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ABSTRACT. The occurrence of n-saturated, branched, and unsaturated fatty acids of 3 wild terrestrial
strains of the genus Chroococcidiopsis (Order Chroococcales): C. supralittoralis, C. umbratilis, and C. ver-
satilis collected from Lake Kinneret, Dead Sea, and Ein Kerem (Jerusalem) was investigated and individual
compounds identified by gas chromatography—mass spectrometry. Polar lipids also were examined. Among
polar lipids (studied using two-dimensional thin-layer chromatography) were as major glycolipids isolated:
monogalactosyl-diacylglycerols, digalactosyl-diacylglycerols, 6-sulfoquinovosyl-diacylglycerols and phos-
phatidylglycerol. Nonphosphorus betaine-containing lipid, viz. N,N,N-trimethylhomoserin-4-O-yl-diacylgly-
cerol, was found for the first time in cyanobacterial species.

Abbreviations

MGDG  monogalactosyl-diacylglycerol PG phosphatidylglycerol
DGDG  digalactosyl-diacylglycerol GC-MS gas chromatography mass spectrometry
SQDG  6-sulfoquinovosyl-diacylglycerol 2D-TLC two-dimensional thin-layer chromatography

DGTS N,N,N-trimethylhomoserin-4-O-yl-diacylglycerol

Cyanobacteria belonging to the genus Chroococcidiopsis are widespread in nature. Thus, species of
this genus have been discovered in extreme environments, such as thermal springs of Aedipsos, Hellas in
Greece (Anagnostidis and Pantazidou 1988), India (Vasishta 1968) and Indonesia (Geitler 1933). Also they
have been isolated from shady caves in Israel (Friedman 1961), rocks, walls and paddy field soils in India
(Tiwari 1972), from the supralittoral rocks of Lake Kinneret, from a shaded stonewall and from a hyper-
saline pond in Israel (Dor et al. 1991), in hot deserts (Billi et al. 2001; Caiola et al. 1993; Stolz 1990), and
also in Ross Desert, Antarctica (Friedmann et al. 1988).

The primitive characteristics of the cyanobacterium Chroococcidiopsis suggest that it represents
a very ancient type of the group (Fewer et al. 2002). Its morphology is simple but shows a wide range of
variability, and it resembles certain Proterozoic microfossils (Friedmann and Ocampo-Friedmann 1995).
Chroococcidiopsis is probably the most desiccation-resistant cyanobacterium, the sole photosynthetic orga-
nism in extreme arid habitats. It is also present in a wide range of other extreme environments, from Antar-
ctic rocks to thermal springs and hypersaline habitats, but it is unable to compete with more specialized
organisms. Genetic evidence suggests that all forms belong to a single species. The hypolithic microbial growth
form (which lives under stones of a desert pavement) could be used as a model for development of techno-
logies for exploring arid areas (Friedmann and Ocampo-Friedmann 1995).

Caudales et al. (2000) studied the cellular fatty acids of five genera of unicellular cyanobacteria
(Dermocarpa, Xenococcus, Dermocarpella, Myxosarcina, Pleurocapsa) containing high proportions of satu-
rated straight-chain fatty acids (2641 % of the total) and unsaturated straight chains (40-67 %). Isomers of
16:1 were the main monounsaturated acid component (11-59 %). Oligounsaturated acids were present at
trace levels (0—1 %) in Xenococcus and Myxosarcina, at a concentration of <7 % in Dermocarpa, Dermo-
carpella, Pleurocapsa, and at a high concentration (>35 %) in Chroococcidiopsis spp. This genus was also
different in terms of the percentage of 16:1 isomers (10-12 %) compared to other genera (30-59 %), and in
terms of total C;4 and C,g fatty acids.

Only few papers deal with fatty acid composition of cyanobacteria belonging to the order Chroo-
coccales (Caudales et al. 2000; Rezanka et al. 2003a,b). Here we describe the polar lipid and fatty acid



782 T.REZANKA etal. Vol. 48

composition of 3 strains of Chroococcidiopsis isolated from the supralittoral rocks of Lake Kinneret, from
a shaded wall limestone in Jerusalem, and from a hypersaline sublittoral solar pond in the Dead Sea (Dor et
al. 1991).

MATERIALS AND METHODS

Cyanobacterial samples. The supralittoral strain Chroococcidiopsis supralittoralis sp. nova DOR
was isolated from the basalt rocky shore of Lake Tiberias (Sea of Galilee) about 2 m a.s.1., at a site exposed
to direct sunlight. The stone wall strain C. umbratilis sp. nova DOR was found in the proximity of Mary’s
Spring in Ein Kerem (Jerusalem), where it formed dark patches on the limestone wall in the shade, beyond
the zone of the water spray. The strain C. versatilis sp. nova DOR was collected in a sublittoral rock of
a hypersaline solar pond in Dead Sea area. All cyanobacterial species were isolated by seeding small
samples of collected material on Chu-11 enriched agar medium followed by a 7-d incubation of the pre-
paratory cultures and the transfer of small aggregates, recognizable due to the presence of a characteristic
multiple fission pattern, to a fresh, sterile agar medium. After several transfers, monospecific, stock
cultures were obtained. A part of each stock was maintained on freshwater agar at 22-23 °C, under low
illumination of 10-20 uE m=2 s~! (Lab-Line Biotronette Mark III Environmental Chamber) and a part was
preserved on dry agar in darkness (Dor 1987). All strains were photoautotrophically cultivated and grown
aseptically on dry agar, and then in 6-L batch cultures of BG11 growth medium containing nitrate (Stanier
et al. 1971). Cultures were sparged with sterile air and maintained at 22-25 °C under constant illumina-
tion provided by cool white fluorescent tubes at an irradiance of =20 uE m2 s~! incident on the surface of
the growth vessels (Dor ef al. 1991). Cells were harvested during the stationary phase by centrifugation
(4000 g, 20 min), lyophilized and stored at —20 °C until required. Specimens of all strains are kept at the
Laboratory of Hydrobiology (Division of Environmental Sciences, Graduate School of Applied Science,
The Hebrew University of Jerusalem, Israel). Microphoto of C. supralittoralis is shown in Fig. 1.

For extraction and identification of fatty acids see Rezanka et al. (2003a,b); briefly: cells of each
strain (50—130 mg) were added to 50 mL of MeOH-H,O-HCI1 (30 : 3 : 1, V'/V) mixture and held at 55 °C for

Fig. 1. Microphotograph of the strain C. versatilis sp. nova DOR, originally isolated from the sublittoral
hypersaline solar pond at the Dead Sea.
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6 h. After cooling to 10 °C, 150 mL of cold pentane—H,O (1 : 2, V/V) mixture was added. The mixture was
stirred for 1 h and then filtered.

Two-dimensional thin-layer chromatography. For separation of total lipids silica-gel plates
100 x 100 mm (no. 5715; Merck, Germany) were used with chloroform—methanol-water (65 : 25 : 4, V/V)
in the 1st dimension and chloroform—methanol—isopropylamine—NH3 conc. (65 : 35: 0.3 : 4.5, V/V) for the
2nd dimension. Spots were visualized with 2,7 -dichlorofluorescein (100 ppm in ethanol), and also 8 %
sulfuric acid in methanol.

Gas chromatographic—mass spectrometric analysis. A Hewlett Packard 6890 (series II) gas chro-
matograph modified for glass-capillary work and a HP-GC mass selective detector (5973B MSD) were used.
Fatty acid-methyl esters were prepared according to Metcalfe and Wang (1981) and analyzed by GC on 2
serially coupled capillary columns (Dembitsky ef al. 1999) RTX 1 and RTX 1701 (30 m x 0.32 mm, film
thickness 0.25 um; Restek, USA).

The GC oven was programmed for 40 °C per 2 min, increase 2 K/min to 300 °C, 20 min at 300 °C.
The injector temperature was kept at 180 °C. The flow rate of the carrier gas (helium) was 25 mL/s. The MS
detector operated at 194 °C, ionization energy 11 aJ (70 eV). The scan range was from 30-700 m/z at 0.9 scan
per s, solvent delay being 10 min. Fatty-acid methyl esters were identified using mass electronically spectral
library search (Wiley Registry of Mass Spectral Data).

RESULTS AND DISCUSSION

We found by 2D-TLC (Fig. 2) that the genus Chroococcidiopsis contains major polar lipids
SQDG, MGDG, DGDG, PG, nonphosphorous betaine lipid DGTS and also an unidentified minor glycolipid
(Table I). DGTS has not been found previously in cyanobacterial species but betaine lipids are widespread
in nature from bacteria Rhodobacter sphaeroides (Benning et al. 1995) or Sinorhizobium melitoti (Geiger
et al. 1999) through algae, fungi, lichens, and
higher plants (Dembitsky 1996; Rozentsvet et

al. 2000). e

Feeding experiments with methionine M
labeled at a specific carbon atom in algae and MGDG
moss consistently suggest that S-adenosylme- o
thionine donates the 3-amino-3-carboxypropyl DGTS
portion of the DGTS head group as well as .
three methyl groups giving rise to the quarter-
nar : . X DGDG
y ammonium (Sato 1988; Sato and Kato

1988; Vogel and Eichenberger 1992). Because
similar results were obtained with R. sphaeroi- PG - .
des (Hofman and Eichenberger 1996), it seems
plausible that the pathway for DGTS biosyn-

o . ! SQDG
thesis is universal in eukaryotes and prokaryo-
tes (Klug and Benning 2001). According to origin
this conclusion it is not surprising that the —
cyanobacterium Chroococcidiopsis synthesized
DGTS.

Polar lipids of cyanobacteria usually
contain 3 classes of glycolipids such as MGDG,

DGDG, SQDG, and phosphorous lipid PG (Mu- Fig. 2. 2D-TLC of polar lipids from the strain C. versatilis (sub-
rata and Nishida 1987) littoral of hypersaline solar pond in the Dead Sea); for abbrevia-

. . ti the text.
In spite of a great amount of different fons see fhe fex

polar lipids (Reshef et al. 1997; Son et al. 2000;

Antonopoulou et al. 2002) discovered in cyanobacteria, none of them is identical with our unidentified lipid
on the basis of physico-chemical methods. (For their further structure identification a large amount of bio-
mass would have to be cultivated.)

Both Chroococcidiopsis spp. differ in the distribution of majority compounds (SQDG and DGTS)
from C. versatilis (Table I). The high content of DGTS, which was detected in Cyanophyta for the first time,
stimulated the further study of this class of compounds.

The fatty acid composition of the 3 strains of Chroococcidiopsis is shown in Table II. In com-
parison with fresh-water cyanobacterial species (Rezanka et al. 2003a,b) the terrestrial cyanobacteria belon-
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ging to genus Chroococcidiopsis show the presence of 25 fatty acids with predominant unsaturated types
(64-71 %, WIW). All the strains of cyanobacteria appear to synthesize C;s—Cig-families of fatty acids; the
major 9,12-18:2 (18-25 % of total), (Z,Z2,2)-9,12,15-18:3 (9.2-14.6 %), and 2 monoenoic acids such as
8-18:1 and 9-18:1. Other unsaturation was also detected: 7-16:1, 7,10-16:2, and 7,10,13-16:3.

Table I. Composition of polar lipids of three strains of the genus Chroococcidiopsisa’b
Lipid C. supralittoralis C. umbratilis C. versatilis
MGDG 384+43 289+24 145+2.5
DGDG 19.5+2.1 234432 20.6 £4.3
SQDG 22.1+19 27.1+24 31.6£5.1
DGTS 49+13 2.1+09 16.5+1.8
PG 13.4+1.8 11.6£1.6 124+£22
PA 09+04 0.7+04 0
Unidentified lipid 0.8+0.3 1.1£0.5 44413

3Mean + SD of three determinations. bPerv::entage of total polar lipids.

Table II. Fatty acid composition (%) of three strains of the genus Chroococcidiopsis

Fatty acid C. supralittoralis C. umbratilis C. versatilis
n-Saturated 36.22 27.26 30.14
8:0 0.13 0.67 <0.1
9:0 <0.1 0.13 <0.1

10:0 0.24 0.62 1.11
11:0 0.33 <0.1 <0.1
12:0 0.80 0.92 0.94
13:0 0.36 0.28 <0.1
14:0 1.87 1.65 2.58
15:0 0.64 0.38 <0.1
16:0 24.80 18.72 20.80
17:0 0.59 0.46 <0.1
18:0 6.46 3.43 4.71

Unsaturated 62.19 69.99 66.63
7-16:1 4.37 3.76 247
9-16:1 1.01 1.22 4.70
7,10-16:2 0.77 1.95 1.21
7,10,13-16:3 0.90 1.60 2.12
8-18:1 8.62 5.20 23.53
9-18:1 11.95 19.75 1.65
9,12-18:2 24.43 20.67 18.23
8,11,14-18:3 0.94 1.27 2.01
9,12,15-18:3 9.20 14.57 10.71

Branched saturated 1.59 2.75 3.23
9-Me-13:0 <0.1 0.67 <0.1
10-Me-14:0 0.86 0.40 1.05
10-Me-17:0 0.14 0.49 <0.1
cyc-17:0 0.59 1.19 2.18

The principal fatty acids of the 3 strains do not essentially differ from those of most previously stu-
died cyanobacteria belonging to the genus Chroococcidiopsis (Caudales et al. 2000). Table II contains
only two octadecatrienoic acids: 6,9,12-18:3 (y-linolenoic) and 8,11,14-18:3. In contrast, the widespread
9,12,15-18:3 (a-linolenoic) acid which is a constituent of higher plants was not detected. Therefore, we
assume that Cyanophyta as very ancient microorganisms that do not contain the enzymic systems (common
to higher plants) for the formation of a-linolenoic acid.

We can evaluate the different distribution patterns of fatty acids in the presented Chroococcidiopsis
spp. Considerable differences were observed for unsaturated fatty acids as a whole and especially for posi-
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tional isomers of octadecenoic acid. Oleic T T T T T T
acid (9-18:1) was detected as a majority
compound in C. supralittoralis and C. umbra- R 8-18:1 9,12-18:2
tilis. In contrast, the majority compound in
C. versatilis was the positional isomer 8-18:1
(Fig. 3). This difference can be attributed to
the location of sample collection. The samples
of C. supralittoralis and C. umbratilis were
found in dry places (=2 m above water, i.e. on
stones or shore). On the other hand, the
samples of “fresh-water” C. versatilis were
found in a hypersaline pond. Therefore, it
seems to be the reasonable explanation that
the effect of intens light and differences in
local temperatures (the stones could be hot
near 100 °C unlike water at 40 °C) result in
changes of the spectrum of synthesized fatty 18:0
acids.

9,12-18:2

9-18:1

Besides the fact that cyanobacteria of
the genus Chroococcidiopsis are the first pio- 9-18:1
neer of life in extreme environments as arid I ] ]
areas or hypersaline swamps, they may also 72 74 76 7872 74 76 min 78
serve as an important source of essential fatty
acids for herbivorous animals.

Fig. 3. GC-MS chromatographic separation of two isomers of
fatty-acid methyl esters (£)-8-18:1 and (Z)-9-18:1, isolated from
C. versatilis (Dead Sea; left), and C. supralittoralis (Lake Kinneret;
right); R — detector response.

REFERENCES

ANAGNOSTIDIS K., PANTAZIDOU A.: Endolithic cyanophytes from the saline thermal springs of Aedipsos, Hellas (Greece). Arch.
Hydrobiol.Algolog.Stud. 50-53 (Suppl. 80), 555-559 (1988).

ANTONOPOULOU S., OIKONOMOU A., KARANTONIS H.C., FRAGOPOULOU E., PANTAZIDOU A.: Isolation and structural elucidation of
biologically active phospholipids from Scytonema julianum (Cyanobacteria). Biochem.J. 367, 287-293 (2002).

BENNING C., HUANG Z.H., GAGE D.A.: Accumulation of a novel glycolipids and a betaine lipid in cells of Rhodobacter sphaeroides
grown under phosphate limitation. Arch.Biochem.Biophys. 317, 103—111 (1995).

BILLI D., FRIEDMANN E.I., HELM R.F., POTTS M.: Gene transfer to the desiccation-tolerant cyanobacterium Chroococcidiopsis. J.Bac-
teriol. 183, 2298-2305 (2001).

CAIOLA M.G., OCAMPO-FRIEDMANN R., FRIEDMANN E.I.: Cytology of long-term desiccation in the desert cyanobacterium Chroococ-
cidiopsis (Chroococcales). Phycologia 32, 315-322 (1993).

CAUDALES R., WELLS J.M., BUTTERFIELD J.E.: Cellular fatty acid composition of cyanobacteria assigned to subsection I, order Pleuro-
capsales. Internat.J.Syst.Evolut.Microbiol. 50, 1029—1034 (2000).

DEMBITSKY V.M.: Betaine ether-linked glycerolipids: chemistry and biology. Progr.Lipid Res. 35, 1-51 (1996).

DEMBITSKY V.M., SHKROB L., DOR I.: Separation and identification of hydrocarbons and other volatile compounds from cultured blue-
green alga Nostoc sp. by gas chromatography mass spectrometry using serially coupled capillary columns with consecutive
nonpolar and semipolar stationary phases. J.Chromatogr.4 862, 221-229 (1999).

DOR I.: Preservation and microscopy of blue-green algae (Cyanobacteria) on dry agar. Botan.Marina 30, 507-510 (1987).

DOR 1., NEHAMA C., BALDINGER I.: Polymorphism and salinity tolerance as a criterion for differentiation of three new species of
Chroococcidiopsis (Chroococcales). Arch.Hydrobiol Algolog.Stud. 64, 411-421 (1991).

FEWER D., FRIEDL T., BNDEL B.: Chroococcidiopsis and heterocyst-differentiating cyanobacteria are each other's closest living
relatives. Molec.Phylogenet.Evol. 23, 82-90 (2002).

FRIEDMANN E.1L: Chroococcidiopsis kashaii sp.nov. and the genus Chroococcidiopsis (studies on cave algae from Israel IIT). Osterr.
Bot.Z. 108, 354-367 (1961).

FRIEDMANN E.I., OCAMPO-FRIEDMANN R.: A primitive cyanobacterium as pioneer microorganism for terraforming Mars. Adv.Space
Res.:Offic.J.Committ.Space Res. (COSPAR) 15, 243-246 (1995).

FRIEDMANN E.I., HUA M., OCAMPO-FRIEDMANN R.: Cryptoendolithic lichen and cyanobacterial communities of the Ross Desert,
Antarctica. Polarforschung 58, 251-259 (1988).

GEIGER O., ROHRS V., WEISSENMAYER B., FINAN T.M., THOMAS-OATES J.E.: The regulator gene phoB mediates phosphate stress-con-
trolled synthesis of the membrane lipid diacylglyceryl-N,N,N-trimethylhomoserine in Rhizobium (Sinorhizobium) meliloti.
Mol Microbiol. 32, 63—73 (1999).

GEITLER L.: Diagnosen neuer Blaualgen von den Sunda-Inseln. Arch.Hydrobiol. (Suppl. 12), 622—634 (1933).

HOFMANN M., EICHENBERGER W.: Biosynthesis of diacylglyceryl-N, N, N-trimethylhomoserine in Rhodobacter sphaeroides and evi-
dence for lipid-linked N methylation. J. Bacteriol. 178, 61406144 (1996).



786 T.REZANKA efal. Vol. 48

KLUG R.M., BENNING C.: Two enzymes of diacyl-O-4"-(N,N,N-trimethyl)homoserine biosynthesis are encoded by btad and btaB in the
purple bacterium Rhodobacter sphaeroides. Proc.Nat.Acad.Sci.USA 98, 5910-5915 (2001).

METCALFE L.D., WANG C.N.: Rapid preparation of fatty-acid methyl-esters using organic base-catalyzed trans-esterification. J.Chro-
matogr.Sci. 19, 530-535 (1981).

MURATA N., NISHIDA L.: Lipids of blue-green algae (Cyanobacteria), pp. 315-347 in P.K. Stumpf (Ed.): The Biochemistry of Plants:
Structure and Function, Vol. 9. Academic Press, Orlando (USA) 1987.

RESHEF V., MIZRACHI E., MARETZKI T., SILBERSTEIN C., LOYA S., Hizl A., CARMELI S.: New acylated sulfoglycolipids and digalacto-
lipids and related known glycolipids from cyanobacteria with a potential to inhibit the reverse transcriptase of HIV-1.
J.Nat.Prod. 60, 1251-1260 (1997).

REZANKA T., DOR L., DEMBITSKY V.M.: Fatty acid composition of six freshwater wild cyanobacterial species. Folia Microbiol. 48, 71—
75 (2003a).

REZANKA T., DEMBITSKY V.M., GO J.V., DOR L., PRELL A., HANUS L.: Sterol compositions of the filamentous nitrogen-fixing terrestrial
cyanobacterium Scyfonema sp. Folia Microbiol. 48, 357-360 (20035).

ROZENTSVET O.A., DEMBITSKY V.M., SAKSONOV S.V.: Occurrence of diacylglyceryltrimethylhomoserines and major phospholipids in
some plants. Phytochemistry 54, 401-407 (2000).

SATO N.: Dual role of methionine in the biosynthesis of diacylglyceryltrimethylhomoserine in Chlamydomonas reinhardtii. Plant Phy-
siol. 86, 931-934 (1988).

SATO N., KATO K.: Analysis and biosynthesis of diacylglyceryl-N, N, N-trimethylhomoserine in the cells of Marchantia in suspension
culture. Plant Sci. 55, 21-25 (1988).

SoN B.W., KiMm J.C., LEE S.M., CHO Y.J., CHOI J.S., CHOI H.D., SONG J.C.: New diacylgalactolipids from the marine cyanophycean
microalga Oscillatoria sp. Bull. Korean Chem.Soc. 21, 1138-1140 (2000).

StoLz J.F.: Distribution of phototrophic microbes in the flat laminated microbial mat at Laguna Figueroa, Baja California, Mexico. Bio
Systems 23, 345-357 (1990).

TIWARI G.L.: Morphology and life-history of a new species of Chroococcidiopsis GEITLER (Chroococcales). Hydrobiologia 40, 177—
182 (1972).

VASISHTA P.C.: Thermal cyanophyceae of India. Phycos 7, 198-241 (1968).

VOGEL G., EICHENBERGER W.: Betaine lipids in lower plants — biosynthesis of DGTS and DGTA in Ochromonas danica (Chryso-
phyceae) and the possible role of DGTS in lipid metabolism. Plant Cell Physiol. 33, 427-436 (1992).

Wiley Registry of Mass Spectral Data (F. McLafferty, Ed.). Upgrade license from 6th to 7th ed. CD-ROM (ISBN 0-471-44095-7)
software, January 2000.



