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Abstract—The paper describes the composition of extracellular free fatty acids (FFAS) and intracellular fatty
acids (FAs) in the enrichment cultures of the prokaryotic alga Spirulina platensis and the eukaryotic alga Chlo-
rella vulgaris grown at optimal, supraoptimal, and suboptimal growth temperatures. With increasing growth
temperature, the degree of unsaturation of the intracellular FAs of both algae decreased, while that of the extra-
cellular FFAs of S, platensisincreased. The composition of the extracellular FFAs of C. vulgarispractically did

not depend on the growth temperature.
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Free fatty acids (FFAS) are important physiological
and ecologica markers. Data on the fatty acid (FA)
composition of bacterial, algal, and plant cells are effi-
ciently used in taxonomy [1, 2] and for the identifica-
tion of organic matter sources in aquatic and soil eco-
systems [3, 4]. The composition of extracellular FFAs
in the surface film of bodies of water is a valuable eco-
logical marker of seasonal plankton succession and the
kinetics of water clarification [5, 6]. In order to use the
composition of extracellular FFAs for hydroecological
monitoring, the sources and the mechanisms of their
secretion must be understood. According to some datain
theliterature, the primary source of FFAsin natural bod-
ies of water istheir secretion by phytoplankton [5-7].

The secretion of organic substances into the sur-
rounding medium is a normal physiological processin
algae and cyanobacteria [8]. The ecological role of this
process is known only for specific groups of sub-
stances, such as enzymes and polysaccharides[8, 9]. At
the sametime, therole of the secretion of lipids, includ-
ing FFAs, remains amost unknown. FFAs are an
important component of the organic matter of natural
bodies of water [10], and the composition of FFAsin a
body of water reflects the state of its phytoplankton
[11]. In view of this, the study of the mechanisms of
FFA secretion is of great biochemical and ecological
significance.

Water temperature influences lipid metabolism in
cells and considerably affects the composition and the
physiological state of phytoplankton [12]. Data on the
effect of temperature on the secretion and composition
of extracellular FFAs is scarce [13]. Relevant studies
along thisline of research obviously must include both
the eukaryotic and prokaryotic types of phytoplankton,

since their lipid metabolism pathways significantly dif-
fer [12].

The aim of the present work was to study the effect
of growth temperature on the composition of intracellu-
lar FAsand on the secretion of extracellular FFAsin the
eukaryotic green alga Chlorella vulgaris and the
prokaryotic blue-green alga Spirulina platensis.

MATERIALS AND METHODS

Cultures and cultivation conditions. The blue—
green aga (cyanobacterium) Spirulina platensis (Nor-
dst) Geitl and the green alga Chlorella vulgaris Beijer
were obtained from the collection of microalgae at the
Institute of Biophysics. The algae were grown in a
batch mode as described elsewhere [14, 15]. Cells for
inoculation were grown for the total 10 days with two
subsequent transfersto fresh media. Theinitial concen-
tration of the inoculated exponentia-phase algal cells
was 50-80 mg dry wt/I. Cultivation flasks with a vol-
ume of 1| were placed in awater bath with transparent
walls and incubated at 6000-1x illumination with con-
tinuous air bubbling.

The cyanobacterium S. platensis was cultivated at
three growth temperatures—suboptimal (30°C), opti-
mal (35°C) [14], and supraoptimal (40°C). The corre-
sponding growth temperaturesfor thegreen algaC. vul-
gariswere 20, 25, and 30°C. The temperature was con-
trolled within an accuracy of +0.2°C.

The experiments were performed as follows: Each
alga was grown in triplicate flasks for 4-5 days at the
optimum growth temperature. Then the culture from
each flask was dispensed, in equal 500-ml portions, into
two new flasks and diluted twofold with fresh growth
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medium. Subsequently, one of these flasks was culti-
vated for the next 4 days at the suboptimal growth tem-
perature, and the other, at the supraoptimal growth tem-
perature.

The dry weight of the algal biomass was determined
in the following way: Culture samples were filtered
through Vladipor 0.85-0.95-um-pore-size filters, which
were preliminarily dried to complete desiccation and
weighed to an accuracy of 0.1 mg. The filters with the
algal biomass were dried again to complete desiccation
a 70°C and weighed. The dry biomass weight was
determined using the difference between the filter
weights before and after filtration.

Fatty acid analysis. To analyze intracellular FAS,
culture samples of 10-30 ml in volume were filtered
through washed Vladipor filters coated with a layer of
BaSO,. After partial drying, the BaSO, layer with the
algal biomass was scraped from the filter and extracted
immediately thereafter using a chloroform—isopro-
panol (1: 1, v/v) mixture. The choice of isopropanol for
the extraction was due to its inhibitory action on phos-
pholipases and its good extracting ability, close to that
of methanol [16]. The extracts were further treated and
methylated as described earlier [17].

To determine extracel lular FFAsinthe cultureliquid
filtrates, samples of 20-60 ml in volume were acidified
to pH 3—4 with diluted sulfuric acid and supplemented
with an internal standard, margaric acid (C17:0). Then
lipids were extracted, separated by thin-layer chroma:
tography, methylated, and analyzed by gas-iquid chro-
matography as described previously [17].

All solvents used were preliminarily purified by dis-
tillation, so that their analysis showed the presence of
only traces of palmitic and stearic fatty acids.

Fatty acid methyl esters (FAMES) were tentatively
identified by comparing their retention timeswith those
of the authentic samples purchased from Sigma (United
States) or Serva (Germany). For this purpose, the
FAMEswere separated on plateswith silicagel impreg-
nated with an AgNO; solution (8 : 1), which were
developed in a hexane—ethyl ether (85 : 15) mixture.
The separated FAMEs were analyzed by gas-iquid
chromatography.

To determine the position of double bonds in the
FAMEs, they were treated with a N,O-bistrimethylsily-
lacetamide—pyridine (2 : 1) mixture at 50°C for 1 h [17].
Thetrimethylsilyl derivatives of fatty acidswereidentified
using a Finnigan MAT GCO gas chromatograph-mass
spectrometer equipped with a(0.25 mm x 30 m) DB-5MS
capillary column with the phenylmethylsilicone phase. The
carrier gaswas helium; the on-column injection wascarried
out without flow splitting; the oven temperature was raised
from 150 to 250°C & arate of 4°C/min, from 250t0 280°C
a arate of 8°C/min, and then was held at 280°C for 5 min;
thetrangfer linetemperature was 275°C; the temperature of
theion source was 200°C; the ionization energy was 70 V.
The mass spectra of the FAMEs and their trimethylsilyl
derivatives were compared with those available in the
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literature and those of the authentic samples. Based on
characteristicion spectra[18], fivefatty acids—16 : 17,
16: 109, 18 : 19, 16 : 206, and 18 : 2w6—were iden-
tified.

RESULTS

The growth of S. platensisand C. vulgaris at dif-
ferent temperatures. The growth kinetics of both
algae at suboptimal, optimal, and supraoptimal temper-
atures was almost entirely the same (Fig. 1). Statisti-
cally significant differences in the fungal biomasses
grown at different temperatures were not revealed
either. Presumably, such a small deviation (5°C) from
the optimal growth temperature is not essential to the
algae within the growth period studied (10 days).

The fatty acid composition of S. platensis and
C. wulgaris cells grown at different temperatures.
The lipid extracts of cells of both algae were found to
contain polar lipids, chlorophylls, carotenoids, and ste-
rols, but not free fatty acids. In addition, the lipids of
C. vulgaris contained triacylglycerides. The intracellu-
lar fatty acids found in S platensis (16 : 0, 18 : 2w6,
18 :3w6, 18: 109, 16 : 1w7 and 16 : 1w9) are typical
of this species. The major fatty acids of C. vulgarisare
16:0,16:206, 16 : 303, 18 : 206 and 18 : 3u3 (Tablel).

In S platensis, the contents of 16 : 1 (the sum of
16: 1w7 and 16 : 1w9), 18 : 2w6, and 18 : 3wb
decreased and the content of C16 : O increased when
this alga was grown at the supraoptimal temperature
(40°C). The ratios of saturated to monoenoic, of
monoenoic to polyenoic, and of diencic to trienoic fatty
acids also increased (Table 1).

In C. vulgaris cells grown at the supraoptimal tem-
perature (30°C), the content of trienoic acids was
smaller and the content of dienoic fatty acids was
greater than inthe cellsgrown at lower temperatures, so
that the ratio of dienoic to trienoic acids at the supraop-
timal temperature was almost five times higher than at
the lower temperatures (Table 1). At the same time, the
ratios of saturated to monoenoic and of monoenoic to
polyenoic fatty acids did not depend on the growth tem-
perature.

The composition of extracellular free fatty acids
in the S. platensis and C. vulgaris cultures grown at
different temperatures. The lipid extracts of the cul-
ture liquid filtrates of both algae were found to contain
hydrocarbons, FFAs, and polar lipids. The FFAs were
represented by only saturated and monoenoic fatty
acids (Table 2). The culture liquids did not contain the
typical polyenoic intracellular FAs of the algae listed
above. The content of the odd-carbon FFAs 15 : 0 and
15: 1 was sufficiently high. However, these fatty acids
were omitted in statistical analysis, since they are not
typical of algae[2].

The content of the unsaturated acids 16 : 1 and 18: 19
inthe S. platensis culture grown at 40°C was higher and
that of the saturated short-chain acids12: 0and 14 : 0
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Fig. 1. Dynamics of the biomass (mg/l) of (a) S. platensis
and (b) C. vulgaris grown at different temperatures.
Curves 1 (dark circles) show agal growth at the optimal
(within 4 or 5 days of cultivation) and suboptimal (after 4 or
5 days of cultivation) temperatures. Curves 2 (open circles)
show algal growth at the supraoptimal temperature after 4
(S platensis) or 5 (C. vulgaris) days of cultivation.

was lower than in the case of the growth of this alga at
30°C (Table 2). At the same time, the composition of
FFAs in the culture liquid of C. wulgaris was amost the
same at different growth temperatures (Table 2).

The total concentration of unsaturated FFAS (Co =
14: 15+ 16: 1+ 18: 1w9) at elevated and lowered
growth temperatures was almost the samein both algae
(Table 3). At the same time, the total concentration of
extracellular saturated FFAS (C; =12: 0+ 14: 0 +
16: 0+ 18: 0) in the C. wulgaris culture grown at the
suboptimal temperature was higher than in the case of
the growth of thisalga at the supraoptimal temperature.
The ratio of the total unsaturated to the total saturated
FFAs (C,«/Cs) in the S platensis culture grown at
40°C was higher than in the case of growth at 30°C. In
C. wulgaris cultures, the ratio C,,o/Cs; did not depend
on the growth temperature (Table 3).
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DISCUSSION

In our experiments, the growth of both algae practi-
cally did not depend on temperature (Fig. 1). At the
sametime, Pinevich et al. [14] reported that the growth
of S. platensis depends on temperature over the same
temperature interval that wasinvestigated in the present
work (30—-40°C). This discrepancy can be explained by
the fact that the illumination intensity used in our
experiments has a limiting effect on the growth of
S platensis. On the other hand, growth temperature
considerably influenced the fatty acid composition of
the algae. It is tempting to suggest that changes in the
fatty acid composition of the algae represent their adap-
tive response to nonoptima growth temperatures,
which alows the algae to grow normally in the temper-
ature range investigated.

According to some data available in the literature
[12, 19], many algae exhibit a general tendency to
decrease the degree of unsaturation of fatty acids in
response to the elevation of the growth temperature.
This tendency may be species-specific. For instance,
the increase of the growth temperature of S. platensis
diminished the desaturation of C16 : 0 into C16: 1 and
of C18: 1into C18: 2 and theninto C18: 3. Inthe case
of C. vulgaris, however, growth temperature influenced
only the desaturation of the C16 : 2 and C18: 2 dienoic
fatty acids into the respective trienoic fatty acids (Table 1,
Fig. 2).

The compositions of extracellular FFAs and intrac-
ellular FAswerenot similar (Tables 1, 2). Thetypical
polyenoic fatty acids of S. platensis (18 : 2w6 and
18: 3w6) and C. vulgaris (16 : 2w6, 16 : 3w3, and
18 : 3w?3) cellswere not found among the extracel lular
FFAs of these algae. The content of C14: 0and C18: 0
fatty acids in the culture liquid of S platensis and
C. vulgariswas considerably higher than in the cells of
these algae. Similar results were obtained for algae
from other taxa [7, 13]. As arule, the content of poly-
enoic fatty acids in the culture liquid is low, if present
at all. Thedifferencein the composition of extracellular
and intracellular fatty acids suggeststhat the extracel lu-
lar fatty acids appear in the medium asaresult of secre-
tion rather than of cell lysis [6, 7]. Moreover, there is
evidence that this secretion is active.

Estimations showed that both algae accumulated
approximately equal biomasses (ca. 0.5 g dry wt/l) and
extracellular FFAs (ca. 1.0 mg/l) in the growth media
(Fig. 1, Table 3). Taking into account that lipids amount
to about 10% of the dry biomass of S. platensis and
that fatty acids amount to about 30% of the total lip-
ids, the calculated concentration of intracellular FAs
must be 15-16 mg/l. Therefore, the extracellular FFAS
of S platensisand C. vulgaris constitute 10-20% of the
intracellular FAs of these algae. These estimates agree
well with the rates and proportions of the liberation of
organic substances by intact algal cells[g].
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Table 1. Therelative content of intracellular FAs (as a percent of the total) in the enrichment cultures of S. platensis and
C. vulgaris grown at the suboptimal, optimal, and supraoptimal temperatures for 4 days (the exponential growth phase)

S platensis C. wulgaris
Fatty acid M=m M+ m M M M 2

30°C 40°C t 20°C 25°C 30°C n m
14:0 0.3+ 004 02004 1.0 05 058 0.4 216 5.8
14:1 0.8 1.0 11 5.0 7.0
15: 0 1.0 12 0.7 256 55
16:0 56.8+7.78 | 73.0+3.69 1.9 232 33.9 233 35.4 48
16 : 1607/09 27+0.35 0.9+0.10 4.9* 13 2.0 3.1 61.3** 29
16 : 1013tr 3.0 24 12 40.7 4.4
16: 206 5.2 6.2 135 84.2+* 12
16 : 303 18.2 125 9.3 68.0** 2.4
18: 0 1.6+ 043 23+041 13 15 29 12 45.8 4.0
18 1000 45+0.64 46+0.39 0.1 2.4 3.3 5.0 55.4%* 3.3
18 : 206 149+ 2.76 8.8+ 1.39 2.0 14.3 16.6 28.1 79.7+* 15
a-18: 3 24.6 145 11.4 77.2% 17
y-18:2 19.4+544 | 103202 16
SFA
UFA 1.42 3.08 0.36 0.62 0.34
MUFA
PUFA 0.21 0.29 0.12 0.17 0.17
DUFA
TEFA 0.77 0.85 0.44 0.81 2.00

Note: M isthe mean value; mis the standard deviation (for C. vulgaris, mwas cal culated on 2 and 27 degrees of freedom); t is Student’s
statistic calculated for S platensis grown at 30°C (n =5) and 40°C (n=6); n Zjsthe influence index of the generalized factor. SFA,
saturated fatty acids; UFA, unsaturated fatty acids, MUFA, monounsaturated fatty acids, PUFA, polyunsaturated fatty acids, DEFA,

d| enoic fatty aci ds and TEFA, trienoic fatty acids.
* p<0.05; ** n? > 50%.

The maximum effect of growth temperature on the
fatty acid composition of C. wulgaris cells was
observed with respect to polyenoic acids (presumably
due to changes in the activity of A13 and A15 desatu-
rases), whereas the content of intracellular monoenoic
acids depended only insignificantly on the growth tem-
perature (Table 1, Fig. 2). The effect of the growth tem-
perature on the content of extracellular monoenoic
acids was also weak (Table 2). It is known that poly-
enoic acids, especialy of the w3 family, are necessary
components of the galactolipids of photosynthesizing
membranes[2]. Itislikely that the observed changesin
the content of the w3 fatty acids of C. vulgaris are
related to the adaptation of the photosynthesizing mem-
branes of chloroplasts to temperature conditions. This
suggestion is confirmed by considerable temperature-
induced changes in the content of C16 polyenoic fatty
acids, which are primarily synthesized in the chloro-
plasts.

There islittle literature data on the effect of growth
temperature on the composition of extracellular and
intracellular algal FAs. For instance, Parrish et al. [13]
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showed that elevating the growth temperature for the
alga Gyrodinium aureolum led to a decrease in the con-
tent of highly unsaturated extracellular fatty acids and
to a considerable decrease in the content of the intrac-
ellular fatty acid 22 : 6w3. The discrepancy between
these data and ours may be due to the fact that Parrish
et al. investigated total extracellular FAs, whereas we
investigated free extracellular FAs.

Thus, we found that the growth temperature consid-
erably influences the fatty acid composition of the
investigated algae, both eukaryotic and prokaryotic.
With increasing growth temperature, the degree of
unsaturation of the intracellular FAs of both algae
decreases. The cultivation of the prokaryotic aga
S platensis at the supraoptimal temperature led to a
decrease in the content of aimost all unsaturated fatty
acids and to an increase in the content of extracellular
monoenoic FFAs. The temperature-induced response
of the eukaryotic alga C. vulgaris involved changes in
the balance between dienoic and trienoic fatty acids.
Unlike in the S platensis culture, the composition of
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Table 2. Therelative content of extracellular FAs (as a percent of the total) in the cultureliquids of S. platensisand C. vulga-
risgrown at the suboptimal and supraoptimal temperatures for 4 days (the exponential growth phase)

S platensis C. vulgaris
Fatty acid M+m M+m t M+m M+m t
30°C 40°C 30-40°C 20°C 30°C 20-30°C
12:0 1.4+0.26 0.6+0.23 2.2* 02+0.11 0.1+ 0.09 0.8
13:0 1.4+0.20 0.7+ 0.16 2.8* 0.1+£0.07 0.0+ 0.01 17
14:0 8.5+ 0.56 5.9+ 0.49 3.5* 4.7+ 0.49 45+ 0.51 0.4
14 : 15 0.8+0.23 0.8+0.13 0.0 09+021 0.5+0.19 13
15:0 55+ 0.44 47+0.23 16 29+0.34 3.0+£0.37 0.3
15:1 0.3+0.11 04+014 0.6 0.5+0.15 02+0.12 11
16:0 432+ 1.77 40.1+2.03 1.2 40.6 £ 1.66 428+ 151 1.0
16: 1w7 4.6+0.78 6.0+ 0.66 13 6.2+ 0.87 5.8+0.40 0.5
i17:0 0.0 0.1+0.10 1.0 0.1+ 0.08 0.1+0.12 0.0
18:0 30.5+212 3.33+£1.95 1.0 36.0+2.82 35.7+1.73 0.1
18: 1w9 3.8+0.84 75+ 1.02 2.8* 7.7+0.87 7.2+0.71 0.5

Note: M isthe mean value; misthe standard deviation; t is Student’s statistic calculated for S platensis grown at 30°C (n = 10) and 40°C
(n=12) and for C. vulgaris grown at 20°C (n = 12) and 30°C (n = 11).

* p < 0.05.

Table 3. The concentrations (mg/l) of saturated (C12: 0+ C14: 0+ C16: 0+ C18: 0) and unsaturated (C14 : 105+ C16: 1+
C18: 1w9) FFAs and their proportions (C,s/Csy) in the cultureliquids of S platensis and C. vulgaris grown at the subopti-
mal and supraoptimal temperatures

S platensis C. wulgaris
s Ca Cursa CursalCea Caa Cursa CursalCea

30°C | 40°C | 30°C | 40°C | 30°C | 40°C | 20°C | 30°C | 20°C | 30°C | 20°C | 30°C
5(7) 0.174 | 0.205 | 0.011 | 0.033 | 0.064 | 0.160 | 1.160 | 0.605 | 0.191 | 0.193 | 0.191 | 0.193
5(7) 0.159 | 0.104 | 0.004 | 0.010 | 0.027 | 0.097 | 0508 | 0.487 | 0.160 | 0.158 | 0.160 | 0.158
5(7) 0.085 0.010 0.115 | 0.386 | 0.497 | 0.139 | 0.112 | 0.139 | 0.112
6 (8) 0.188 | 0.129 | 0.026 | 0.022 | 0.137 | 0.171 | 0951 | 1.006 | 0.310 | 0.221 | 0.310 | 0.221
6 (8) 0.237 | 0.148 | 0.048 | 0.033 | 0.201 | 0.224 | 1.040 | 099 | 0.211 | 0.172 | 0.211 | 0.172
6 (8) 0.164 | 0.107 | 0.021 | 0.013 | 0.130 | 0.118 | 0914 | 0469 | 0.122 | 0.121 | 0.122 | 0.121
79 0.171 | 0.184 | 0.012 | 0.024 | 0.070 | 0.133 | 1.241 | 0684 | 0.174 | 0.155 | 0.174 | 0.155
7(9) 0.134 | 0.284 | 0.007 | 0.031 | 0.049 | 0.107 | 0.968 | 0.653 | 0.340 | 0.200 | 0.340 | 0.200
79 0.188 | 0.247 | 0.015 | 0.039 | 0.078 | 0.157 | 0.794 | 0.613 | 0.208 | 0.199 | 0.208 | 0.199
8(10) 0.268 | 0.335 | 0.068 | 0.098 | 0.254 | 0.292 | 0.703 | 0.872 | 0.114 | 0.108 | 0.114 | 0.108
8 (10) 0.296 | 0.322 | 0.038 | 0.094 | 0.129 | 0.293 | 1.001 | 0.715 | 0.094 | 0.161 | 0.094 | 0.161
8(10) 0.235 0.076 0.322 | 0.763 0.166 0.166
M 0.198 | 0.199 | 0.025 | 0.040 | 0.124 | 0.182 | 0.869 | 0.608 | 0.166 | 0.115 | 0.186 | 0.164
m 0.016 | 0.025 | 0.006 | 0.009 | 0.022 | 0.023 | 0.073 | 0.070 | 0.026 | 0.015 | 0.022 | 0.015
CV(%)| 84 12.6 26.0 225 19.8 12.7 84 11.6 15.6 12.8 11.6 7.0
t 0.03 137 2.10* 2.58* 171 0.83

Note: M isthe mean value; misthe standard deviation; t is Student’s statistic; and CV is the coefficient of variation.
MICROBIOLOGY Vol. 70 No.5 2001
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S. platensis
Extracellular FAs

A9 d
16 : Oﬁﬁﬂé: 1 ?7

e Ar=10°C

16 : 0 18 : 1—% 18:2
A9 des \U/ A12 des

A6 des y18 3

Intracellular FAs

C. vulgaris

A7 des wo des w3 des
16 : 0 16 : 1 16 : 2—x 16 : 3

|
At=10°C

|

|

|

18:0 18 :1 18 :2
A9 des A12 des w3 des

al8:3

Fig. 2. Putative pathways of fatty acid biosynthesis in
S platensisand C. vulgaris. wand A indicate the position of
the first double bond beginning with, respectively, the
methyl and carboxy! termini of the FA molecules.

extracellular FFAs in the C. vulgaris culture was prac-
tically independent on the growth temperature.
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