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Abstract—The fatty acid distribution in 19 strains of Spirulina was studied. All but one contained y-linolenic acid
(GLA). No GLA was found in S. subsalsa, which had a very high content of palmitoleic acid. The fatty acid content of all
but one of the tested strains increased with cultivation temperature and the relative amount of polyunsaturated fatty
acid decreased. The highest content of GLA was found at 30-35° for most strains. High light intensities at a high
temperature (38°), while not affecting the fatty acid composition, had a drastic effect on the fatty acid content, reducing it

by as much as 46 %.

INTRODUCTION

The cyanobacterium Spirulina is cultivated commercially
in several places the world over, mainly as a health food.
This alga is protein rich and easily digestable, and it is
much larger than unicellular algae, which simplifies
harvesting [1].

Spirulina was shown to contain the rare fatty acid, y-
linolenic acid (GLA) 18:3 (6, 9, 12), as early as 1968 [2-5].
This acid was shown to have many therapeutic properties.
It is ca 170-fold more effective in lowering the plasma
cholesterol level than linoleic acid [6], the major con-
stituent of most polyunsaturated oils. In addition, tests on
children have shown that GLA is of benefit in treating
atopic eczema [ 7], while in women it appears to reduce the
severity of premenstrual syndrome [8]. It was also
claimed to have a positive effect in heart diseases,
Parkinson’s disease, and multiple sclerosis. Direct provis-
ion of GLA could thus have an important role in human
nutrition.

Since GLA is quite rare and is not found in foods other
than human milk, other sources for this fatty acid were
sought. The oil of evening primrose was found to contain
8-12%, GLA and is presently its commercial source. Wolf
et al. [9] showed that GLA exists in some other plants as
well, and recently it was reported that GLA can be
extracted from the residues of blackcurrant remaining
after manufacture of jam and juice products [10].

In this paper, we report on the fatty acid content and
composition of various strains of Spirulina which can be
modified by temperature, light intensity and growth
phase. The possibility of selecting high GLA strains of
Spirulina is currently under investigation.

RESULTS AND DISCUSSION

Fatty acid composition of Spirulina strains

Nineteen strains of Spirulina were cultivated under
the same conditions. All the tested strains except

S. subsalsa contained the same fatty acids (Table 1). The
predominant fatty acids were palmitic acid (16:0), GLA,
linoleic acid (18:2) and oleic acid (18:1), as already
reported [4]. A great diversity was found in the distri-
bution of fatty acids in the various Spirulina strains, which
is greater for the unsaturated acids. The proportion of
16:0 was consistent, ranging between 44.6 and 54.1 9, of
the total fatty acids. The percentage of C,, acids varied
greatly: 18:1 ranged from 1.0%; to 15.5Y;; 18:2 between
10.8"%, and 30.7%, and GLA between 8.0, and 31.7Y,.
The lowest fatty acid content (%, of ash free dry weight)
among freshwater strains of Spirulina was found in strain
L2 (3.0°%,); L1 had the highest content (5.6%).

In fourteen strains, high levels of GLA were accom-
panied by low levels of 18:2 and vice versa (strains 1928,
L,, B, and Eth being, however, exceptions to this pattern).
For example, in strain Mad the percentages of 18:2 and
18:3 (with respect to total fatty acids) were 10.8 9, and
31.7%, respectively, while in strain 2340 the percentages
of these fatty acids were 30.79, and 8.0, respectively.
Strains SB, Mad and Cat had the highest GLA contents,
while strains 2340 and 2342 had the lowest. The tested
strains are arranged in Table 1 in decreasing order of GLA
content.

A strain which was tentatively identified as S. subsalsa, a
marine Spirulina, was the only one to deviate from the
above patterns of fatty acid composition and was signifi-
cantly different from all other tested strains. It had a very
low fatty acid content and contained no GLA. However, it
was very high in 16:1. Wood [11] questioned the validity
of the classification system of the various Spirulina strains
as Nichols and Wood [2] detected GLA in Spirulina
while Kenyon er al. [12] claimed the existence of two
Spirulina strains, one containing a-linolenic acid [18:3
(9, 12, 15)] and the other devoid of both acids. Except for
the latter, other studies [3-5, 13] reported the occurrence
of linolenic acid (in most cases the y-form) in Spirulina.
Similarly, the fatty acid composition of S. subsalsa makes
it doubtful that it is a genuine Spirulina.
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Table 1. Fatty acid content® of Spirulina strainst

Fatty acids
Strain 16:0  16:1 18:0  18:1 18:2 GLA Total} GLA}
SB 4.6 44 0.5 6.4 17.1 270 5.2 14
Mad 470 0.5 0.7 93 10.8 317 42 1.3
Cat 47.6 25 1.0 8.0 15.3 25.6 5.1 13
Art. B 46.1 10 1.6 10.9 13.6 268 47 1.3
1928 473 20 1.0 29 18.1 28.7 43 12
L1 450 1.4 1.0 15.5 16.4 20.7 56 1.2
AR 49.1 22 1.0 64 15.7 256 43 1.1
B4 49.6 21 0.7 5.0 16.5 26.1 39 1.0
B2 473 34 08 5.8 20.7 20.7 38 1.0
G 49.2 29 09 80 15.7 233 40 09
PC 525 24 0.8 72 14.0 232 40 09
B3 529 22 1.1 7.6 13.7 225 41 09
Art. A 485 24 1.3 6.0 15.8 260 34 09
Eth 54.1 26 1.0 7.7 135 213 41 09
L2 50.7 1.1 0.8 13 143 258 30 08
Minor 46.8 1.2 1.5 120 184 20.1 36 0.7
2342 475 1.6 05 9.3 218 19.3 38 0.7
2340 49.3 22 1.2 8.6 30.7 8.0 32 0.3
Subsalsa 492 350 1.7 1.0 13.1 — 1.6 —

* Wt percent of total fatty acids.
t Cultures were grown at 35°.

1 Weight as percentage of biomass (ash-free dry wi-AFDW).

Effect of temperature

The fatty acid content increases with increasing tem-
perature in many algal species [ 14], and the composition
generally changes so that the proportion of polyunsatu-
rated fatty acids (PUFA) decreases. The latter phenom-
enon has been explained by the role of PUFA in
increasing membrane fluidity at low temperatures [15].
Another explanation is that at lower temperatures more
oxygen is dissolved in water and thus more is available for
the oxygen-dependent desaturase enzymes [16]. The
effects of temperature on the fatty acids of Spirulina were
studied in eight strains. Several examples are presented in
Table 2. Strains Art. B, G and 2340 were studied as they
are used in commercial Spirulina cultivation at various
production sites. S. minor was chosen because of the
exceptional response of its fatty acids to temperature.

The fatty acid content of the tested strains increased
with increasing cultivation temperature, reaching the
highest value for most strains at 30-35" and decreasing at
higher temperatures. In only one strain (Minor), the
maximum content was reached at a lower temperature
(25°), and no Spirulina strain of those tested exhibited a
fatty acid maximum at a temperature higher than 35°.
Strains SB, Mad, Cat, and 2342 displayed similar patterns
to that of strain Art. B (data not shown).

The fatty acids were less desaturated at higher tempera-
tures; two patterns were observed. In the first, the
percentage of GLA decreased while those of 18:2 or 18:1
increased. In the other pattern, an increase of 16:0 at the
expense of 16:1 was observed. As a result, in most of the
tested strains the percentage of GLA decreased only
slightly with increasing temperature (up to 30-35°) while
the total fatty acid content increased significantly. The net
result was an increase in GLA content with increasing

temperature, reaching a maximum for most strains at 30°
or 35°, the optimum temperature for growth of most
strains being 35°. This is of importance for GLA produc-
tion from Spirulina as higher GLA production rates can
be envisaged at this temperature.

Effect of light intensity

The effects of three different light intensities on the fatty
acid compositions of two strains of Spirulina cultivated at
32, 35 and 38° were studied (Table 3). The distribution of
fatty acids did not change much with light intensity (data
not shown), the fatty acid content nevertheless being light-
dependent. The content of fatty acids at 300 uE/m?/sec
was much lower than at 150 uE/m?/sec. This light effect
was most pronounced at 38°. A 28-29 Y/ decrease in fatty
acid content was recorded at 32° and a 22Y/ decrease at
35°. Comparing strains minor and G at these light
intensities at 38° showed 46, and 717, decreases,
respectively. A slight increase in the percentage of GLA
was noted at the high light intensity. However, due to the
decreased fatty acid content, the overall effect was a
reduction in GLA content which was most strongly
demonstrated at 38°. Decreasing the light intensity to
75 uE/m?/s did not cause a further change in the fatty acid
content.

The effect of light intensity on the faity acid content and
on the degree of fatty acid unsaturation in algae cannot be
generalized, and conflicting data have been reported for
different species. Porphyridium cruentum grown at 1700
and 8000 lux had fatty acid contents of ca 99, and 49,
respectively [17]. A similar effect was observed in
Anacystis nidulans [18], where the fatty acid content
doubled at low light intensity and the degree of unsatur-
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Table 2. Fatty acid content of Spirulina strains grown at various temperatures

Fatty acid
Growth Composition® Contentt
Temperature i
Strain (0) 16:0 16:1 18:1 18:2 GLA FA GLA
Art. B 25 412 71 36 176 282 27 08
30 45 S1 72 145 297 34 1.0
35 4.1 10 109 136 268 47 1.3
38 537 20 82 132 213 39 08
G 20 395 96 18 164 321 27 09
25 406 86 22 160 317 32 10
30 46 31 51 179 290 40 1.1
35 492 29 80 157 233 40 09
38 478 02 93 170 250 33 0.8
Minor 25 432 69 48 205 222 48 1.1
30 4.2 46 90 150 245 33 08
35 468 12 120 184 201 36 0.7
38 477 1.1 99 224 182 32 0.6
2340 25 435 79 43 214 229 24 0.6
30 444 55 42 286 169 42 0.7
35 493 22 86 307 80 32 03
38 500 20 71 323 60 33 0.2

* Percentage of total fatty acids.
t Percentage of AFDW.

Table 3. The effect of light intensity on fatty acid content in Spirulina

Fatty acid content *

Light intensity

uE/m/s 32° 35° 38°
Strain FA?t 18:3 FA 18:3 FA 18:3
G 75 326 1.02 - - 328 086
150 343 090 382 095 329 079
300 245 070 299 090 095 026
Minor 75 3.50 094 - - 332 051
150 327 080 363 073 327 060
300 236 065 289 070 1.78 0.28

* Percentage of AFDW.
*Fa, Fatty acids.

ation increased. In Chlorella minutissima [19], low light
intensity had the opposite effect, both on fatty acid
content (159, reduction) and on percent PUFA (109,
reduction). Similar results were reported for Nitzschia
closterium [20].

The reasons for the inhibitory effect of high light
intensities on fatty acid content described herein are as yet
unknown.

Growth Phase

Many algal species are known to accumulate lipids
during the stationary phase [21], but no such effect has
ever been found in cyanobacteria. Strain Mad cultures
were sampled at the mid-exponential phase and at the
stationary phase (Table 4). The total fatty acid content
was reduced in the stationary phase and the relative
amount of PUFA was also decreased. The content of
GLA was reduced by ca 50%,.

The data presented here suggests that Spirulina could
be utilized as a source for the valuable fatty acid GLA.
Since the maximal GLA content was found at the optimal
growth temperature, a relatively high GLA production
rate may be expected. Also, in many strains GLA is a
major fatty acid comprising more than 259 of total fatty
acids. The introduction of GLA as a drug will necessitate
its purification, the costs of which will be lower, the higher
the initial GLA concentration in the fatty acid mixture.

EXPERIMENTAL

Organisms. A culture collection of Spirulina strains was
established in the Algal Biotechnology Laboratory of the Desert
Research Institute at Sede-Boqer. Strains No. 1928, 2340 and
2342 were obtained from the UTEX culture collection (Austin,
Texas, USA), strain Art A from Carolina Biological Supplies
(Burlington, North Carolina, USA), strain G from Prof. C.
Soeder (F.R.G.) (originally isolated from Lake Chad) and strains
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Table 4. Distribution and content of Spirulina (S. mad) fatty acids in different growth

phases®
Fatty acids

Growth phase 16:0t 16:1+ 18:0t 18:1t 18:2t GLAt Total} GLAt
Exponential 489 23 0.8 7.3 121 30.5 43 1.3
Stationary 526 22 21 123 111 18.6 31 0.6

*At 35°.

tPercentage of total fatty acids.

1 Percentage of AFDW.

Mad and Cat from Dr. Venkataraman (India). Strains PC, B, B, REFERENCES

and B, were isolated by the authors from a flood-irrigated field in
Thailand. Strains SB, L, L,, Art. Band AR were also isolated by
the authors from water reservoirs in Israel. Strain Eth was
isolated from a lake in Ethiopia, and S. subsalsa was obtained
from Dr. E. Tel-Or (Hebrew University of Jerusalem). Stock
cultures were held in flasks under constant illumination with
frequent dilutions. [solation procedures and inocula prepn were
performed according to ref. [22].

Culture conditions. Cultures (500 ml) were grown on Zarrouk's
medium [23] in flat-bottomed 1l flasks placed in a transparent
water bath illuminated from below with four cool-white fluor-
escent lamps providing 150 uE/m?/sec at the surface of the bath,
uniess otherwise stated. Mixing was achieved with an air-CO,
mixture (99:1) bubbled through a sintered glass tube placed in
the bottom of the culture flask. The temp was maintained
constant within + 1°. The marine strain S. subsalsa was cultivated
similarly in Abeliovich’s medium [24]. Cultures (mid log phase
unless otherwise stated) were harvested by filtration.

Cultures were grown exponentially (with proper diln) under
the experimental conditions for at least six days (depending on
the individual culture’s growth rate). Although cultures used were
not bacteria free, they were cultivated on sterile medium (bac-
terial counts not exceeding 100 colonies/ml). Ash and chiorophyll
content were determined according to ref. [22].

Lipid extraction and transmethylation. Freeze-dried samples of
Spirulina (100 mg) were treated with 2 mi of MeOH-AcC! (19:1)
according to ref. [25]. 17:0 (its absence in the sample was
previously checked) was added as an int. standard and the mixt
sealed in a vial under an Ar atmosphere and heated to 80° for 1 hr.
The vial was then cooled, its contents dil. with 1 ml H,O and the
mixt. extd with 1 ml hexane. The hexane layer was dried
(Na,SO,), evapd to dryness and redissolved in hexane.

Fatty acid analysis. GC analysis was performed on a SP-2330
fused silica capillary column (30 m, 0.2 mm) at 200° (FID,
injector and FID detector temps 230°, split ratio 1:100). Fatty
acid Me esters were identified by cochromatography with
authentic standards (Sigma Co.) and by GC/MS using a
Carbowax capillary column (30 m). Cl spectra were obtained at
250 eV with isobutane as reactant gas. Fatty acid contents were
determined by comparing their integrated peak areas with that of
the int. standard. The data shown are mean values of at least two
independent samples, each analysed in duplicate.
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