in the yeast cells, special care was taken

to avoid changes due to manipulation of samples and possible

artifacts arising from ethanol metabolism.

Uptake experiments are inherently difficult because,

any further metabolism of the incorporated substrates comp-

I i cat est her e s u l t s . Eth an 0 I un dera e rob icc 0 nd i t ion sis

met"abo 1i zed by yea st. Unfortunately, possible non-metabo-

lizable analogues of ethanol such as 2-chloroethanol is a

severe poison thereby making its use di fficul t. There is

some merit in using respiratory deficient strains for the

uptake assay if oxygen cannot be effectively excluded or

controlled to such low levels that would not induce respi-

ration. Otherwise, grande strains are known to possess a

supe rio r phys i 0 1og i ca 1 state and metabolic activity compa red to

respiratory difficient mutant strains (Day

Wilke and Evans, 1982; Brown et aI., 1984).

et a L. , 1975;

Moreover, the

respiratory mutants have an increased sensitivity to the

growth inhibitory effects of ethanol which might

result of a change in the cell surface induced

mutation (Day et al., 1975; Wilke and Evans,

be the

by the

1982) .

It was for this reason that ethanol metablolizing

Saccharomyces cerevisiae strain 01 was used for the study.

In order to avoid the induction of the respiratory exzymes,

the reaction mixtures were de-aerated by gassing oxygen-free

nitrogen gas prior to loading the radioactive substrate.
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Furthermore, the system was continuously flushed with the

pure nitrogen gas throughout the course of the reaction. It

was not clear however, to what extent oxidation of ethanol

may have occured under the experimental conditions used.

The use of high specific activity (5 ci/mol) [1_14C]

ethanol was found to give the most sensitive and reprodu-

cible results in most experiments. Such a procedure also

tends to obviate the effect of diffusion which occurs at

hign concentration. Furthermore, the use of high cell

densities was found by experiment to minimize variability in

the uptake assay which occur at low cell densities.
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4. 1 final Diacuasion on. factors ~/hich Influence Alcohol

Tolerance

There is controversy concerning the mechanism(s) by

w~ich alc~hols are tr8Qsported acrose yeast plssma-membrane

and by which they exert their inhibitory and toxic effects

on yeast.

So far, opinions are divided as to whether alcohol

t ran sp 0 rtin y E' a st 0 ccurs b y s imp led iff us ion 0 r is p fat e i n

mediated.

Three modes of transport of solutes across biological

These include, simple diff'_I-

sion, facilitated diffusion and active transport mechanisms.

Simple chemical diffusion is operative if transport is

not metabolically dependent or does not result in accumula-

tion of solutes against a concentration difference. The

energy for the transport is derived from thermal agitation.

The rate of the transport is a strict function of the con-

centration difference across the cell membrane, molecular

size and lipid solubility_

Facilitated diffusion is a variation of simple diffu-

sion in which a membrane carrier participates in the diffu-

sion process . Since a membrane protein is involved, the

.pL8cess is both temperature-dependent and saturable with respect to sub-

suostrate concentration. Structurally similar compounds may act as com-

petitive inhibitors. Attainment of intracellular-extracellular equili-

brium is also ve ry , rapid often being reached in seconds.

Active transport is operative if the transport process

is protein mediated, depends on metabolic energy and results
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in accumulation of solutes agsinst a concentration diffe-

rence. The rate of transport is also saturable with respect

to subStrates, Le., obeys the Michaelis-Menteri kinetics and

is specific for isomers. The transport is specifically

sensitive to certain enzyme inhibitors and structurally

similar analogues show competitive inhibition.

Owing to the small size of ethanol moLe c u l e and its

solubility in membrane lipids, early reports (Collander and

Barlund, 1933; Stein, 1967; Heredia et aI., 1968; Kalant,

1971) suggested t~IS: plasma-membranes of yeast are freely

permeable to ethanol and other low molecular weight com-

pounds.

alcohols

Several worke>rs have since then proposed that

are accumulated intracellularly during yeast

a I coho 1i c f e rment a t i on (Nava r r o and Durand,. 1978 ~ Nagodawithana

and Steinkraus, 1976; Panchal and Stewart, 1980; Navarro,

1980; Goma et al., 1981; Novak et al., 1981; Stucley and

Pamment, 1982; Strehaiano and Goma, 1983; Dosari et al.,

1983). This accumulation implies that transport of ethanol

out of the cell occurs, at least in part, by means of a

protein carrier, and that ethanol is produced by the cells

faster than it \s transported to the external medium; this

inbalance would account for the intracellular accumulation

and explain the apparent greater inhibitory capacity of

endogeneously produced ethanol (Nag~dawithana and Steinkraus,

,1976; Novak eta 1 ., 1981).

The view that ethanol transport is protein-mediated is

favoured by Murooka and Harada (1974) working with Coryne-

bact e r i Ufl1 ace top hi 1i um• The y rep 0 r ted t hat t ran s p 0 r t 0 f
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ethanol acroaa the bacteria cell membrane ia by active
transport proceas.

This alcohol accumulation and protein me-diated trans-
port thesis, have very recently been strongly disputed
(Loureiro and Ferreira, 1983; Guijsirro and Lagunas, 1984).
The above authors favour the earlier and more widely
accepted view that movement of ethanol across yeast plasma-
membrane and indeed other biological membranes is purely
diffusional in nature, and therefore ethanol cannot be accu-
mulated by yeast cells. Guijarro and Lagunas (1984) also
showed that the rate of ethanol efflux appeared greater than
the ability of the yeast to produce ethanol, further confir-
ming that intracellular alcohol accumulation is not pos-
sible. They proposed that the alcohol accumulation reported
by previous authors could be due to inadequacies in their
experimental and analytical procedures.

The actual sites of alcohol inhibition and toxicity and
their relative contribution to the overall alcohol tolerance
phenomena in yeast have also attracted great differences of
opinion. Many investigators have proposed that the primary
toxic effects of alcohols are exerted on the plasma-membrane
(Wh;ite, 1978; Thomas et al., 1978; Thomas and Rose, 1979;
van Uden and da Cruz duarte, 1981; Leao and van Uden, 1982a,
1982b). The internal pressure exerted in the membrane due
,to the partitioning of alcohol into membranes (Conrad and
Singer, 1981; Rottenberg et a!., 1981; Seeman et a!., 1971),
the change in membrane composition (Conrad and Singer, 1981)
~nd membrane fluidity (Ingram, 1976; Janoff and Millar,
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1962), would facilit8t~ m~mbran~ 1~8kag~, inhibition of
membrane-bound enzymes and transport aystems.

The irreversible denaturation and non-competitive inhi-
bition of one or more of the glycolytic enz yme s have also
been propos~d as a possible component of the overall alcohol
tolerance phenomena in yeast (Llorente and Sols, 1969;

Nagodawithana et al., 1977, Navarro, 1980). In general,
most earlier studies reported that hexokinase and other gly-
colytic enzym~s wer~ inhibited by conc~ntrations of alcohol
in the range 0 - 15% (w/v); and that hexokinase was inhibi-
ted by lower concentrations of alcohcl than other glycolytic
enzyme s , Mill~r e t al , (1982), in contrast to earlier
reports, proposed that hexokinase was less sensitive to
~thanol inhibition than pyruvate d~carboxylase, phosphogly-
cerate kinase and severa l other glycolytic enzymes. The
authors further concluded that enzyme denaturation is
unlikely to playa direct role in ethanol inhibition mecha-
nism but that inhibition of enzyme activity by ethanol may
be responsible for retarding some of the glycolytic reac-
tions. This view was taken because, as they observed in
their experiment, glycolytic enzymes were resistant to dena-
tu ret ion bye than 0 1, wit h 12 - 25~6 et han 01 ca usin g 0 n1y 10~~
loss in activity.

Data obtained from the evaluation of the kinetics of
·the transport system of ethanol, in this study, indicate
that uptake of ethanol does not follow the Michaelis-Menteen
kinetics; there being a positive linear relationship between
the amount of ethanel incorporated by the cells and the
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concentration of ethanol in the external medium (Figure 3.30
and Figure 3.31). Ethanol uptake was not inhibited by iso-

amyl alcohol or n-butanol, structurally s Lm Lla r compounds,
at equimolar concentrations (Table 3.13) and the measurement
of initial ethanol uptake rate show that intracellular-
extracellular equilibrium was attained rapidly, probably in
about 30 sec. (Figure 3.29). The rate of release of
labelled ethanol by cells fed labelled glucose (Figure 3.21)
paralleled the rate of carbon dioxide evolution and does not
support the view that ethanol accumulates within the cell to
higher concentrations than occur in the external medium.

The above results strongly indicate that alcohol trans-
port in yeast may probably occur via a simple diffusion
process.

The period of severe growth limitation observed when
yeast cells were challenged with alcohol (Figure 3.2) may
represent an adaptation period during which the cells
altered their membrane lipid composition and fluidity neces-
sary for the sustained but inhibited exponential growth in
the alcohol environment. The lower specific growth rate of

1 -1the inhibited culture (0.295 h- ) compared to 0.497 h for
the. control cu Iture (wi thout alcohol supplement) suggests
that certain components of the metabolic machinery of the
cell may have been irreversibly inhibited inspite of the
biochemical adjustments of the cell membranes. The occu-
rence of distinct phases of growth when yeast cell suspen-
sions are challenged with alcohol, call for care to be taken

in analysing data for alcohol inhibition vis a vis the phase
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of inhibition of growth of the alcchol inhibited culture which
ia compared to the control culture.

The reaults obtained from alcohol inhibition and
toxicity studies (Section 3.1.2 and Section 3.1.3) ahow that
~he relative potency of alcohols correlates strongly with
the respective alcohol carbon chain-length, membrane buffer
partition coefficient and molecular volume. The findings
emphasize the important role of the hydrophobic regions of
the~e alcohols and membranes in the alcohol tolerance pheno-
mena. It also provides evidence that the pertubation and
diSintegration of the cell membrane may constitute the
primary site of alcohol inhibition and toxicity. Inhibition
of other membrane functions may result from the primary
action of alcohol on membrane lipid environment. Seeman
(1972) reported that while facilitated transport systems are
invariably depressed by anaesthetics, e.g., alcohols, active
transport fluxes and simple diffusion across membranes can
e i ther increase or decrease in response to anaesthetics.

The advancement of glycolytic enzyme inhibition and
denaturation as a major component of the overall alcohol
tolerance phenomena was based on the belief that alcohol is
accumulated by yeast cells. Recent reports by some authors
and results obtained in this study indicate that intracellu-
lar accumulation of alcohol by yeast is very unlikely.
'However, it is observed that higher alcohols acting syner-
gistica'lly with each other and with ethanol (Table 3. 6)
give rise to a significant increase in cell death of
Saccharomyces cerevisiae compared to the effect of the
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individual alcohols. Similar synergism hss been reported
be t we en e t hano l and fatty acids snd esters (Viegas et al.,
19B51,). The above observation implies that the effect of

fermentation products cannot be discussed with reference to
ethanol alone as it has usually been the case. Most of the
reports on effect of alcohols on enzymes were carried out
in vitro. Since these fermentation by-products, higher
alcohols, fatty acids and esters, are present in ethanol
fermentations and can contribute to the alcohol inhibition
and denaturation of enzymes, it would be imagined that
enzyme inhibition as a major component of the overall alco-
hol tolerance phenomena may become more important than i s
percieved presently.

This proposed synergism between ethanol and other
secondary products of metabolism could also explain the
apparent higher toxicity of ethanol produced during fermen-
tation compared to exogenously added ethanol.

In conclusion, it is proposed that while alcohol inhi-
bition of yeast growth may result from membrane disruption
and inhibition of glycolytic enzyme activity, cell death
would result from the action of alcohols on the same target
sit~s though at a higher concentration level. Since higher
alcohols are always present in ethanol fermentation, at
least part of the perceived ethanol toxicity can be attribu-
ted to the synergistic effects of higher alcohols. Trans-
port of alcohols, like other low molecular weight and
uncharged molecules, is diffusional in nature.
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