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Abstract

Analysis of fatty acids by gas chromatography-mass spectrometry (GC-MS) using serially
coupled capillary columns with different polarity of stationary phases is reported. More than
40 volatile compounds, including, low molecular, dioic and fatty acids were determined of
two marine green alga€odium dwarkense and C. taylorii. There are large variations in indi-
vidual fatty acid contents according to species, season and location of the Qediusn.
Statistical analysis of variability of fatty acids belonging to the ge@adium is reported.
Published by Elsevier Science Ltd.
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1. Introduction

The scientific investigation of fatty acids of marine oils began in the first decade
of the 20th centuryAckman, 1989. In the field of lipid chemistry, a great deal of
investigation of fatty acids of marine plants has been carried out since the 1950s,
when gas-liquid chromatography was developed. The taxonomic classification of
many plants is assisted by chemical investigation of some secondary metabolites.
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Plant lipids, fatty acids, and also other volatile compounds provide interesting infor-
mation for assignment of the taxonomic position, particularly of marine, but also of
freshwater algal species (Dembitsky et al., 1990, 1991, 1992; Dembitsky and Roz-
entsvet, 1996; Rozentsvet et al., 1995). Fatty acids, sterols and hydrocarbons are also
perfect biogeochemical markers for studies of fossil structures of ancient organisms.
Marine algae are potential suppliers of fatty acids, sterols and hydrocarbons, which
are found in marine sediments (Peters and Moldowan, 1993; Volkman et a., 1998).

Analysis by gas-chromatography-mass spectrometry is essential for identification
of natural fatty acids, sterols and alkanes isolated from biological samples, including
marine and freshwater algae, sediments and crude oil (Volkman et al., 1998; Christie,
1998a, Christie, 1998b; McClosky, 1971). Some papers have been published recently
on the subject of optimising capillary GC separations through the use of serially
coupled columns (Repka et al., 1989; Benicka et a., 1990; Engewald and Maurer,
1990; Maurer et a., 1990; Williams and Mitchell, 1991; Lou et a., 1993; Rastogi,
1993). A number of different variables have been manipulated to change the selec-
tivity of the coupled system. However, the use of these approaches has not been
fully investigated, for instance, in the separation of fatty, dioic, and carboxylic acids
and other metabolites from marine algae.

In this paper we describe the application of serially coupled capillary columns
with consecutive nonpolar and semipolar stationary phase coating for separation of
fatty, dioic and low molecular acids isolated from two marine green algae Codium
dwarkense and C. taylorii. The results obtained are discussed, together with literature
data, to verify previously proposed faity acid distributions for marine green agae
belonging to the genus Codium.

2. Experimental
2.1. Algal material

Codium dwarkense Bargesen and C. taylorii P. Silva were collected from littoral
rocks in the Mediterranean Sea near Ashdod and Ashkelon (Israel) during June-July
2000 at 2-5 m depth. Freshly collected algae were carefully cleaned of extraneous
matter and only clean tissue was used for homogenisation in a high-speed unit
(Dembitsky et a., 1990; Dembitsky and Rozentsvet, 1996).

2.2. Extracted procedure

Fresh material of Codium dwarkense and C. taylorii was treated with MeOH and
heated for 6 hrs at 60 °C. After cooling the extract to room temperature, a cold
mixture of n-CsH,,_H,O (3:6, v/v) was added. The mixture was shaken for 15 min,
and then cooled under ice. The CsH,, and methanol-water phases were separated.
The methanol-water phase was extracted with CH,CI, three times, and the phases
were separated, and used for preparation of fatty acid methyl esters. The pentane
and dichloromethane extracts were washed with 0.9% K Cl solution three times. Then
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the pentane and dichloromethane extracts were combined and evaporated under nitro-
gen at 10 °C. The remaining organic matter was kept at —20 °C for analysis by
GC-MS.

2.3. Preparation of fatty acid derivatives

The fatty acids were converted to methyl esters by reaction with 5% methanolic
HCIl (overnight, 50 °C (Christie, 1989). After methylation, the mixture was cooled
to room temperature, and the pentane-extract was washed three times with 0.9%
KCI, and kept at -20 °C before anaysis by GC-MS.

2.4. Apparatus and chromatographic conditions

Separation of hydrocarbons and fatty acid methyl esters was carried out with a
Hewlett-Packard 5890 (series I1) gas chromatograph (Palo Alto, CA), equipped with
a 5971B MSD mass selective detector. Low molecular carboxylic, dioic and fatty
acids were analyzed by gas chromatography using two coupled capillary columns
with different stationary phases; a RTX-1 column 30 m, ID =0.32 mm, film thickness
0.25 pm, (Restek, PA) coupled with a second capillary column RTX-1701 30 m,
ID = 0.32 mm x 0.25 um film thickness (Restek, PA), as described previously
(Dembitsky et al., 1999). The GC oven program had an initial temperature of 40 °C
for 2 min, 2 °C/min run to 300 °C and fina hold at 300 °C (20 min). Injector
temperature was kept at 180 °C (splitless), and carrier gas (helium) flow rate was
25 cm/sec. The MS detector was operated at 194 °C, scan range was from 30 to
650 m/z at 0.9 scan/sec scan rate. Solvent delay was 10 min. Fatty acids and other
volatile compounds were identified by mass spectral library search (Wiley 7 Edition),
followed by matching of MS data and comparison of some components with com-
mercial standard fatty acids.

2.5. Satistical analysis

Statistical package STATISTICA 6.0 (Stat Soft, Inc, Tulsa, OK) was used for
this purpose.

3. Results and discussion

The problem of the simultaneous analysis of lipid metabolites is a difficult one
because of the large number of different simple lipids, low molecular acids (from
C, to C,), dioic acids, and fatty acids that may be present. As a rule, for the separ-
ation of such a complex mixture of lipid components, it is necessary to resort to
preliminary separation of low molecular carboxylic and fatty acids and other pro-
ducts, using preparative TLC (thin-layer chromatography), or some other manipu-
lations. This, however, results in the loss of a number of components, or their oxi-
dation and other undesirables processes may happen. Low molecular acids (C,_C,),
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dioic acids, and also other metabolites are practically detectable by GC analysis. Use
of coupled columns with different degrees of polarity of stationary phases gives a
satisfactory separation capability for al the above mentioned components without
thelr preliminary separation.

The genus Codium attracts attention because these seaweeds contain unusual struc-
tures of some branched fatty acids (Aliya et al., 1992; Aliya and Shameel, 1993),
rare and novel sterols (Sheu et al., 1995; Ahmad et al., 1993; Aknin et a., 1992a;
Pollesello et a., 1992; Romeo and Toscano, 1983; Rubinstein and Goad, 1974),
carotenoids (Pollesello et a., 1992; Egeland et al., 1997; Matsuno and Hirao, 1989),
sulphated polysaccharides (Siddhanta et al., 1999), sulphated galactans (Matsubara
et al., 2001), and halogenated and other bioactive metabolites (Dembitsky and Sreb-
nik, 2002; Tringalli, 1997; Siddhanta and Shanmugam, 1999).

Representatives of the genus Codium collected in various regions of the world
have been investigated regarding their content of various fatty acids (Aliya et al.,
1991, 1992; Aliya and Shameel, 1993; Herbreteau et al., 1997; Vaskovsky et al.,
1996; Aknin et al., 1992b; Shameel and Khan, 1991); the members of the genus
investigated are presented in Table 1. Data of the quantitative analysis of fatty acids
are shown in Tables 24, and in essence do not differ from published data. Special
attention was given to dioic acids. The analysis of published data on Codium has
shown that only Aliya and Shameel (1993) have found propane-1,3-dioic acid in C.
iyegarii. With the usual columns, detection of dioic acids is rather problematic. How-
ever, in our experience use of coupled columns solves the problem perfectly. Doubt-
lessly, the greatest interest was taken in the composition of the saturated fatty acids
(Table 2). The system used allows the separation and identification of the highly
polar fatty acids.

The composition of monoenoic acids is shown in Table 3. Again, we came to the
conclusion that our system enables the identification of considerably more monoenoic
acids in the total lipid extract. It is possible to separate trans- and cis-isomers of
various fatty acids. Polyenoic fatty acids (Table 4) present in various species of
Codium are represented by a large spectrum of acids. It is difficult to interpret the
absence of polyenoic acid in some species indicated by numbers 6, 10, 15. It is
possible, that these are artefacts.

Specia attention was paid to C. fragile (Table 5). This species is widespread in
marine ecosystems from the shores of Australia up to northern Europe, Africa and
the Black Sea. As shown in Table 5, C. fragile from different locations contains
acid 18:4, as also do other species of this genus. The obtained results are of interest
from the viewpoint of biochemistry and chemotaxonomy and also provide more com-
plete data for the pharmaceutical industry (Ackman, 1981, 1989; Dembitsky, 1996a;
Pohl and Zurheide, 1979).

Previously we described using package STATISTICA 6.0 for statistical analysis
of fatty acids and triacylglycerols in vegetable and molluscs (Rezanka and Rezan-
kova, 1999; Go et a., 2002), and showed that this procedure is effective for chemot-
axonomic and related investigations. We applied this package to calculate the
relationship between algal speciesinside the genus Codium grown in different marine
locations from Australian, European and America coasts (Table 6).
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Table 5
Comparison of the proportion of fatty acids reported in literature for the C. fragile collected from differ-
ent locations

Acid Systematic name 207 21 22 23 24 25 26 27 28 29
type

C10:0 Decanoic 48.60

C12.0 Dodecanoic 0.70 1.10

C14.0 Tetradecanoic 0.80 150 360 250 325 130 160 530 230 130

C15.0 Pentadecanoic 0.10 0.68 0.20

C16:0 14-Methyl-15:0 2.40 0.32

C16:0 Hexadecanoic 28.10 26.20 38.00 19.70 19.96 2240 34.60 4050 17.90 17.50

C17.0 Heptadecanoic  0.10 0.33 0.30

C18:.0 Octadecanoic 0.90 0.90 125 090 120 0.70

C20:0 Eicosanoic 0.50 1.14 0.20

C22:0 Docosanoic 320 290 020 260 110

C24:0 Tetracosanoic 0.29 140 0.50

Total Saturated 33.60 34.00 41.60 7150 28.32 24.80 41.40 48.80 20.20 18.80

C16:1  All isomers 1.60 720 230 286 320 290

C16:1  7-Hexadecenoic 1.50 330 250 230

C16:1 9-Hexadecenoic 0.60

Cl16:1 trans-16:1 0.50 0.70 190 0.80

C18:1 All isomers 1420 6.20 15.35 2290 17.70

C18:1 5-Octadecenoic 0.20

C18:1  7-Octadecenoic 1.00 1.10 2.10

C18:1  9-Octadecenoic 10.80 9.90 520 1250 23.30

C20:1  7-Eicosenoic 0.70

C20:1  9-Eicosenoic 0.90

C22:1  Docosenoic 3.20

Total Monoenoic 15,60 1360 21.40 850 1891 1150 15.00 30.30 26.10 20.60

C16:2 All isomers 0.90 2.28 140 1.20

ci6:2 7,10- 2.80 1.00
Hexadecadienoic

C16:3  All isomers 12.20 10.20

ci16:3 7,10,13- 9.40 12.60 3.30
Hexadecatrienoic

C18:2  All isomers 400 360 578 8.90 11.00

Ci82 912- 550 890 540 510 4.00
Octadecadienoic

C18:3 All isomers 27.20 850 12.20 24.90 21.00 22.50

C183 912,15 15.10 19.10 1540 5.60
Octadecatrienoic

C183 6,9,12- 2.30 260 190 0.90
Octadecatrienoic

(continued on next page)

Fig. 1 shows the results of cluster analysis. Euclidean distance and Ward's method
for joining clusters were used for standardized data. Euclidean distance is the geo-
metric distance in a multidimensional space. For two objectsi and i’ it is computed

as. d; = \/lez 1(%—%)? Where p is a number of variables.
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Table 5 (continued)

Acid Systematic name 207 21 22 23 24 25 26 27 28 29
type

C20:3 8,11,14- 0.40 0.20
Eicosatrienoic

C18:4  All isomers 1.00 1.39 150 1.90

Ci84 6,9,12,15 150 1.40 200 130 0.30
Octadecatetraenoic

C20:4  All isomers 3.00 12.47

C20:4 8,11,14,17- 0.20 4.20 050 020 0.10 6.00
Eicosatetraenoic

C20:4 5,811,14- 520 0.40 590 230 150 450 10.10
Eicosatetraenoic

C20:5  All isomers 3.49

C20:;5 5,8,11,14,17- 190 340 040 840 180 050 4.00
Eicosapentaenoic

C22;5 7,10,13,16,19- 0.90 0.94 0.30
Docosapentaenoic

Total Polyenoic 5220 5250 36.60 20.00 51.25 66.30 43.60 21.40 53.70 60.60

Other and non-identified 250 1214 152 620 1390 330 1335 9.10

fatty acids

a Species of marine algae and references indicated in Table 1.

Ward's method uses the analysis of variance approach to evaluate the distances
between clusters. This method attempts to minimize the sum of squares of any two
(hypothetical) clusters that can be formed at each step.

Two important conclusions may be drawn from this figure. First, the expected
taxonomical affinity of the same kinds of Codium sp. (predominantly C. fragile) was
confirmed experimentally. The taxonomical affinity was independent of the time and
place of sample collection. As an illustrative example, we can use similarities
between C. fragile (24) found in the Black Sea and C. fragile (28) collected from
the Pacific Ocean near Japan, or two samples of C. fragile (23 and 29) gathered
from the coasts of the Atlantic (France) and Pacific Oceans (Far East of Russia).
Secondly, the cluster analysis uncovered the bio-geographical affinity of the fatty
acid content of Codium sp. An example is the similarity of a closed group of five
different strains [C. decorticatum (1), C. dwarkense (5), C. dwarkense (6), C. flabel-
latum (9), and C. flabellatum (10)] gathered from the north coast of the Indian Ocean
in Pakistan compared with distant relative strains of C. fragile (23, 29). Similarly,
the strains of C. dwarkense (5) and C. taylorii (19) collected from the Mediterranean
Sea show adistinct kinship in fatty acid content. The other isolated cluster constitutes
the species to be found along the Atlantic Ocean coasts, such as C. dichotomum (2)
and C. elongatum (7) from Senegal and C. elongatum (8) from the North Sea. In
order to support our working hypothesis, we identified a close group of similar spec-
ies that is located in the Pacific Ocean near Australia. The strains of C. fragile (21
and 25) serve as an exception to the rule. The fatty acid content of both strains
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Fig. 1. Dendrogram from hierarchical cluster analysis of twenty nine species of Codium.
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Fig. 2. Two-dimensional graph of the final configuration from a multidimensional scaling of twenty nine

species of Codium.

matches the “Australian group”. However, they were collected thousands of miles
away. The strain C. fragile (21) was gathered from the coast of the Yellow Sea
(China) and the other one in Russia (Japan Sea coast). To conclude, the results of
cluster analysis revealed a strong relationship between bio-geographical conditions
and fatty acid content. Environmental effects such as salinity, temperature, nutrition,

solar radiation and taxonomical affinity are very important.
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Fig. 3. Two-dimensiona graph of a fina configuration from the multidimensional scaling of twenty
nine species of Codium. Circles correspond to some clusters in Fig. 1 (Some of them correspond to
geographical places).

RS A

Fig. 4. Three-dimensiona graph of a fina configuration from the multidimensional scaling of twenty
nine species of Codium.

Similar results were obtained by multidimensional scaling. The same proximity
matrix as that for cluster analysis was used on the basis of the Euclidean distance
for standardized data (Figs 2-4).
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