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Abstract—Fatty acid composition of both total lipids and galactolipids were determined for thalli from Gloiopeltis
complanata, Grateloupia filicina, Gymnogongrus flabelliformis, (Rhodophyta), Ishige okamurai, Padina arborescens,
Sargassum ringgoldianum (Phaeophyta) and Monostroma nitidum (Chlorophyta); the positional distribution of fatty
acids in galactolipids of these algae was further analysed. C, ¢ fatty acids were distributed at both the sr-1 and sn-2
positions of galactolipids from the red and brown algae, but mainly located at the sn-2 position of those from the green
alga. In C, 4 fatty acids from brown algae, 18:1 and 18:2 were distributed only at the sn-2 position, with 18:3 and 18:4
at both the sn-1 and sn-2 positions. In the green alga, all C, 4 fatty acids were predominantly located at the sn-1 position
of galactolipids. In red and brown algae, C,, fatty acids were exclusively located at the sn-1 position of galactolipids,
but exceptionally at both the sn-1 and sn-2 positions in monogalactosyl diacylglycerols from red algae, C,, fatty acids

being found more at the sn-1 than the sn-2 position.

INTRODUCTION

Although the major fatty acids of many marine algae
consist of polyunsaturated C,g and C,, fatty acids [1],
little is known about their biosynthesis. In higher plants
the paths for lipid synthesis are related to the lipid
molecular species; the prokaryotic lipid which possesses
C, g or C,, fatty acids at the sn-1 position and C, 4 fatty
acid at the sn-2 position is synthesized by the prokaryotic
(chloroplast) pathway, and the eukaryotic lipid which
possesses C, g or C¢ fatty acids at the sn-1 position and
C,, fatty acids at the sn-2 position is synthesized by the
eukaryotic (cytoplasmic) pathway [2]. In the synthesis of
prokaryotic monogalactosyl diacylglycerols (MGDG), 1-
oleoyl-2-palmitoyl-phosphatidic acid synthesized in the
chloroplast is metabolized to the corresponding MGDG
and successively desaturated to 1-linolenoyl-2-hexadeca-
trienoyl-MGDG in the chloroplast. On the other hand, in
the synthesis of eukaryotic MGDG, dioleoyl phosphati-
dylcholine synthesized in the endoplasmic reticulum is
desaturated to dilinoleoyl phosphatidylcholine, the dia-
cyl moiety of which is in turn transferred to the chloro-
plast from the endoplasmic reticulum to form dilinoleoyl-
MGDG and desaturated to dilinolenoyl-MGDG in the
chloroplast [2]. Thus, the molecular species of galacto-
lipids in the chloroplast provides evidence for the type of
pathway by which their lipids are synthesized. In galac-
tolipids from the marine diatom Phaeodactylum tricor-
nutum, C,, fatty acids are exclusively located at the sn-1
position, but C, 4 fatty acids are located at both sn-1 and
sn-2 position. Galactolipids of this diatom contain little
C,; acid where it is concentrated at the sn-2 position of
phosphatidylcholine.

In this paper, the positional distribution of fatty acids
in galactolipids from some red, brown and green algae is
examined in order to gain some information about the

possible biosynthesis of polyunsaturated C,g and C,,
fatty acids contained in algal galactolipids.

RESULTS

Red algae

The fatty acid composition of the three red algae is
shown in Table 1. 14:0, 16:0, 18:1 and 20:5 were the
major fatty acids of the three algae. Also, 20:4 (n-6) was
the major fatty acid in Gloiopeltis complanata and Gratel-
oupia filicina. The composition and positional distribu-
tion of fatty acids in MGDG from the three red algae G.
complanata, G. filicina and Gymnogongrus flabelliformis
are shown in Table 2. The major fatty acids of MGDG
were 16:0, 18:1 and 20:5 in the three algae and also 20:4
(n-6) in the former two. In MGDG from the three red
algae, 16:0, 20:4 (n-6) and 20:5 were distributed in both
the sn-1 and sn-2 positions, but most of the 18:1 and 18:2
were only in the sn-2 position. The composition and
positional distribution of these fatty acids in digalactosyl
diacylglycerols (DGDG) of the three red algae are the
same as that in MGDG of these algae except for 20:5,
(Table 3). 16:0, 18:1 and 20:5 were the major fatty acids
of DGDG from the three red algae. 16:0 and 20:4 (n-6)
were located at both positions and 18:1 and 18:2 were at
the sn-2 position, but most of the 20:5 was restricted to
the sn-1 position.

Brown algae

The fatty acid composition of the three brown algae is
shown in Table 4. 16:0, 18:1,20:4(n-6) and 20: 5 were the
major fatty acids of Ishige okamurai, Padina arborescens
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Table 1. Fatty acid composition of total lipids from three Rhodophyta

Fatty acid composition

(molar %)

Fatty acid G. complanata G. filicina G. flabelliformis
14:0 8.5 13.8 9.4
16:0 43.2 50.8 45.0
16:1 0 04 0
16:2 0.8 0.2 1.2
16:3 0.5 0.3 0.5
18:0 1.0 1.0 1.9
18:1 11.1 11.2 18.0
18:2 0.8 1.0 30
18:3(n-6) 0.2 0.3 04
18:3(n-3) 0.5 0.1 0.6
18:4 0.5 0.2 0.1
20:3 0 0.7 0
20:4(n-6) 16.9 9.3 39
20:5 16.0 10.7 16.0

Table 2. Composition and positional distribution of fatty acids in monogalactosy! diacylglycerols from three
Rhodophyta

Fatty acid composition

(molar %)

G. complanata G. filicina G. flabelliformis

Fatty acid Total sn-1 sn-2 Total sn-1 sn-2 Total sn-1 sn-2
14:0 1.3 23 0.3 1.3 1.4 1.2 38 5.3 23
16:0 439 425 453 450 39.2 50.8 34.7 40.8 28.6
16:1 1.7 32 0.2 0 0 0 3.5 1.2 5.8
16:2 1.8 2.8 0.8 0 0 0 53 6.6 4.0
16:3 14 0.8 20 0.3 0.2 04 34 0 9.7
18:0 1.3 1.5 1.1 1.7 1.5 1.9 22 0 6.1
18:1 8.6 3.1 14.1 155 7.8 232 114 0.3 225
18:2 0.5 0.3 0.7 0.9 04 14 1.5 0 30
18:3(n-6) “ 01 0.1 0.1 0 0 0 0.1 0.1 0.1
18:3(n-3) 0.1 0.2 0 0.1 0 0.2 09 0.8 1.0
18:4 1.0 1.0 1.0 0.1 0.1 0.1 0 0 0

20:2 0 0 0 0.3 0.3 0.3 0 0 0

20:3 0 0 0 0 0 0 0.5 0 1.1
20:4(n-6) 12.8 13.8 11.8 8.5 124 4.6 2.7 1.5 39
20:5 255 28.4 22.6 26.3 36.7 15.9 30.0 48.1 11.9

and Sargassum ringgoldianum. Furthermore, 18:2 was
also the major fatty acid in I. okamurai, whereas 18:3(n-3)
and 18:4 were the major fatty acids in P. arborescens and
S. ringgoldianum. The composition and positional dis-
tribution of fatty acids in MGDG of the three brown
algae are shown in Table 5. 16:0, 18:3(n-3) and 18:4 in
the three algae, 18:1in P. arborescens, 18:2 in 1. okamurai
and 20:5 in both I. okamurai and S. ringgoldianum were
the major fatty acids of MGDG. In MGDG from the
three brown algae, 18:1 and 18:2 were dominantly
located in the sn-2 positions, whereas most of the 20:4(n-
6) and 20:5 were in the sn-1 position. On the other hand,

16:0, 18:3(n-3) and 18:4 in MGDG were generally
distributed in both the sn-1 and sn-2 positions, The
composition and positional distribution of fatty acids in
DGDG of the three brown algae are shown in Table 6.
The major fatty acids of the DGDG were 16:0, 18:3(n-3),
18:4 and 20:5 in the three algae and 18:2 in I. okamurai.
The positional distribution of fatty acids in DGDG was
similar to that in the MGDG of these brown algae; the
distribution of 18:1 and 18:2 was restricted to the sn-2
position, whereas 20:4(n-6) and 20:5 was dominant in the
sn-1 position; 16:0, 18:3(n-3) and 18:4 in the DGDG
were principally located in both positions.
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Table 3. Composition and positional distribution of fatty acids in digalactoysl diacylglycerols from three
Rhodophyta

Fatty acid composition

(molar %)

G. complanata G. filicina G. flabelliformis

Fatty acid Total sn-1 sn-2 Total sn-1 sn-2 Total sn-1 sn-2
14:0 04 0 3.0 1.5 0 7.3 33 42 24
16:0 473 58.6 36.0 55.0 68.1 419 480 67.6 28.4
16:1 0 0 0 0 0 0 34 0.8 6.0
16:2 0.7 0.7 0.7 0 0 0 1.3 1.8 0.8
16:3 0.5 0.1 09 0.2 04 0 0.8 04 1.2
18:0 1.0 0 38 1.8 0 37 6.2 100 24
18:1 18.5 0 44.6 214 0 452 19.5 0 47.6
18:2 0.8 0 31 0.9 0 1.9 1.9 0 55
18:3(n-6) 0 0 0 0 0 0 0.1 0.1 0.1
18:3(n-3) 0 0 0 0 0 0 0.8 0.7 0.9
18:4 0.3 0.6 0 0 0 0 0 0 0
20:4(n-6) 7.8 9.4 6.2 4.2 8.4 0 1.9 1.0 2.8
20:5 227 437 1.7 150 30.0 0 12.7 235 1.9

Table 4. Fatty acid composition of total lipids from three Phaeophyta

Fatty acid composition
(molar %)

Fatty acid L. okamurai P. arborescens  §. ringgoldianum

14:0 6.7 56 6.7

16:0 229 25.5 26.1

16:1 2.1 10.6 40

16:2 0.5 1.5 1.3

16:3 0.3 0.5 0.5

18:0 1.0 0 0

18:1 14.2 12.6 8.3

18:2 25.2 5.3 43

18:3(n-6) 0.9 0.3 0

18:3(n-3) 3.6 9.9 15.2

18:4 33 11.2 10.1

20:3 0.9 0.2 0

20:4(n-6) 10.8 9.8 15.6

20:4(n-3) 0 1.7 1.2

20:5 7.6 53 6.7

Green alga for 16:4 and 18:3(n-3) which occurred at both the sn-1

The fatty acid composition of total lipids and the
composition and positional distribution of fatty acids in
MGDG and DGDG from the green alga, Monostrama
nitidum, are shown in Table 7. The major fatty acids in the
total lipids were 14:0,-16:0, 16:4, 18:3(n-3) and 18:4.
Among them 16:4, 18:3(n-3) and 18:4 were the major
fatty acids in MGDG and additionally 16:0 and 16:3 in
DGDG. In MGDG of M. nitidum,16:0,16:1,16:2,16:3
and 16:4 were exclusively located in the sn-2 positions,
whereas 18:1, 18:2, 18:3(n-3) and 18:4 were located
mainly in the sn-1 position. The same distribution of fatty
acids was observed in the DGDG of the green alga, except

and sn-2 positions.

DISCUSSION

The major fatty acids of the MGDG and DGDG in the
red algae examined herein were 16:0 and 20:5, in agree-
ment with those of Porphyra yezoensis [4], but 20:4 was
an additional major fatty acid in the red algae examined.
Similarly in two of the brown algae P. arborescens and S.
ringgoldianum, the major polyunsaturated acids of the
MGDG and DGDG were 18:3(n-3), 18:4 and 20:5,
consistent with those in Fucus serratus [5], but in I.
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Table 5. Composition and positional distribution of fatty acids in monogalactosyl diacylglycerols from three

Phaeophyta

Fatty acid composition

(molar %)

I. okamurai P. arborescens S. ringgoldianum

Fatty acid Total sn-1 sn-2 Total sn-1 sn-2 Total sn-1 sn-2
14:0 1.5 2.0 1.0 1.2 23 0.1 23 36 1.0
16:0 11.3 15.9 6.7 13.1 239 23 11.5 14.4 8.6
16:1 1.5 1.6 1.4 6.0 8.0 4.0 2.1 1.6 2.6
16:2 0.6 0.6 0.6 0.8 1.2 0.4 0.4 04 04
16:3 0.2 0.2 0.2 0.6 0.7 0.5 0 0 0

18:0 1.7 0.3 3.1 0.6 0.7 0.5 0.2 0 2.1
18:1 5.5 0 11.8 12.4 0 30.7 7.0 0 15.4
18:2 219 5.4 384 5.2 2.6 7.8 5.2 1.8 8.6
18:3(n-6) 3.1 1.9 43 1.2 0.6 1.8 0.3 0.4 0.2
18:3(n-3) 8.1 9.7 6.5 17.1 23.8 10.4 26.0 376 14.4
18:4 18.7 18.5 189 321 25.8 384 28.5 16.0 41.0
20:3 0.4 0.8 0 0.2 0.2 0.2 0 0 0

20:4(n-6) 6.8 10.4 32 23 34 1.2 4.0 5.6 24
20:4(n-3) 1.1 0.5 1.7 1.6 1.2 1.9 1.7 2.5 0.9
20:5 17.6 330 22 5.6 10.5 0.7 10.6 18.9 2.

Table 6. Composition and positional distribution of fatty acids in digalactosyl diacylglycerols from three
Phaeophyta

Fatty acid composition

{molar %)

1. okamurai

P. arborescens

S. ringgoldianum

Fatty acid Total sn-1 sn-2 Total sn-1 sn-2 Total sn-1 sn-2
14:0 1.5 1.9 1.1 0.8 1.2 0.4 1.1 0.6 1.6
16:0 10.7 10.8 10.6 13.3 14.8 11.8 6.8 0.9 12.7
16:1 1.8 1.5 2.1 6.3 1.8 10.8 1.8 0.5 3.1
16:2 04 0.3 0.5 0.5 04 0.6 0.3 0 0.7
16:3 0.1 0 0.3 0.7 0.6 0.8 04 0.5 0.3
18:0 1.3 0 4.9 1.8 2.8 0.8 03 0 2.7
18:1 4.2 0 129 3.8 0 11.3 2.1 0 5.6
18:2 174 1.7 33.1 4.2 0 10.2 2.6 0 6.9
18:3(n-6) 2.5 2.5 2.5 0.6 0.8 04 0.1 0.2 0

18:3(n-3) 9.2 6.5 11.9 133 34 232 252 14.8 35.6
18:4 14.0 12.6 154 21.2 16.3 26.1 274 319 229
20:3 0 0 0 0.2 04 0 0 0 0

20:4(n-6) 6.9 11.9 1.9 4.6 74 1.8 72 11.0 34
20:4(n-3) 0 0 0 0.8 1.3 0.3 0 0 0

20:5 30.0 57.2 2.8 279 54.3 1.5 24.7 449 4.5

okamurai 18:2 was also the major polyunsaturated fatty
acid. The major fatty acids of the MGDG and DGDG in
M. nitidum were polyunsaturated acids such as 16:3,
16:4, 18:3 and 18:4 (Table 7), similar to those in other
green algae [6].

The high amounts of 20:5 and 20:4 was characteristic
of the fatty acid composition in the red and brown algae
(Tables 1 and 4) [4, 5], and both polyunsaturated fatty
acids were distributed in not only galactolipids, but also
phospholipids (data not shown). In the diatom P. tricor-

nutum containing C,, polyunsaturated fatty acids, the
concentration of 20:5 was high, but that of 20:4 was
extremely low [3]. Percentages of 20:5 in the MGDG
and DGDG from this alga were 34.0 and 18.7%, respect-
ively [3]. A relatively concentrated localization of both
16:4 and 18:4 in MGDG was found in the green alga,
M. nitidum (Table 7).

The positional distribution of fatty acids in galacto-
lipids of the red, brown and green algae so far examined
are summarized in Table 8. The occurrence of 20: 5 at the
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Table 7. Fatty acid composition of total lipids, and composition and positional distribu-
tion of fatty acids in mono- and digalactosyl diacylglycerols from M. nitidum

Fatty acid composition

(molar %)

Total MGDG DGDG

Fatty acid lipid Total sn-1 sn-2 Total sn-1 sn-2
14:0 9.5 03 0.2 04 14 25 03
16:0 28.8 32 0.5 59 127 1.8 236
16:1 0.3 0.6 0.2 1.0 0.8 0 21
16:2 0.1 0.7 0.3 1.1 14 0.6 22
16:3 1.5 27 0 6.1 12.6 32 220
16:4 9.8 377 0 80.3 11.3 123 103
18:0 1.6 1.9 38 0 2.1 0.3 39
18:1 42 0.9 1.3 0.5 13 0 4.5
18:2 51 1.5 2.8 0.2 31 48 14
18:3(n-3) 276 332 64.4 20 431 64.3 219
18:4 7.7 149 284 14 6.9 11.2 2.6
20:3 0.1 0 0 0 0 0 0

20:4(n-6) 1.0 0.6 0.7 0.5 1.6 23 0.9
20:4(n-3) 1.7 09 1.6 0.2 1.2 09 15
20:5 1.0 09 14 04 0.5 0 2.8

Table 8. Positional distribution of the major fatty acids from some algae of the
Rhodophyta, Phacophyta and Chlorophyta

Positional distribution of fatty acids

MGDG DGDG
Fatty acid I I I1& 11 1 I I1&11
16:0 Rh, Ph Rh, Ph
16:3 Ch
16:4 Ch Ch
18:1 Rh, Ph Rh, Ph
18:2 Ph Ph
18:3(n-3) Ch Ph Ph, Ch
18:4 Ch Ph Ch Ph
20:4 Rh
20:5 Ph Rh Rh, Ph

I and II represent the sn-1 and sn-2 positions, respectively.
Rh, rhodophyta; Ph, phacophyta; Ch, chlorophyta.
Data summarized from the results of Tables 2, 3, 5, 6 and 7.

sn-1 position of MGDG ranged over the brown algae
(Tables 5 and 6), the marine diatom P. tricornutum, and a
raphydophyte Heterosigma akashiwo (unpublished data),
whereas the location of 20:5 at both the sn-1 and sn-2
positions of MGDG was seen in the red algae (Tabie 2)
[4], suggesting a phylogenic response in the distribution
of this acid in algae.

From the viewpoint of fatty acid synthesis and desatu-
ration, the location of long chain fatty acids such as C¢
and C,; at the sn-2 position, in contrast to that of very
long chain fatty acids such as C,, at the sn-1 position
suggest the occurrence of acyltransferases specific for
chain length. In galactolipids containing unsaturated Cg

acids, 18:1 and 18:2 occur only in the sn-2 position, but
18:3 and 18:4 are found in both the sn-1 and sn-2
positions. If 18:0 is desaturated to 18:1 by acyl carrier
protein desaturase and 18:1 is further desaturated to
18:3 after acy! transfer to lipid as in higher plants, these
results suggests that the 18: 1-lipid desaturase is different
from that of 18:2- and 18:3-lipid desaturases. Alter-
natively, if these polyunsaturated fatty acids are trans-
acylated to lipids after their desaturation, these results
point to different specificities of acyltransferase(s) be-
tween mono- and polyunsaturated fatty acids.

The occurrence of 16:3 and 16:4 at the sn-2 position
and that of 18:3 and 18:4 at the sn-1 position in the
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MGDG and DGDG of the green alga suggests that
successive unsaturation of C,4/C,¢-galactolipid in the
green alga. Similarly, the occurrence of 20:5 at the sn-1
position and that of 18:2 at the sn-2 position in the
MGDG and DGDG of the brown algae suggests that
desaturation of 20:4/18:1-galactolipid to 20:5/18:2-
galactolipid occurs in the brown algae.

EXPERIMENTAL

Plant material. All algae were collected in April, 1986 from the
coast of Izu-Shimoda, Shizuoka Prefecture, Japan.

Lipid extract and analysis. Each alga was washed with sea
water, frozen in liquid N, and ground in a pestle. Crude lipids
were extd from the ground powder according to ref. [ 7] and lipid
classes were isolated by TLC as described previously {3].
Identification of lipid classes on TLC were performed by parallel
runs with authentic samples and by stains with reagents charac-
terizing lipids [8]. The positional distribution of fatty acids in the
lipids was determined according to ref. [9]. Fatty acids were
identified by both GC and GC-MS as previously described [3].
The analyses of fatty acids and lipid classes were carried out in
duplicate.
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