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Alcohol Tolerance in Escherichia coli
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INGRAM, L. O., N. S. VREELAND AND L. C. EATON. Alcohol tolerance in Escherichia coli. PHARMAC.
BIOCHEM. BEHAV. 13: Suppl. 1, 191-195, 1980.—During growth with ethanol, the proportion of 18:1 fatty acid in the
lipids of E. coli increases at the expense of saturated fatty acids. The significance of these changes was investigated in terms
of growth and survival in the presence of ethanol. Two approaches were used: (1) A comparison of alcohol tolerance among
strains of E. coli with different fatty acid compositions; (2) A comparison of alcohol tolerance using a lipid mutant in which
the fatty acid composition was controlled by exogenous supplements. An increase in unsaturated fatty acid content was
beneficial for both growth and survival. We conclude that the alcohol-induced changes in the fatty acid composition of E.
coli are part of an adaptive response, compensating for some of the harmful effects of this drug.
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MICROBIAL cells are remarkable in their ability to adapt to
environmental changes. These adaptive processes are par-
ticularly well-documented in the bacterium, Escherichia
coli, during shifts in levels of nutrition [17] and during shifts
in growth temperature [5,14]. During growth in the presence
of ethanol, a major fermentation product of E. coli [4],
numerous changes occur in membrane composition. These
changes include an increase in 18:1 fatty acid at the expense
of 16:0 [10], an increase in phospholipid molecules contain-
ing two unsaturated fatty acids [1], an increase in anionic
phospholipids [9] and numerous changes in the proportions
of membrane proteins (unpublished observations). Some or
all of these changes could be involved in adaptation to
ethanol. In this study, we have investigated the significance
of the changes in fatty acid composition for growth and sur-
vival in the presence of ethanol.

METHOD
Organisms and Growth Conditions

Three strains of Escherichia coli K-12 were used in this
study. All contained a defect in fatty acid degradation (fad
E-). Strain TB4 is wild type for fatty acid synthesis [2].
Strain WN1 and a derivative, strain BB3, contain a defect in
fatty acid synthesis (cvc™) and are unable to synthesize vac-
cenic acid [16]). All three strains were grown in complex
medium, Luria broth [13], without added carbohydrate. Cul-
tures were supplemented with the detergent, Brij 58 (1 g/L),
with and without fatty acids (20 mg/L). Cells were grown at
37° in a reciprocating water bath. Growth was monitored by
measuring optical density at 550 nm. Generation times were
computed using least squares regression analysis to deter-
mine the slope of the growth curve.

Cell Survival in Buffered Ethanol
Cells were grown with various additives, harvested in log

phase by centrifugation, and washed twice with 0.1 M phos-
phate buffer (7.2). The resulting cell suspension was diluted
into phosphate buffer containing various concentrations of
ethanol and incubated at 37°. Cell survival was determined
by plating appropriate dilutions in triplicate on Bacto
antibiotic medium 2. Viable cells were scored as those form-
ing colonies during overnight incubation at 37°,

Lipid Analysis

Cells were harvested by centrifugation, washed and
extracted overnight with a mixture of chloroform and
methanol as previously described [10]. For fatty acid
analysis, methyl esters were prepared by transesterification
and were analysed by gas chromatography [10].

Fluorescence Depolarization

The fluorescence depolarization of 1,6-diphenyl-1,3,5-
hexatriene (DPH) was used as a comparative measure of
membrane fluidity [7]. Cell membranes were prepared using
a freeze/thaw lysis procedure and were harvested by cen-
trifugation [6). Membranes were resuspended in Tris buffer
(0.01 M, pH 7.5), mixed with an equal volume of a microcrys-
talline dispersion of DPH (2x10-¢ M) [6], and incubated in
the dark for 2 hr in a reciprocating water bath (37°) to allow
probe insertion. Samples were measured using an SLM
series 4000 polarization fluorimeter with excitation at 360 nm
and emission above 470 nm. Sample temperature was con-
trolled using a Neslab circulator and was monitored within
the cuvette. Ethanol was added by syringe and was allowed
to equilibrate for 2 minutes prior to measurement. Polariza-
tion was computed as described by Chen and Bowman {3].

Chemicals

The complex nutrients for growth medium (antibiotic
medium 2, yeast extract, tryptone) were products of Difco
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FIG. 1. The effects of ethanol and fatty acids on growth. An overnight culture was diluted 1:300 into fresh medium containing ethanol (0.67
M). This was subdivided into flasks and various fatty acid supplements (20 ug/L) added. Growth was measured as optical density. The solid
lines represent the rate of growth of cells in the absence of ethanol and were included for comparison. (A) Strain TB4: @, no fatty acid; O,
vaccenic acid; A, palmitic acid. (B) Strain WN1: @, no fatty acid; O, vaccenic acid; A, oleic acid; A, palmitic acid. Cultures supplemented

with palmitoleic acid were identical to those lacking fatty acid supplements.

Laboratories (Detroit, MI). Brij 58 and all fatty acids were
obtained from the Sigma Chemical Co. (St. Louis, MO).
DPH was obtained from the Aldrich Chemical Company
(Milwaukee, WI). Radioactive chemicals were purchased
from Amersham Corporation (Arlington Heights, IL).

RESULTS

Effects of Fatty Acid Composition on Growth in the
Presence of Ethanol

The growth of an organism provides a useful index of its
physiological activity. To investigate the effect of membrane
fatty acid composition on ethanol tolerance, we have com-
pared the effects of ethanol on the growth of two strains of E.
coli with different lipid compositions (Fig. 1). Strain TB4
contained high levels of unsaturated fatty acids (16:1 + 18:1)
which increased further during growth with ethanol (Table
1). Strain WN1 is defective in the synthesis of 18:1 fatty acid.
It contained a lower proportion of unsaturated fatty acids
and was unable to change its fatty acid composition during
growth with ethanol. The growth of strain WN1 was more
strongly inhibited by ethanol (0.67 M) than that of strain TB4
(Table 1). The inclusion of fatty acid supplements did not
alter the rate of growth of strain TB4 in medium containing
ethanol (0.67 M). Unlike strain TB4, some fatty acid supple-
ments had a dramatic effect on the rate of growth of strain
WN1 in the presence of ethanol (Fig. 1, Table 1). Two cis-
18:1 fatty acids, vaccenic acid and oleic acid, partially re-
lieved the growth inhibition by ethanol after approximately 2
hr. This delay probably represents the time required for suf-
ficient fatty acid incorporation. Both of these fatty acids

were incorporated into the lipids of strain WN1 and reduced
the level of saturated fatty acids present (Table 1). Other
fatty acids such as trans-18:1 fatty acids (elaidic), palmitoleic
acid (16:1) and palmitic acid (16:0) did not affect the growth
of strain WN1 in the presence of ethanol.

Effects of Fatty Acid Compasition on Survival in the
Presence of Ethanol

The survival of cells during incubation in phosphate buf-
fer (0.1 M, pH 7.2, 37°) containing ethanol was used as a
comparative measure of alcohol tolerance. Three strains
were grown in the presence and absence of ethanol and their
subsequent survival in buffered ethanol was compared (Fig.
2). During the incubation in buffered ethanol, no growth or
changes in fatty acid composition occurred. Each of the
strains tested contained a different fatty acid composition
(Table 1). Strain TB4 contained the highest proportion of
unsaturated fatty acids and was the most resistant to killing
by ethanol (Fig. 2, Table 1). During prior growth with
ethanol, the proportion of unsaturated fatty acids increased
further in strain TB4 and this was accompanied by a further
increase in resistance to ethanol. Strain BB3 contained the
lowest proportion of unsaturated fatty acids and was the
most sensitive to killing by ethanol (Fig. 2, Table 1). During
prior growth with ethanol, the proportion of unsaturated
fatty acids in strain BB3 increased and was accompanied by
an increase in resistance to killing by ethanol. Strain WN1
contained an intermediate level of unsaturated fatty acids
and was intermediate in its tolerance to ethanol (Fig. 2, Table
1). Strain WN1 did not alter its fatty acid composition during
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TABLE 1
SUMMARY OF LIPID COMPOSITION, GENERATION TIME, AND PHYSICAL PROPERITES BY VARIOUS E. coli STRAINS

Strain Growth supplement* Fatty acid composition (%) Generation time} Membrane fluidity$
Fatty acid Ethanol Sat. F.A.t  16:1 18:1 (min) - ethanol AP + ethanol
TB4 - - 35 40 25 28 0.276 = 0.001 -0.001 =+ 0.001
TB4 - + 17 42 40 44 0.266 + 0.001 —0.003 + 0.001
BB3 - - 759 25 tr 33 0.319 + 0.001 -0.004 = 0.001
BB3 - + 68# 32 tr 52 0.318 + 0.001 -0.003 + 0.002
WNI1 - - 53 46 tr 2 0.290 + 0.001 —0.004 + 0.001
WNI1 - + 52 48 tr 63 0.295 + 0.002 -0.003 + 0.001
WN1 palmitic + 54 46 tr 62 0.308 = 0.001 -0.004 = 0.002
WN1 palmitoleic + 51 50 tr 62 nd. n.d.
WNI1 vaccenic + 47 15 18 62,45** 0.290 + 0.001 -0.004 = 0.002
WN1 oleic + 51 33 16 62,55+ n.d. n.d.
WNI1 elaidic + 46 40 15 62 n.d. n.d.
WNI1 palmitic - 7 24 tr 32 0.337 £ 0.001 -0.008 + 0.001
WNI1 palmitoleic - 48 52 tr 32 n.d. n.d.
WN1 vaccenic - 33 17 40 2 0.245 = 0.001 -0.003 = 0.001
WN1 oleic - 43 19 37 32 n.d. n.d.
WNI1 elaidic - 35 29 37 32 n.d. n.d.
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*fatty acid, 20 mg/l; ethanol, 0.67 M.

t8at. F.A., saturated fatty acid; primarily 16:0.
ttime required for one mass doubling.

$average + standard deviation; + ethanol, 0.67 M.
939% 14:0.

#20% 14:0.

**biphasic growth,

n.d., not determined.

growth with ethanol. Unlike the other strains, strain WN1
did not acquire increased resistance to ethanol during prior
growth with ethanol.

The fatty acid composition of strain WN1 was extensively
modified by growth with fatty acid supplements in the ab-
sence of ethanol (Table 1). These changes altered the sen-
sitivity of strain WNT1 to killing by ethano! (Figs. 3 and 4).
Growth with vaccenic acid resulted in an increase in the
proportion of unsaturated fatty acids and an increased resist-
ance to killing by ethanol. Growth with palmitic acid resulted
in a decrease in the proportion of unsaturated fatty acids and
an increase in sensitivity to killing by ethanol. Growth with
palmitoleic acid had little effect on the proportion of unsatu-
rated fatty acids and did not alter survival.

Figure 5 summarizes the relationship between cis-
unsaturated fatty acid content and survival in ethanol for all
three strains and for strain WN1 grown with fatty acid sup-
plements. Alcohol tolerance appears to be directly related to
the proportion of unsaturated fatty acids present in mem-
brane lipids.

Relationship Between Alcohol Tolerance and
Membrane Fluidity

The steady state fluorescence depolarization of DPH was
used as a comparative measure of membrane fluidity. These
results are reported in units of polarization (P) which are
inversely related to bulk membrane fluidity. Thus fluid
membranes exhibit low P values while rigid membranes ex-

hibit high P values. Fatty acid composition is a major deter-
minant of membrane fluidity. In general, the measured fluid-
ity in isolated membranes agreed well with the fatty acid
composition. That is, membranes containing high levels of
saturated fatty acids were relatively rigid and exhibited high
P values while membranes with high proportions of cis-
unsaturated fatty acids were more fluid and exhibited lower
P values. As with fatty acid composition, P values can be
correlated with survival. A decrease in P was directly re-
lated to an increase in survival in most cases. For growth,
this relationship was less clear.

The addition of ethanol (0.67 M) to isolated membranes
caused a decrease in polarization (AP, ethanol, Table 1). This
change in fluidity is equivalent to that caused by a 1°increase
in temperature. The magnitude of this change did not corre-
late with either alcohol resistance or with fatty acid com-
position. In most cases, the degree of disturbance caused by
ethanol was similar. The changes in lipid composition which
accompanied an increase in alcohol tolerance also resulted in
a decrease in polarization. Thus, the alcohol-induced in-
crease in the fluidity of isolated membranes does not appear
to be causally involved in the killing effects of ethanol.

DISCUSSION

The increase in unsaturated fatty acids (primarily vac-
cenic acid) which occurs in E. coli during growth in th.e pres-
ence of ethanol is beneficial for cell growth and survival. A
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FIG. 2. Survival of different strains in butfered ethanol (0.67 M).
Symbols: 0, strain TB4 grown in the presence of 0.67 M ethanol; W,
strain TB4 grown in the absence of ethanol; O, strain WN1 grown in
the presence of ethanol (0.67 M); @, strain WN1 grown in the ab-
sence of ethanol; A, strain BB3 grown in the presence of ethanol
(0.67 M); A, strain BB3 grown in the absence of ethanol.
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FIG. 4. Effects of fatty acid supplements on survival of strain WN1
in buffered ethanol (0.45 M). Symbols: O, cells grown with vaccenic
acid; @, cells grown without added fatty acid; A, cells grown with
palmitoleic acid; A, cells grown with palmitic acid.
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FIG. 3. Effects of alcohol concentration on the survival of strain
WN1 grown with and without vaccenic acid (2 hr, 37°, various alco-
hol concentrations). Symbols: @, cells grown without added fatty
acid; A, cells grown with vaccenic acid (20 mg/L).
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FIG. 5. Relationship between cell survival (2 hr) in buffered ethanol
(0.67M) and lipid composition. Symbols: @, all values from cells
containing mixture of cis-unsaturated and saturated fatty acid.
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mutant unable to make vaccenic acid and unable to increase
its proportion of unsaturated fatty acids during growth with
ethanol was hypersensitive to growth inhibition and killing
by ethanol. This hypersensitivity was relieved by supple-
menting cultures with vaccenic or oleic acid. The total
amount of unsaturated fatty acid present was directly related
to cell survival in buffered ethanol solutions. A lower level of
unsaturated fatty acid was required to relieve hypersensitiv-
ity to growth inhibition by ethanol. Our results indicate that
the changes in fatty acid composition induced by the pres-
ence of ethanol are part of an adaptive response, preventing
some of the harmful effects of this drug.

Fatty acid composition appears to be the principal
determinant of alcohol tolerance in E. coli. Other changes
such as the increase in anionic phospholipids and the
changes in membrane proteins appear secondary in impor-
tance. The hypersensitivity of strain WN1 results from a
specific mutation in fatty acid synthesis which is relieved by
supplementing these cells with the deficient fatty acid. This
mutation did not prevent other changes in the cell envelope
" composition. Supplementing strain WN1 with fatty acids did
not itself alter the level of anionic phospholipids.

An increase in the proportion of unsaturated fatty acids in
membrane lipids during growth in the presence of ethanol
may be a general phenomenon. Analogous changes have
been observed with the protozoan, Tetrahymena pyriformis
[15] and in liver tissues [11,18]. The alcohol-resistant or-
ganism known, Lactobacillus heterohiochii, grows in alcohol
concentrations above 20% and also contains high levels
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of unsaturated fatty acids {21]. In the yeast, Saccharomyces
cerivisiae, an increase in membrane unsaturation has been
demonstrated to increase tolerance [8,20]. In neural tissues,
however, conflicting changes have been reported to occur
during the development of alcohol dependence. Synap-
tosomal membranes have been reported to increase in unsat-
uration [19], to decrease in unsaturation [12] and to exhibit
little change in unsaturation (H. Weiner, this meeting) during
the development of alcohol dependence. At present, it ap-
pears unlikely that large changes in bulk fatty acid composi-
tion analogous to those observed in E. coli are involved in
CNS alcohol tolerance in mammalian systems.

The mechanism by which an increase in level of unsatu-
rated fatty acids in membrane lipids ameliorates some of the
harmful effects of ethanol in microorganisms is unclear. Both
the increase in unsaturation and the intercalation of ethanol
into membranes result in an increase in bulk membrane
fluidity. Thus it is unlikely that the fluidizing effect of ethanol
is itself causally involved in the deleterious effects of ethanol
on E. coli. A similar increase in fluidity was induced in the
absence of ethanol by an increase in temperature of 1°. This
change neither killed, nor impaired the growth of, E. coli.
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