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Abstract*Studies of the e}ects of illumination\ temperature and heavy metal exposure "Cu1¦\ Zn1¦\ Cd1¦# on
Selenastrum capricornutum have shown that these factors alter both the total fatty acid and free sterol
composition of cells in batch culture[ Dark treatment resulted in a decrease in the relative proportions of oleate
"07]0# and an increase linoleate "07]1#\ together with an increase in the relative proportion of the sterol 13!
ethyl!4a!cholest!6!en!2b!ol "D6!chondrillastenol# and a decrease in 13!ethyl!4a!cholesta!6\11!dien!2b!ol "chon!
drillasterol#[ A shift in temperature from 14> to 09> led to an increase in the relative proportion of oleate and
a decrease in linoleate and parinate "07]3#\ together with a signi_cant increase in the relative proportion of 13!
methyl!4a!cholest!6!en!2b!ol "ergostenol#[ Generally\ exposure to heavy metal ions led to an increase in oleate
"with all three metals# and altered the relative proportions of linoleate and parinate "changes being metal
speci_c#[ Metal "ion# treatment also signi_cantly increase D11 desaturation of the 13!ethyl sterol components[
The changes in the composition of many of the individual lipid components in response to heavy metal ion
exposure occurred at concentrations which did not signi_cantly a}ect the organism|s speci_c growth rate[ For
example\ the relative proportion of oleate was a}ected with only 0 mM Cu1¦ in solution "P ³ 9[09#[ Þ 0887
Elsevier Science Ltd[ All rights reserved

INTRODUCTION

Selenastrum capricornutum Printz "CCAP 167:3# is a
freshwater unicellular green microalga which is used
worldwide as a chemical toxicity bioassay organism
in protocols recommended by the EEC\ ISO\ OECD
and others[ Such protocols generally involve batch
culture studies of the organism with a range of con!
centrations of toxicant\ and periodic evaluation of cell
number to determine the EC!49 value for the toxicant
in question[ The organism itself was originally isolated
from the River Nitelva\ Norway in 0848[ Unfor!
tunately the organism is not a true Selenastrum at all
but is\ in fact\ a species of the closely related Kir!
chneriella ð0Ł[ Perhaps surprisingly\ considering the
widespread use of S[ capricornutum\ there have been
no detailed studies of the lipid composition of this
alga\ though there have been some studies of the fatty
acid ð1Ł and sterol ð2Ł composition of other "true# mem!
bers of the genus Selenastrum[ Described herein are
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the results of studies of both the total fatty acid com!
position and the free sterol composition of S[ capri!
cornutum "CCAP 167:3#[ The e}ects of varying
environmental conditions "illumination and tem!
perature# on lipid metabolism have been determined\
as have the e}ects of exposure to the heavy metals
copper\ zinc and cadmium[ As this organism is so
widely used within bioassays\ in which cell growth is
used to evaluate toxic e}ect\ particular attention has
been given to the reproducibility\ speed and sensitivity
of the lipid responses to heavy metal stress[

RESULTS AND DISCUSSION

Typical total fatty acid and free sterol pro_les for
S[ capricornutum "CCAP 167:3# grown under routine
growth conditions are shown in Fig[ 0[ S[ capri!
cornutum was found to contain predominantly C05 and
C07 fatty acids with palmitate "05]9# and oleate "07]0#
accounting for about 49) of the total fatty acids[
Such a composition is fairly typical of freshwater
green microalgae ð3Ð5Ł and is in broad agreement with
the results of Hyne et al[ ð1Ł who studied an unidenti!
_ed species of Selenastrum[ Our studies\ however\ do
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Fig[ 0[ Fatty acid "a# and sterol "b# composition of S[ capri!
cornutum "CCAP 167:3#[ Results presented as mean "n � 2#[

reveal S[ capricornutum to have a 2!fold greater pro!
portion of oleate and a 2!fold lower proportion of
linolenate "07]2# than found by Hyne et al[ ð1Ł[

Analysis of the free sterol composition by GC and
GC!MS revealed that S[ capricornutum contains three
major sterols\ identi_ed as 13!methyl!4a!cholest!6!en!
2b!ol "ergostenol#\ 13!ethyl!4a!cholest!6!en!2b!ol "D6!
chondrillastenol# and 13!ethyl!4a!cholesta!6\11!dien!
2b!ol "chondrillasterol# with trace levels of three other
sterol components "³4)# which we were unable to
identify using GC!MS[ These results are in accordance
with the suggestion that a particular algal sterol pro_le
will contain only two or three dominant sterols ð6Ł[
The relative proportions of the three sterols are shown
in Fig[ 0[ The occurrence and the relative abundance
of these 13!methyl and 13!ethyl sterols in S[ capri!
cornutum is in good agreement with results from stud!
ies of S[ `racile ð2Ł[ Indeed\ ergostenol\ D6!chon!
drillastenol and chondrillasterol are known to be

widely distributed in members of the Chlorophyceae\
though their relative compositions vary considerably
within the group ð2Ł[

The ability of algae to modify their lipid metabolism
in response to changing environmental conditions is
essential for their growth and survival ð7Ł[ However\
these adaptations are often species speci_c\ and gen!
eralised responses are rarely applicable to all members
of the group[ With this in mind\ results from our
investigation will be discussed[

When cells were subjected to periods of darkness\
few signi_cant or reproducible e}ects were observed
amongst the C05 fatty acid components[ Consequently\
discussion is restricted to the C07 fatty acid
components[ Fatty acid composition was little a}ec!
ted by one day of darkness with only the relative
proportion of oleate changing signi_cantly "Table 0#
whilst cells subjected to dark treatment for seven days
showed a further decrease in the relative proportion
of oleate and an increase in linoleate "07]1#[ Similar
results have been reported with marine algae during
periods of low light intensity or darkness ð8Ð01Ł[ How!
ever\ these results are very di}erent from those
reported by Hitchcock and Nichols ð02Ł in which dark
grown Chlorella vul`aris accumulated oleate and lin!
oleate\ at the expense of linolenate[ Other authors
have also found that illumination can a}ect the rela!
tive compositions of algal C05 fatty acids\ palmitate
and palmitoleate "05]0# ð09\ 03\ 04Ł though evidence
for such changes was not found in any of our studies
"P × 9[94#[

The alterations in the cellular content of individual
fatty acids are considered to be governed to a large
extent by changes in the abundance of complex lipids
such as phospholipids\ galactolipids and tri!
acylglycerols "TAGs# ð01Ł[ The phospholipids and gal!
actolipids are usually polyunsaturated and are used as
structural lipids\ whilst the TAGs are used as storage
molecules and contain predominantly saturated and
monounsaturated fatty acids ð8\ 05Ł[ Typically\ during
periods of high light intensity\ when energy input is
greater than energy utilisation\ TAGs are synthesised
to store the excess energy\ thus accounting for the
increase in levels of saturated and monounsaturated
fatty acids[ During darkness cells utilise the TAG
stores to produce structural galactolipids for the pro!
duction of thylakoid membranes and provide energy
to maintain cellular processes ð7Ł[ These processes may
account for the decrease in saturated and mon!
ounsaturated fatty acids and increases in the levels
of polyunsaturated fatty acids during the period of
darkness[ Certainly the total cellular fatty acid content
of S[ capricornutum varied signi_cantly with dark
treatment\ with cells exposed to darkness for 6 days
having only 49) of the total fatty acid content "mg
mg−0 freeze dried cells# of cells grown under con!
tinuous illumination[

As with the fatty acid composition\ the sterol com!
position of S[ capricornutum was not greatly a}ected
by one day exposure to darkness "Table 0# though
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Table 0[ E}ect of decreased illumination on total fatty acid and free sterols composition

6!day!old cells ¦ dark for 0 day ¦ dark for 6 days

Fatty acid ") composition#
07]9 9[829[0 9[629[0NS 9[829[0
07]0 15[829[2 12[529[7� 10[829[1%
07]1 7[829[1 09[029[7NS 00[429[3$
a!07]2 03[429[4 04[329[4NS 04[729[2NS
07]3 4[329[1 5[129[0NS 4[729[5NS
Sterol ") composition#
Ergostenol 29[120[4 17[329[1NS 14[829[4 PS
D6!Chondrillastenol 40[129[6 43[229[0$ 47[329[7$
Chondrillasterol 07[529[8 06[129[2NS 04[529[3�

Results presented as mean2 SE "n � 2#[ NS � P × 9[09\ PS � P ³ 9[09\ � � P ³ 9[94\ $ � P ³ 9[90\ % � P ³ 9[990[

Table 1[ E}ect of temperature downshift on total fatty acid and free sterol composition

6!day!old cells ¦ downshift to ¦ downshift to
09> for 0 day 09> for 6 days

Fatty acid ") composition#
07]9 0[329[0 9[729[0$ 0[229[0NS
07]0 29[429[8 29[320[1NS 35[020[4%
07]1 8[329[0 4[829[0% 0[529[1%
a!07]2 02[429[3 08[929[8$ 03[629[6NS
07]3 4[329[0 3[729[3NS 2[029[3$
Sterol ") composition#
Ergostenol 22[129[6 22[729[5NS 37[829[2%
D6!Chondrillastenol 36[221[5 38[329[1NS 28[729[3�
Chondrillasterol 08[421[2 05[729[6NS 00[229[2�

Results presented as mean2 SE "n � 2#[ NS � P × 9[09\ PS � P ³ 9[09\ � � P ³ 9[94\ $ � P ³ 9[90\ % � P ³ 9[990[

there was a signi_cant increase in the relative pro!
portion of D6!chondrillastenol[ Longer term exposure
resulted in a further increase in D6!chondrillastenol
and decreases in the relative proportions of chon!
drillasterol and ergostenol[ Published literature deal!
ing with the e}ect of illumination on the sterol metab!
olism of algae is scarce[ In a recent investigation of
the diatom Phaeodactylum tricornutum\ Veron et al[
ð06Ł found that the distribution of sterols between free
and conjugated forms\ as well as the sterol pro_le\ was
strongly dependent on light quality[ Unfortunately the
compositions of these conjugates were not analysed in
our work[ However\ the modi_cations of free sterol
composition reported herein are certainly in contrast
to those from a study of the freshwater green mac!
roalga Cladophora where the sterol composition
remained relatively constant when irradiance was
varied ð01Ł[ Studies of higher plants have shown that
light can a}ect both the sterol composition and the
overall amount of sterol in plant tissues ð07Ð19Ł[ The
actual mechanism whereby light modi_es the rate and
pattern of sterol biosynthesis is poorly understood\
though it has been suggested that it may be a phy!
tochrome!mediated process ð10Ł[

Cells responded to a seven day period of reduced

temperature "Table 1# with dramatic changes in their
fatty acid composition[ The results indicate a major
and signi_cant increase in the relative proportions
of oleate with a concomitant decrease in the relative
proportions of linoleate and parinate "07]3# in S[
capricornutum[ This led to a comparatively small
increase in the overall degree of fatty acid unsatu!
ration "as determined by the unsaturation index#[
These results di}er from many other studies of mic!
roalgae and higher plants\ where there is a general
trend to increase the degree of fatty acid unsaturation
with a decrease in temperature\ usually associated
with an increase in the levels of C07 polyunsaturated
fatty acids ð11Ð13Ł[ Such e}ects are thought to be a
response to maintain membrane ~uidity\ and hence
function\ at low temperatures ð14Ł and recent inves!
tigations have suggested that this crucial desaturation
of fatty acids is associated with protecting the pho!
tosynthetic machinery from photoinhibition under
cold conditions ð15Ł[ However\ Thompson et al[ ð16Ł
point out that the total cellular fatty acid composition
of cells exposed to low temperature is\ in fact\ a bal!
ance between an increase in membrane fatty acid
unsaturation "an adaptation to produce increased
membrane ~uidity\ as described previously# and chlor!
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osis leading to accumulation of TAGs containing
short chain saturated fatty acids[ The balance between
these two processes may well vary between algal spec!
ies thus leading to a characteristic fatty acid pro_le
for each species in response to environmental stress[
Our results for S[ capricornutum do agree closely with
those from a study by Sukenik et al[ ð09Ł in which
Nannochloropsis "Eustigmatophyceae# was subjected
to a temperature shift from 14> to 07>[ Cells responded
to this lower temperature with increased levels of ole!
ate and decreased levels of stearate and linoleate\ simi!
lar to results presented herein[

The e}ect of temperature on sterol biosynthesis has
been investigated in relatively few higher plants ð17Ð
29Ł and even fewer algae[ Published results are con!
~icting and again responses appear to be highly species
speci_c[ In our investigation of S[ capricornutum\ low
temperature a}ected the sterol pro_le\ leading to a
large and signi_cant increase in the 13!methyl sterol
composition and a signi_cant decrease in the 13!ethyl
sterol composition after 6 days "Table 1#[ Modi!
_cations of sterol structures a}ect cellular plasticity
and membrane permeability ð20Ł and may represent a
cellular response to altered membrane ~uidity at lower
temperatures[ Nabil and Cosson ð21Ł have shown that
there is a seasonal variation in sterol composition of
the red alga Delesseria san`uinea in which temperature
must have an in~uence[ Our results are also generally
similar to those from a recent study of sterols in the
diatom Phaeodactylum tricornutum ð06Ł in which 13!
methylcholesterol accumulated at low temperatures[
It was suggested that this accumulation was a conse!
quence of the slowing down of sterol biosynthesis[

Preliminary experiments revealed that exposure of
cells to 013 mM Cu1¦\ 19 mM Zn1¦ or 4[6 mM Cd1¦\
in batch culture\ reduced the speci_c growth rate to
49) of the control "metal!free# rate[ Experiments
similar to those described above showed that one day
or seven day treatment of cells with these con!
centrations of metal ions had no signi_cant e}ect upon
either the total fatty acid or sterol compositions

Table 2[ E}ect of metal exposure on total fatty acid and free sterol composition Cells treated with 013 mM Cu1¦\ 19 mM
Zn1¦ or 4[6 mM Cd1¦

Control Cu1¦ Zn1¦ Cd1¦

Fatty acid ") composition#
07]9 9[429[9 9[529[0NS 9[629[0NS 9[529[0NS
07]0 17[229[3 20[629[2$ 29[129[1� 21[329[6$
07]1 8[429[1 7[629[0� 00[229[4� 7[229[0$
a!07]2 8[529[7 09[629[2� 8[729[5NS 7[529[3 PS
07]3 4[229[1 4[629[0NS 2[529[0$ 5[229[0�
Sterol ") composition#
Ergostenol 14[729[0 14[829[1NS 14[429[0NS 13[129[1$
D6!Chondrillastenol 46[629[3 41[229[0$ 44[129[6� 44[829[3�
Chondrillasterol 05[429[3 10[829[2$ 08[229[5� 08[829[4$

Results presented as mean2 SE "n � 2#\ NS � P × 9[09\ PS � P ³ 9[09\ � � P ³ 9[94\ $ � P ³ 9[90\ % � P ³ 9[990[

"P ³ 9[94*data not included#[ Experiments to assess
the long term e}ect of these metal ions thus involved
growth of the cells for 09 days "control cells# or 19
days "metal!treated cells# in batch culture\ after which
time cells were in early stationary phase[ With such
treatment\ signi_cant changes in the sterol and fatty
acid compositions were observed "Table 2#[

The relative proportions of a number of the indi!
vidual C07 fatty acids showed some signi_cant changes
upon metal exposure[ Most apparent was the sig!
ni_cant increase in oleate in Cu1¦!\ Zn1¦! and Cd1¦!
treated algal cells in comparison with the control cells
"P ³ 9[94#[ Such results are consistent with previous
studies of marine algae ð22Ł[ Smith et al[ ð23Ł suggested
that this increase in the relative proportions of oleate
may arise from a decrease in acyl!ACP transacylase
activity\ which would slow fatty acid transfer into
complex lipids\ thus enhancing chain lengthening of
palmitate to stearate and subsequent desaturation to
oleate[ The relative proportions of linoleate and par!
inate were also signi_cantly altered by metal exposure[
However Zn1¦!treatment increased the relative pro!
portion of linoleate and decreased parinate whereas
Cu1¦! and Cd1¦!treatment reduced the relative pro!
portion linoleate and increased parinate[ Therefore
fatty acid biosynthesis in S[ capricornutum is clearly
inhibited in di}erent ways by the three metal ions
under investigation[

The relative proportions of ergostenol remained
fairly constant upon metal exposure and only showed
a small "though signi_cant# di}erence from the control
with Cd1¦ treatment "Table 2#[ A more general
response to all three metals was the signi_cant increase
in the relative composition of chondrillasterol
"P ³ 9[94# and a concomitant decrease in D6!chon!
drillastenol "P ³ 9[94# when compared with control
cells[ Whilst this increase in D11 desaturation occurred
with all three metals\ it was most prevalent with Cu1¦

exposure[ Similar changes in the 13!ethyl sterol com!
position\ upon heavy metal exposure\ have also been
observed in the marine diatom Asterionella "with the
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sterols 13!ethylcholest!4!en!2b!ol and 13!ethyl!
cholesta!4\13"17#Z!dien!2b!ol# ð24Ł[ Such modi!
_cations may represent an attempt by the cell to
increase the plasma membrane ~uidity by the intro!
duction of such desaturated sterols into the
membrane\ since heavy metals such as Cd1¦ are
known to decrease membrane ~uidity ð25Ł[ Alter!
natively\ Jones et al[ ð24Ł have shown that key enzymes
in sterol biosynthesis "e[g[ S!adenosylmethionine
methyl transferase\ which methylates C!13 of the
sterol side chain#\ are susceptible to heavy metal inhi!
bition\ which may directly lead to modi_cations of the
sterol pro_le as described herein[

The physiological response of algae to heavy metals
depends not only on the metal species used but also
on the concentration and duration of exposure ð26Ł[
To determine the sensitivity of lipid response to
metals\ S[ capricornutum was cultured in media con!
taining 0\ 01 and 013 mM Cu1¦[ To our knowledge this
is the only study to date to investigate the sensitivity
of microalgal lipid pro_le response to heavy metal
exposure[ These Cu1¦ concentrations are broadly
within the range reported in polluted freshwater
environments[ Patterson and Miner\ for example\
described Cu1¦ concentrations as high as 0[3 mM in
untreated industrial e/uents\ with 9[22 mM remain!
ing in the e/uent even after treatment ð27Ł[ Cu1¦

concentrations found in domestic sewage are much
lower\ typically 1[3 mM ð28Ł[ Dojlido and Best suggest
that natural surface waters typically contain 9[92 mM
Cu1¦\ though waters in the vicinity of mineworkings
may have Cu1¦ concentrations as high as 21 mM ð28Ł[

The results reveal that whilst the speci_c growth
rate was not signi_cantly a}ected at 0 and 01 mM Cu1¦

"data not included#\ there were signi_cant changes in
lipid pro_les even at these low concentrations[ Kent
and Caux ð39Ł similarly found that when microalgae
were exposed to the insecticide fenitrothion\ a shift in
fatty acid pro_le "from one dominated by linolenate
to one dominated by oleate# occurred before there was
any reduction in growth rate[ The changes in fatty
acid and sterol pro_le observed with Cu1¦ exposure
were generally similar to those described in Table 2[
The dose!response relationships of the individual
sterol and fatty acid components "Figs 1 and 2# reveal
that signi_cant changes in the composition of D6!
chondrillastenol and also linoleate were only apparent
at 013 mM Cu1¦ "P ³ 9[94#[ Signi_cant changes in
the composition of chondrillasterol and parinate were
noticeable at the 01 mM Cu1¦ concentration
"P ³ 9[94# and only 0 mM Cu1¦ was necessary to
cause changes in the oleate composition of the cells
"P ³ 9[09#[ Thus it appears that the fatty acid and
sterol pro_les are sensitive indicators of Cu stress in
S[ capricornutum\ showing noticeable alterations long
before whole cell responses are apparent[

In conclusion\ S[ capricornutum has a fatty acid
pro_le typical of freshwater green microalgae\ and
contains only three major sterols[ Alterations of
environmental factors "illumination and temperature#

Fig[ 1[ Changes in fatty acid composition with copper
exposure[ Results presented as mean2SE "n � 2#[ In com!
parison with control values*NS � P × 9[09\ PS �

P ³ 9[09\ � � P ³ 9[94\ �� � P ³ 9[90[ % � P ³ 9[990[

lead to signi_cant changes in the fatty acid and free
sterol composition after seven days\ whereas shorter
"one day# exposure to these conditions produced little
signi_cant response in these lipids[ In contrast\ short
term incubations with metals over one day or seven
days produced no signi_cant changes in lipid metab!
olism[ However\ long!term incubations over 19 days
resulted in signi_cant alterations in both the fatty acid
and sterol pro_les[ The fatty acid composition of algal
cells was a particularly sensitive indicator of metal
exposure\ with concentrations of Cu1¦ as low as 0 mM
having an e}ect on algal lipid metabolism\ yet showing
no observable e}ect on speci_c growth rate[ An
increase in the ratio of the sterols chondrillasterol]D6!
chondrillastenol was also characteristic of heavy metal
exposure[ Indeed\ it is possible that such lipid pro_le
modi_cations may serve as a useful indicator of
chronic heavy metal pollution in freshwater environ!
ments[
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Fig[ 2[ Changes in sterol composition with copper exposure[
Results presented as mean2SE "n � 2#[ In comparison
with control values*NS � P × 9[09\ PS � P ³ 9[09\

� � P ³ 9[94\ �� � P ³ 9[90\ ��� � P ³ 9[990[

EXPERIMENTAL

Cultivation

Selenastrum capricornutum Printz "CCAP 167:3#
was obtained from the Culture Collection of Algae
and Protozoa\ Windermere\ U[K[ Cells were grown in
batch culture in 099 ml EG]JM medium ð30Ł in glass
149 ml Erlenmeyer ~asks[ Cultures were incubated in
a Gallenkamp cooled orbital incubator at 099 rpm
with continuous illumination "69 mmol m−1 s−0 Pho!
tosynthetically Active Radiation# and maintained at
a temp[ of 14>\ unless otherwise stated[ To determine
the e}ects of illumination and temp[ cells were grown
to mid!exponential phase under a light and temp[
regime as described above\ then subjected either to a
dark period or a decrease in temp[ from 14> to 09> for
up to one week[ To determine the e}ect of metals
on lipid composition\ cells in mid!exponential phase
growth "day 6# were inoculated into shake ~asks and
grown to late!exponential phase in the presence or
absence of CuSO3\ ZnSO3 or CdSO3[ Cell number
was determined using a Coulter Multisizer[ Cells were
harvested by centrifugation "09\999 ` for 09 min#^ the
resultant cell pellet was then washed thoroughly and
resuspended in deionised water prior to snap freezing
in liquid N1 and freeze drying[

Lipid extraction and GC analysis

Thirty milligrams of freeze!dried cells were con!
tinuously stirred in CHCl2ÐMeOH "1]0# and the

extracts were _ltered through Whatman No[ 0 _lter
paper into 4) "w:v# Na1SO3[ The lower phase was
removed after 13 h and evapd under N1 before pre!
paring fatty acid Me esters by acid catalysed trans!
methylation using 1[4) H1SO3 in dry MeOH at 69>
for 1 h\ as described previously ð31Ł[ Free sterol com!
ponents were sepd from other lipids by TLC\ 4a!cho!
lestanol was used as int[ standard and sterol acetates
were prepared according to ref[ ð32Ł[

Fatty acid compositions were analysed using a 29
m x 9[14 mm "9[14 mm _lm thickness# Omegawax
capillary column[ Samples "0 ml# were injected in a
splitless injection mode with N1 as carrier gas and the
injector at 149>[ Detection was by FID at 159> and
involved a temp[ programme\ holding the column at
44> for 0 min\ then raising the column temp[ to 194>
at 04> min−0[ Identi_cation of fatty acids was made
by comparison with authentic fatty acid standards[

Free sterol compositions were analysed using a 29 m
x 9[14 mm "9[14 mm _lm thickness# SAC!4TM "bonded
phase poly"4) diphenyl:84) dimethyl siloxane##
fused silica capillary column[ Samples "0 ml# were
injected in a splitless injection mode with N1 as carrier
gas and the injector at 299>[ Detection was by FID at
299> and involved a temp[ programme\ raising column
temp[ from 49> to 199> at 49> min−0\ holding for 29 s\
then raising column temp[ to 154> at 4> min−0[ Sterol
identity was con_rmed by GC!MS with a 14 m x 9[11
mm HP0 "9[14 mm _lm thickness# quartz capillary
column plumbed directly into the ion source[ Helium
was used at the carrier gas and a temp[ programme
involved raising column temp[ from 49> to 299> at 01>
min−0[

Statistical analysis

Data were subjected to Analysis of Variance and
Student|s t!test[
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