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Abstract

The incorporation of exogenously supplied fatty acids, palmitic acid, palmitoleic acid, oleic acid and linoleic
acid, was examined in the yeast Schizosaccharomyces pombe at two growth temperatures, 20 °C and 30 °C. Fatty
acids supplied to S. pombe in the growth medium were found to be preferentially incorporated into the cells,
becoming a dominant species. The relative increase in exogenous fatty acids in cells came at the expense of
endogenous oleic acid as a proportion of total fatty acids. Lowering the temperature at which the yeast were
grown resulted in decreased levels of incorporation of the fatty acids palmitic acid, palmitoleic acid and linoleic
acid compared to cells supplemented at 30 °C. In addition, the relative amount of the endogenously produced
unsaturated fatty acid oleic acid, while greatly reduced compared to unsupplemented cells, was increased in cells
supplemented with fatty acids at 20 °C compared to supplemented cells at 30 °C. The differential production of
oleic acid in S. pombe cells indicates that regulation of unsaturated fatty acid levels, possibly by control of the
stearoyl-CoA desaturase, is an important control point in membrane composition in response to temperature and
diet in this species.

Abbreviations: x:y�n – fatty acids containing x carbon atoms and y cis double bonds located at position n from
the carboxyl end; 16:0 – palmitic acid; 16:�9 – palmitoleic acid; 18:0 – stearic acid; 18:1�9 – oleic acid;
18:2�9,12 – linoleic acid; YEt – yeast medium composed of 0.5% yeast nitrogen base, 3% dextrose, supple-
mented with appropriate amino acids, uracil, adenine, and 1% tergitol NP-40

Introduction

All microorganisms respond to change in their envi-
ronment. One common mechanism is the alteration of
lipid composition in order to optimize membrane
structure and function. For example, in response to
lower growth temperatures, many eukaryotic micro-
organisms respond by changing the relative propor-
tion of unsaturated fatty acids in the membrane and/or
altering fatty acid chain length �Fukushima et al.
1976; Okuyama et al. 1979; Suutari et al. 1990; Suu-
tari and Laakso 1994�.

In some yeast species, decreasing growth tempera-
ture results in an increase in the unsaturated fatty acid
content �Arthur and Watson 1976; Suutari et al. 1990;
Suutari et al. 1997�. In the well-studied Saccharomy-
ces cerevisiae, growth at lower temperatures resulted
in higher levels of unsaturated fatty acids and shorter
chain length �Okuyama, Saito et al. 1979; Los and
Murata 1998�. The ability of an organism to manipu-
late the fatty acid composition of its membranes is
dependent on many aspects of metabolism including
synthesis, degradation, and incorporation of exogen-
ous fatty acids.
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Addition of fatty acids to the growth medium of the
yeast Sacc. cerevisiae results in a modification of the
fatty acid composition. The cellular mechanism that
accomplishes the fatty acid profile modification in re-
sponse to exogenous fatty acids includes a decrease
in the expression of acetyl CoA synthase and fatty
acid synthase �Chirala 1992�. In addition, supple-
menting Sacc. cerevisiae’s growth medium with un-
saturated fatty acids containing a C9–C10 double
bond results in decreased expression of the stearoyl
CoA desaturase and in the de novo synthesis of en-
dogenous unsaturated fatty acids �Stukey et al. 1989;
Stukey et al. 1990; McDonough et al. 1992�. How-
ever, feeding the saturated fatty acid palmitic acid
�16:0� to Sacc. cerevisiae results in a modest increase
in the desaturase expression �Bossie and Martin
1989�.

The organism’s use of exogenous fatty acids
requires a balance between energy saved in fatty acid
production and membrane function at the growth
temperature. One might hypothesize that different
growth temperatures would influence fatty acid
uptake and usage, and concomitantly alter regulation
of fatty acid biosynthetic enzymes based on the needs
of the cell for optimal membrane function at the dif-
ferent temperatures. However, the effect of growth
temperature on exogenous fatty acid accumulation
and/or subsequent regulatory actions have not been
addressed.

In the model organism Schizosaccharomyces
pombe, fatty acid composition has been examined by
various investigators �Koukou et al. 1990; Jeffery et
al. 1997; Malfeito-Ferreira et al. 1997�. However,
fatty acid composition in temperature adaptation or
after supplementation with fatty acids has not been
extensively studied. We describe here a series of ex-
periments in S. pombe in an effort to understand how
growth temperature affects the membrane profile and
accumulation of exogenous fatty acids. In addition,
we examined the cellular manipulation of fatty acid
production in response to the simultaneous changes
in temperature and availability of fatty acid supple-
ments.

Materials and methods

Reagents

Amino acids, boron trifluoride, fatty acids, fatty acid
methyl esters, fatty acid methyl esters standard AOCS

# 5, and tergitol NP-40 were all purchased from
Sigma. All standard media supplies were from Difco.
Other chemicals were reagent grade and purchased
from Fisher.

Strain and media

S. pombe strain 975h� �supplied by Dr. Susan Henry�
was used in these studies. S. pombe was grown in YEt

medium, which is 0.5% yeast nitrogen base, 3% dex-
trose, 1% tergitol NP-40, supplemented with com-
plete amino acid stock, uracil, and adenine �Alfa et
al. 1993�. Fatty acids were stored as stock solutions
of 100mM in ethanol and supplemented to YEt me-
dium as noted �ethanol concentration was maintained
at 1%�. YEt media without fatty acids contained 1%
ethanol. Cell densities were determined by counting
with a hemacytometer.

Fatty Acid Analyses

To analyze total fatty acids, including both free and
esterified, cells were cultured at noted temperature in
200 ml YNBt overnight to a maximum density of 1-2
�107 cells/ml. Fatty acids in ethanol, or ethanol
alone, was added to cultures and incubation contin-
ued for four additional hours. Cells were harvested by
centrifugation in a Beckman J2-MI centrifuge at 4000
� g at 4 °C. The cells were washed with sterile water
to remove residual media. Lipids were saponified and
converted to methyl esters by a modified Bligh-Dyer
method �Bligh and Dyer 1959�. Samples of fatty acid
methyl esters were analyzed by gas chromatography
on a Hewlett-Packard model 6890 gas chromatograph
using a 30 m HP-5 column. Instrument conditions
were as follows: injection port temperature 220 °C,
detector temperature 300 °C, initial oven temperature
at 140 °C. After a 1 minute hold at 140 °C, the oven
temperature was increased at 4 °C/minute up to a
temperature of 260 °C followed by a 10 °C/minute
increase to a final temperature of 300 °C held for 5
minutes. Identification of cellular fatty acid species
was by comparison of retention times to those of
standard compounds. A minimum of five replicates,
from at least two experiments, was used to determine
mean and standard deviation values. Statistical analy-
sis by t-test was performed using KaleidaGraph soft-
ware �Synergy�.
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Results and discussion

In unsupplemented cultures of S. pombe, we found
oleic acid �18:1�9� to be by far the dominant fatty
acid species in both temperature conditions �Figure 1,
‘control’�, accounting for 80-85% of the total fatty
acids. There was a small but statistically significant
�p � 0.01� increase in the relative proportion of
18:1�9 at the cells cultured at the lower temperature
�84.2% at 20 °C vs. 79.9% at 30 °C�. The unsaturated
fatty acid palmitoleic acid �16:1�9� accounted for
about 1% of total fatty acids under either growth
condition. The balance was mostly 16 or 18 carbon
saturated fatty acids. The relative increase in 18:1�9
seen at 20 °C was made up mainly at the expense of
these two saturates.

Supplying the saturated fatty acid palmitic acid
�16:0� to cultures resulted in a dramatic increase in
the relative proportion of that fatty acid �Figure 1�.
At either temperature, we observed an approximate
five fold increase in 16:0 proportion in supplemented
cells compared to unsupplemented.

Growth temperature did affect the relative accumu-
lation of 16:0. The relative content of the exogenously

supplied 16:0 was increased by approximately one
third �from 39% to 60 %� when culture temperature
was increased from 20 °C to 30 °C �Figure 1�. We
also observed that the relative proportion of endog-
enously produced 18:1�9 was altered in response to
16:0 supplementation. Cells supplied 16:0 contained
about 50% more 18:1�9 when cultured at 20 °C as
compared to 30 °C �50.9% vs. 34.6%�. However, the
relative proportion of 18:1�9 observed in either cul-
ture was greatly reduced compared to growth under
unsupplemented conditions.

The increase in 16:0 proportion in the cells was not
accompanied by an increase in 16:1�9. This was
somewhat surprising, as in many species 16:0, in ad-
dition to stearic acid �18:0�, can serve as a substrate
for the fatty acid desaturase �for some examples see
�Jeffcoat et al. 1977; Prasad and Joshi 1979; Stukey
et al. 1989��. Interesting work by Shanklin and col-
leagues have shown that modification of specific resi-
dues in the plant acyl carrier protein desaturase can
alter the substrate preference �Cahoon et al. 1997;
Cahoon et al. 1998; Whittle and Shanklin 2001�.
Comparing the sequence of the S. pombe desaturase
protein to other CoA-dependent desaturases may help
identify key residues that provide substrate specific-
ity.

Figure 1. Fatty acid composition of S. pombe supplemented with 1
mM 16:0 at 20 °C and 30 °C; Cells were cultured at noted tem-
perature in YEt overnight either with or without 1 mM 16:0 to a
maximum density of 3 � 106 cells/ml. Cells were harvested, lipids
saponified and converted to methyl esters by a modified Bligh-Dyer
method as described in materials and methods. Fatty acid methyl
esters were analyzed by gas chromatography, and identified by
comparison to authentic standards. A minimum of five replicates,
from at least two experiments, was used to determine mean and
standard deviation values. Control represents no supplemented
fatty acid.

Figure 2. Fatty acid composition of S. pombe supplemented with 1
mM 16:1�9 at 20 °C and 30 °C; Cells were cultured at noted tem-
perature in YEt overnight either with or without 1 mM 16:1�9 to a
maximum density of 3 � 106 cells/ml. Lipids were prepared and
analyzed as described in Figure 1.

351



When cells were fed the unsaturated fatty acid
16:1�9, they readily used it as a replacement for the
principal fatty acid 18:1�9 �Figure 2�. At 30 °C, the
relative proportion of cellular 16:1�9 increased from
the unsupplemented level of 0.9% to 87.4% in
supplemented medium, while at 20 °C, the relative
proportion of 16:1 increased from 1% to 76% of total
fatty acids �Figure 2�. In both cases, the increase in
16:1�9 was accompanied by a concomitant decrease
in relative proportion of endogenous 18:1�9. At
20 °C, the endogenously produced 18:1�9 accounted
for 11.5% of the total fatty acids, while at 30 °C,
18:1�9 represented only about 1.5% of total fatty ac-
ids.

An exogenous source of 18:1�9 resulted in no
large scale change to the cells’ fatty acid profiles at
either growth temperature �Figure 3�. We assume that
the exogenous 18:1�9 has replaced endogenous, but
are unable to verify this assumption. One change
noted is that the small, relative proportion of 16:1�9
observed in unsupplemented cells decreases even
more in the 18:1�9 supplemented cultures. In 20 °C
cultured cells, we observed that the relative concen-
tration of endogenous 16:1�9 decreased from 1% to
0.5% �unsupplemented to 18:1�9 supplemented�,
while in 30 °C cultured cells, the relative concentra-
tion of 16:1�9 decreased from 0.9% to 0.3%.

The cells readily accumulated linoleic acid
�18:2�9,12� from their environment, making it the
predominant fatty acid species in the cell, in spite of
the fact that that it is not a normal component of the
fatty acid profile. However, the degree of accumula-
tion was dictated by culture temperature �Figure 4�.
An exogenous source of 18:2�9,12 resulted in cells
containing 62% 18:2�9,12 at 20 °C and 75%
18:2�9,12 at 30 °C. Culture temperature not only af-
fected the relative proportion of 18:2�9,12, it also af-
fected the relative proportion of 18:1�9. The increase
in 18:2�9,12 was balanced by a decrease in endog-
enous 18:1�9. In cells cultured at 20 °C with
18:2,�9,12 supplement, we observed that 18:1�9
represented 22.7% of the total fatty acids, while cells
cultured at 30 °C with 18:2,�9,12 contained only
11.2% 18:1�9.

Conclusions

Addition of fatty acids to the growth medium of S.
pombe resulted in dramatic alteration in fatty acid
profiles. The supplemented fatty acid became a pre-
dominant species of the fatty acid profile. We noted
with interest that the relative proportion of endoge-
nous 18:1�9 is the main focus of response. This re-

Figure 3. Fatty acid composition of S. pombe supplemented with 1
mM 18:1�9 at 20 °C and 30 °C; Cells were cultured at noted tem-
perature in YEt overnight either with or without 1 mM 18:1�9 to a
maximum density of 3 � 106 cells/ml. Lipids were prepared and
analyzed as described in Figure 1.

Figure 4. Fatty acid composition of S. pombe supplemented with 1
mM 18:2�9,12 at 20 °C and 30 °C; Cells were cultured at noted
temperature in YEt overnight either with or without 1 mM
18:2�9,12 to a maximum density of 3 � 106 cells/ml. Lipids were
prepared and analyzed as described in Figure 1.
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sponse may come from regulation of expression and
activity of the stearoyl-CoA desaturase, although
preferential turnover of 18:1�9 is also a formal pos-
sibility.

Decreasing the growth temperature of S. pombe
from 30 °C to 20 °C resulted in very small change in
the fatty acid profile of unsupplemented cells, with a
small but significant increase in relative proportion of
18:1�9 observed at the lower growth temperature.
However, a few clear differences in response to tem-
perature in supplemented cells present themselves.
First, we observed supplements of 16:0, 16:1�9, or
18:2�9,12 resulted in less accumulation at the 20 °C
culture condition than at 30 °C �table 1�. Second, we
observed increased relative amounts of native 18:1�9
in fatty acid supplemented cells cultured at 20 °C then
those cultured at the higher growth temperature. A
strong contender for responsibility for this differen-
tial is again regulation of the stearoyl-CoA desaturase.

We note with interest that the relative concentra-
tion of unsaturated fatty acids is kept fairly constant,
except when fed a saturated fatty acid �Table 1�.
However, this total amount of unsaturated fatty acid
represents a balance of accumulation of exogenous
fatty acid and endogenous production of 18:1�9
�Table 1�. It appears that the response to fatty acid
supplements mainly revolves around modulation of
endogenous 18:1�9.

Our work shows the plasticity of S. pombe require-
ments for specific fatty acid species, and the careful
response of the cells to supplies of exogenous fatty
acids and temperature. Clearly, an important control
point for S. pombe is the regulation of the relative
proportion of 18:1�9 present in the membranes. This
most likely results from a modification of expression
and/or activity of the stearoyl-CoA desaturase. We are
currently starting to address the molecular mecha-
nisms involved in modifying lipid composition in this
model organism.
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