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Abstract-Five species of filamentous nitrogen-fixing blue-green algae (Cyanobacteria), (Anabaena cylindrica, 
Anabaena solitaria, Anabaena uiguieri, Nostoc carneum, Nodularia harueyana) were grown in a freshwater medium 
containing 10% seawater (DS medium). The sterols were analysed by means of a newly developed procedure involving 
precipitation with digitonine, GC and GC/MS but not TLC and CC. All species were found to synthesize a great 
variety of sterols (1 l-15 compounds). The digitonin precipitable sterols made up ca 0.005~.03% of the dried algal 
biomass. Remarkably, each species produced the saturated sterols, Scr-cholestan-3/?-ol,24-methyl-5 a-cholestan-3p-ol 
and 24-ethyl-5 cc-cholestan-3&ol. The latter was the main sterol in all organisms. Furthermore, the investigated 
microalgae were found to synthesize known C,,, C,, and CZg sterols. 

INTRODUCTION 

In 1968, the presence of sterols in blue-green algae was 
reported for the first time. Before this discovery these 
organisms were believed not to produce sterols [l]. In 
that year, Reitz and Hamilton [Z] found sitosterol and 
cholesterol in Anacystis nidulans and Fremyella diplosi- 
phon, and De Souza and Nes [3] detected seven un- 
saturated sterols in Phormidium luridurn. Thereafter, only 
a few papers have been published on blue-green algal 
sterols [4-91. 

In a research programme on the axenic mass culture of 
microalgae carried out in our laboratory, blue-green 
algae (Cyanobacteria) and green algae are being in- 
vestigated for pharmaceutically relevant constituents 
[lO-133. This publication reports on the isolation and 
identification of sterols in the nitrogen-fixing blue-green 
algae, Anabaena cylindrica, Anabaena solitaria, Anabaena 
viguieri, Nostoc carneum and Nodularia harveyana. 

RESULTS AND DISCUSSION 

The blue-green algae used in these studies were grown 
in a recently described fresh-water medium (DS medium) 
consisting basically of 90% demineralized water and 
10% seawater [14]. There were no detectable contamin- 
ations by other organisms in the cultures. The sterols 
were isolated from the dried blue-green algal biomass by 
means of a newly developed procedure involving iso- 
lation of the total lipids, liquid/liquid extraction of the 
saponified total lipids with petrol, precipitation of the 
sterols with digitonin, GC and GC/MS analyses. Sterols 
were identified by comparison of their RR,s and of their 
mass spectra with the data of free and silylated reference 
compounds published by other authors [15-213. 

To avoid loss of sterols TLC and CC were not perfor- 
med during the isolation procedure. The biomass (dry 
weight), the amounts of total lipids and of the digitonin 
precipitable sterols of the blue-green algae investigated 

are shown in Table 1. The sterols composed ca 
0.00-0.03% of the biomass. The sterol compositions of 
the individual organisms are shown in Table 2. 

The blue-green algae investigated here contained 17 
sterols, 13 of which could be identified. Two compounds 
were determined tentatively. A. solitaria possessed all 17 
sterol compounds. The organism contained mainly 24- 
ethylcholestan-38-01 (45.5% of the sterols), 24-ethyl- 
cholest-5-en-3fi-ol (33%) and cholesterol (7.8%). Except 
for a rather high content of 24-ethylcholest-5,22-dien-3fl- 
01 (13%), A. cylindrica resembled A. solitaria in sterol 
composition. A. uiguieri had a sterol composition similar 
to that of A. cylindrica but it was characterized by a lower 
content of 24-ethylcholestan-3P-ol (30.6%) and larger 
amounts of 24-ethylcholesta-5,22-dien-3/?-o] (28.5%). 
Nodularia harveyana and Nostoc carneum resembled one 
another in sterol composition. 70-80% of their sterols 
was attributable to 24-ethylcholestan-3fi-ol and 24- 
ethylcholest-5-en-3/?-ol. 

Ergosterol (or its C-24a-epimer), which is unsaturated 
and to our knowledge has not been reported to occur in 
blue-green algae, was found in low quantities in three of 
the organisms (A. viguieri, A. solitariu, N. harveyana). 

In addition, all five blue-green algae appeared to con- 
tain two C,, sterols (nos 15 and 16, see Table 2). Accor- 
ding to the mass spectral fragmentation pattern they 
were 4 cc-methyl-sterols. Presumably, one of them (no. 15) 
was 4cc-methyl-24-ethylcholest-8( 14)-en-3p-01, which has 
already been reported by Kokke et ul. [22] to occur in 
three marine dinoflagellates. Two sterols remain un- 
identified (nos 13 and 17). 

The above sterols were precipitated by digitonin. It 
should be noted that this precipitation does not include 
3a-and S[&sterols. To our knowledge, however, these 
compounds have so far not been found in blue-green 
algae which of course does not exclude their existence in 
these organisms. 

The sterols of blue-green algae have been the subject of 
only few investigations [l-9]. Prior to this study, the 
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Table 1. Biomass, total lipids and digitonin precipitable sterols of 

nitrogen-fixing blue-green algae grown in 8 I. batch cultures (44 days) 

Total lipids 
Biomass % of 

Blue-green algae (mg) (mg) biomass 
_ 

A. cykndrica 4728 986 20.8 

A. tiiyuieri 5200 1014 19.5 

A. solitaria 2744 583 21.2 

Nostoc carneum 4376 950 21.7 

Nodularia harveyana 3912 743 19.0 

Digitonin precipi- 

table sterols 
Sb of 

(mg) biomass 
- 

1.087 0.023 

0.520 0.010 

0.384 0.014 

1.313 0.030 

0.195 0.005 

2 
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Fig. 1. GLC of the total sterols of Anabaena niyuieri (see names of the compounds in Table 2). 

following compounds have been reported, all of which 
are unsaturated: cholesterol, chondrillasterol, stigma- 
sterol, sitosterol, brassicasterol, campesterol, 22-dehydro- 
cholesterol, isofucosterol, 24-ethyl-cholest-7-enol, 24- 
methyl-cholest-7-enol, 24-ethylcholesta-2,5-dienol and 
24-ethylcholesta-.5,7,22-trienol. In the above cited studies 
of other authors, the individual blue-green algae were 
shown to contain up to ten sterols. Our investigations 
reveal that under the growth cqnditions employed in our 
laboratory blue-green algae are able to synthesize 13-17 
sterols among them ergosterol (or its C-24a-epimer) and 
the above mentioned 4a-methylsterols. Most remark- 
ably, the blue-green algae investigated by us were also 
found to produce saturated sterols, i.e., 5a-cholestan-3/L 
ol, 24-methyl-5a-cholestan-3B_ol and 24-ethyl-5a- 
cholestan-3a-01. The last sterol predominated in all of the 
organisms. 

A similar sterol composition including saturated ster- 
01s has been reported for a blue-green alga, Microcystis 
aeruginosa [23]. Saturated sterols have also been found 

in various marine Dinophyceae [24-321, Rhodophyceae 
[33] and Bacillariophyceae [34-361. The Dinophyceae 
synthesized various 4a-methylstanols and 4sc-dimethyl- 
stanols, the Rhodophyceae cholestan-38-01, 24-methy- 
lenecholestan-3/&ol and 24-methylcholestan-3/?-ol, and 
the Bacillariophyceae small amounts of See-stanols. 
Ballantine [37] reported a high stanol content (50% of 
the total sterols) in the marine brown alga, Monochrysis 
lutheri, when it was analysed during the stationary phase; 
stanols were not observed during the exponential growth 
phase. 

Ergosterol (or its C-24a epimer), which was detected in 
small quantities in three of the blue-green algae in- 
vestigated by us, has so far been found in only a few algae. 
It is a major sterol of some Chlorella species (Chlorophy- 
ceae) [38]. Anding and Ourisson [39] reported a high 
content of ergosterol (73%) in dark-grown Euglena gra- 
cik Two Prophyridium species (Rhodophyceae) have 
also been reported to produce ergosterol [40, 411. The 
so-called blue-green coloured Cyanophyte Cyunidium 
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Table 2. Digitonin precipitable sterols in N,-fixing blue-green algae (X of sterols) 

Peak number RR,-FS* RR,&* 
- 

Sterol 

Anabaena Anabaena Anabaena Nodularia Nostoc 
solitaria cylindrica viguieri haroeyana carneum 

1 0.92 

2 1.00 

3 1.02 

4 1.11 

0.92 

1.00 

1.03 

1.10 

5 1.22 1.23 

6 1.27 1.27 

7 1.29 1.30 

8 1.37 1.36 

9 1.48 1.47 

10 1.57 1.55 

11 1.60 1.59 

12 1.63 1.64 

13 1.74 1.71 

14 1.76 1.73 

15 1.82 1.77 

16 2.09 2.02 

17 2.13 2.06 

Cholesta-5,22-dien-38-01 

(22-dehydrocholesterol) 
Cholest-5-en-3/3-ol 

(cholesterol) 

Cholestan-38-01 

trace 

7.8 

0.1 

24-Methylcholesta-5,22- 
dien-3/&ol(brassicasterol) 

1.5 

24-Methylcholesta-5,7,22- 

trien-3B-ol (ergosterol 

or 24a-epimer) 

0.2 

24-Methylcholest-5-en- 

3p-01 (campesterol or (24s) 
-24-ergost-5-en-38-01) 

0.8 0.5 1.9 1.7 0.8 

24-Methylcholestan-38-01 

(campestanol or (24S)-24- 

ergostan-3/l-01) 

1.1 

24-Ethylcholesta-5,22- 

dien-3fl-ol (stigmasterol or 

poriferasterol) 

0.6 13.0 28.5 1.5 1.0 

24-Ethylcholesta-5,7,22- 

trien-3/&ol 
2.8 

24-Ethylcholest-5-en-3p-ol 

(sitosterol or clionasterol) 

33.0 29.9 23.9 25.2 27.8 

24-Ethylcholestan-38-01 

(stigmastanol or 5,6-di- 

hydroclionasterol) 

45.5 

24-Ethylcholesta-5,24(28)- 

dien-3fi-ol (isofucosterol) 

1.4 

Unidentified 0.3 

24-Ethylcholest-7-en-3/I-ol 

(stigmast-7-en-31-01 or 
22-dihydrochondrillasterol) 

0.5 

4a-Methyl-24-ethylcholest- 

8(14)-en-38-olt 
4a-Methyl-24-ethyl- 

cholestan-3/I-01$ 

Unidentified 

0.5 

0.8 

0.4 

2.7 

3.4 

0.3 

1.2 

1.2 

44.7 

- 

0.5 

0.2 

0.7 

0.9 

3.5 

0.2 0.1 trace 

7.8 6.3 7.4 

1.2 0.9 1.5 

1.1 0.8 2.8 

1.2 0.2 

0.3 1.9 0.8 

0.1 1.5 0.2 

30.6 44.9 46.9 

0.7 1.9 0.7 

0.6 

0.5 

- 

3.3 1.3 

0.5 

0.5 

0.4 
- 

1.7 0.6 

1.8 

3.4 

0.6 

4.7 

2.9 

*RR,-FS: Retention times (GLC) of free sterols relative to cholesterol (1.00). *RR,-SS: Retention times (GLC) of 

trimethylsilylated sterols relative to cholesterol trimethylsilylether (1.00); both on SE,, capillary column. 

TTentative; characteristic ions for a A*@’ or A8(14) double bond are m/z 260 and m/z 261. The fragmentation pattern 

is in full agreement with that of 4a-methyl-24-ethylcholest-8(14)-en-3/I-ol found in Glenodinium sp. [22]. 

f Tentative. 
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Peak 

2 

8 

9 

10 

11 

12 

14 

15 

16 

Table 3. 

22-trans-5,22-Cholesta-dien-3j-ol-TMSMS m/z (rel. int.): 456 CM]’ (15), 441 (17), 351 (6), 327 (28), 282 (6), 255 

(15), 253 (8), 251 (30), 207 (18), 141 (30), 129 (35). 111 (60), 83 (66), 81 (59), 69 (100). 55 (100) 

free sterol: 384 [M]’ (46), 369 (8), 366 (lo), 351 (91 301 (13), 300 (54), 285 (12), 273 (22). 271 (26), 255 (62), 253 
(15), 213 (17). 207 (18), 111 (55), 81 (75), 69 (100) 55 (100) 

5 a-Cholesten-3/I-ol-TMSMS m/z (rel. int.): 458 [MI’ (40), 443 (lo), 368 (69), 353 (281, 329 (78). 301 (6). 275 (9), 

255 (20), 247 (19), 229 (4), 213 (13) 

free sterol: 386 [Ml’ (IOO), 371 (29), 368 (45), 353 (32). 301 (48), 275 (55), 255 (28), 213 (34) 
5x-Cholestan-3/Gal-TMSMS m/z (rel. int.): 460 [M] + (7), 454 (7), 452 (15), 445 (7). 370 (84). 355 (6), 306 (4). 257 
(13). 230 (19), 229 (81), 217 (5), 215 (lo), 57 (loo), 

free sterol: 388 [M] + (95), 373 (42), 355 (15). 349 (7), 331 (6). 301 (4), 262 (17), 257 (5), 248 (15). 234 (76). 233 (100). 
217 (34), 216 (43), 215 (89), 165 (44) 

24-Methyl-cholesta-5, 22-dien-3fi-ol-TMS.MS m/z (rel. int.): 470 [Ml+ (25), 471 (4). 381 (40), 366 (lo), 341 (14). 

253 (32), 251 (12), 215 (6). 213 (lo), 207 (6), 69 (100). 

freesterol: 398 [M]’ (82), 383(10), 380(12), 365 (13), 355(7), 337(15), 314(10), 313(9). 300(49),285(10), 271 
(50), 255 (66), 213 (22) 

Ergosta-5, 7,22-trien-3fl-ol-TMSMS m,k (rel. int.): 468 [M]’ (16), 378 (25), 376 (20), 363 (48), 362 (24), 337 (23), 

253 (67), 251 (42), 237 (26). 211 (27), 169 (28), 157 (37), 143 (34). 69 (lOO), 55 (100). 

free sterol: 396[M] i (93), 397 (28), 378 (lo), 364 (28), 363 (lOO), 338 (13), 337 (31). 271 (25). 253 (52). 251 (20). 213 
(15), 211 (25), 157 (38), 143 (37), 69 (70), 55 (50). 

24-Methyl-cholest-5-en-3/1-ol-TMSMS m/z (rel. int.): 472 [M]’ (29), 457 (1 I), 383 (22), 382 (651, 378 (25). 343 
(72), 342 (14). 315 (5), 289 (6). 261 (14), 129 (100) 

free sterol: 400 [Ml+ (loo), 385 (26). 382 (46). 367 (33), 315 (53), 289 (42), 273 (25), 255 (32), 213 (36) 

24-Methyl-cholestan-3B-ol-TMS.MS ml-_ (rel. int.): 474 [M]’ (1 l), 475 (5), 459 (14). 417 (5), 384 (6), 369 (7). 305 

(8), 300 (7). 281 (8), 257 (4), 230 (7), 217 (12), 216 (15), 215 (25) 

free sterol: 402 [Ml + (58). 400(26), 387 (37), 396 (12), 363 (lo), 345 (4), 315 (6), 276(14), 257 (4). 235 (19). 234 (69), 
233 (loo), 217 (35), 216 (24), 215 (92), 207 (15), 165 (41) 

24-EWcholesta-5,22-dien-3/I-ol-TMS.MS m/z (rel. int.): 484 [M]’ (28). 485 (1 I), 470 (5), 469 (5), 395 (IO), 394 

(33). 379 (II), 355 (12), 351 (14), 256 (7), 255 (34). 253 (ll), 213 (11). 129 (47), 83 (100). 

free sterol: 412 [Ml‘ (1001, 413 (33), 397 (8), 394 (9), 379 (II), 369 (18), 365 (8). 351 (30). 301 (15). 300 (43). 272 
(29). 271 (54), 255 (66), 213 (25). 83 (84), 55 (100) 

24-Ethylcholesta-5,7,22-trien-3P-ol-TMSMS m/z (rel. int.): 482 [M] i (36), 394 (17), 392 (25). 378 (20). 377 (93). 

352 (14). 351 (50), 343 (5), 281 (4), 271 (4), 253 (35), 213 (15), 211 (25), 129 (52). 55 (100) 
24-Ethylcholest-5-en-3fl-ol-TMSMS m/z (rel. int.): 486 [M]’ (43). 489 (19). 471 (12), 397 (25), 381 (28). 357 (75), 

356 (19), 329 (6), 297 (ll), 275 (18). 255 (23), 129 (100) 

free sterol: 414 [Ml’ (lOO), 399 (?I), 396 (22), 381 (18). 329 (26), 273 (19). 255 (14), 303 (25), 231 (22). 229 (35). 213 

(25) 
24-ethylcholestan-3/I-ol-TMS.MS m/z (rel. int.): 488 [M] a (74), 489 (30), 474 (23), 473 (59), 431 (14), 398 (35), 384 
(37), 383 (12), 306 (27). 305 (31). 290 (12), 257 (8), 231 (18), 230 (22), 217 (46), 216 (60), 215 (9X), 75 (100) 

free sterol: 416 [Ml’ (IOO), 417 (34), 401 (33). 383 (15), 359 (6), 313 (6), 290 (13), 248 (12), 234 (63). 233 (86), 217 
(28), 216 (35). 215 (78), 165 (35) 

24-Ethylcholesta-5, 24(28)-dien-3p-ol-TMS.MS m/z (rel. int.): 484 [M] i- (16), 386 (100). 379 (1 1), 371 (12), 355 

(111, 253 (IO), 296 (71), 281 (38), 257 (23). 255 (ll), 213 (It), 211 (13), 159 (21), 129 (70) 

free sterol: 412 [M]’ (63), 397 (20), 394 (8). 379 (211 314 (17), 299 (5). 296 (7). 2x1 (8). 271 (40)(with 
concomitant peaks of stigmastanol) 

24-Ethylcholest-7-en-3p-ol-TMS.MS m/z (rei. int.): 486 [M]’ (lOO), 488 (73) 472 (1 1), 471 (25). 396 (12), 381 (21), 
345 (12), 303 (7), 255 (97), 256 (21), 229 (36), 213 (45) 

free sterol: 414 [Ml’ (loo), 399 (25), 381 (6). 273 (IX), 255 (54), 254 (12), 246 (8). 231 (17), 229 (15). 213 (17). 147 
(14), 119 (13), 107 (19) 

4a-Methyl-24-et~ylcholest-8(14)-en-3~-ol(~en~a~ive) free sterol: 428 [Ml’ (IOO), 413 (25), 410 (lo), 395 (lo), 287 

(16). 269 (7), 261 (5), 260 (6), 245 (12). 243 (14), 227 (16) 

4a-Methyl-24-ethyl=C,, steroi (tentative) free sterol: 430 [M]’ (54), 412 (lOO), 397 (52), 394 (43). 383 (24). 289 

(21), 275 (26), 271 (24). 253 (15), 247 (21), 243 (14), 229 (31). 211 (29), 149 (47), 135 (73) 95 (100) 

caldurium synthesizes cholesterol, ergosterol, campe- algal sterols has not been specified in publications to 
sterol, sitosterol, 5,6-dehydroergosterol and 7-dehydrosi- date. In contrast, green algal sterols are reported to have 
tosterol [6] and thus resembles the blue-green algae the 24S-configuration [47-491. Investigations are now 
investigated by us. 22-Dehydrocholesterol has also been being made in our laboratory to determine the C-24 
found in the Prochlorophyte Prochloron [9], in several chirality for the blue-green algal sterols. 
Rhodophyceae 133, 42-451 and Bacillariophyceae [46]. Open questions still remain with regard to the satura- 

With few exceptions the chirality at C-24 of blue-green ted sterols (stanols) described here. With the exception 
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of one report (Microcystis aeruginosa) [23] investigations 
by other authors do not reveal the presence of saturated 
sterols in blue-green algae [l-9]. On the other hand, 
saturated sterols have been found in several marine algae 
[2433]. For example, Mon’ochrysis lutheri (marine 
Chrysophyceae) has been reported to synthesize satura- 
ted sterols during the stationary but not during the 
exponential growth phase [37]. Recently, Orcutt et al. 
[SO] have described the occurrence of several sterols (nos 
14, 68, 10, 11 in Table 2) in antarctic ‘blue-green 
algal--(diatomaceous)-microbial mats and cores’ with- 
out, however, attributing the sterols to individual species. 

We do not know at present whether the formation of 
saturated sterols reported here was influenced by the age 
of the cultures and/or by the medium employed in our 
studies. The latter is composed of 90% demineralized 
water and 10% seawater with trace elements and 
phosphate added [ 143. Despite the seawater component 
it is fresh-water-like because of its low total salt concen- 
trations. Our control experiments showed that the sterols 
were not derived from the seawater which is reported to 
contain low quantities of sterols [Sl, 521. Furthermore, 
the blue-green algae investigated here were grown to the 
stationary growth phase (44 days). We are presently 
investigating whether certain ions of the seawater and the 
age of the cultures have an influence on sterol formation 
of the blue-green algae. 

EXPERIMENTAL 

Blue-green algae. Anabaena cylindrica Lemmermann B 1611 

was obtained from the Collection of Algae at Indiana Univers- 

ity, Bloomington, USA. Anabaena uiguieri (Denis) Fremy, No- 

stoc carneum (Lyngbye) Agardh ex Bornet & Flahault and Nodu- 
laria harueyana (Thwaites) Thuret were received as gifts from the 

Max-Planck-Institut fiir Limnologie, Plon. Anabaena solitaria 
Klebahn was isolated from an urban fountain. 

The organisms were grown at 23” under axenic conditions 

and continuous aeration in 10 I flasks containing 8 1 of a newly 

developed inorganic medium (DS medium) consisting mainly of 

90% demineralized water and 10% seawater with added 
phosphate and trace elements. [14]. The cultures were illumina- 

ted with two fluorescent tubes Philips TL 65 W/25 (white) and 

one fluorescent tube Osram L 58 W/77 Fluora (red) at a photon 

fluence rate of 17-20 ~mol/s/m’. The algae were harvested by 
centrifugation and immediately freeze-dried. The biomass ran- 

ged from 350 mg to 650 mg (dry wt) per 1. 

Isolation of the sterols. The freeze-dried biomass (2-5 g) was 

extracted in a Soxhlet apparatus with CHCl,-MeOH (2: 1) for 

12 hr. After removal of the solvent the remaining total lipids 

were weighed and then saponified with 3 ml of 8% KOH in 

MeOH-H,O (2 + 1) for 3 hr. The unsaponifiable fraction was 

obtained by liquid-liquid extraction with petrol for 12 hr. The 

petrol extract was evapd to dryness and the residue dissolved in 

15 ml of Me,CO, 5 ml of a digitonin soln (1% in 60% EtOH) 

were added and the mixture kept at 70” for 20min. The flasks 
were then stored at 4” over night. The red coloured soln with the 

digitonide ppt. was filtered through a glass microfibre filter 

(Whatman GF/C; 5.5cm diameter) and washed thoroughly with 

Me&O (50ml) and Et,0 (50ml). The filter with the digitonides 

was cut into small pieces and immersed in 5 ml of DMSO; the 

soln was heated to loo” for 10 min on a water-bath according to 

ref. [53]. After cooling to room temp. 5 ml of hexane were added 
and the mixture shaken on a whirly-mix for 3min. The super- 

natant was transferred to a test tube. This extraction procedure 

was repeated twice. The combined hexane extracts were evapd 

to dryness under a stream of N,. The residue was dissolved in 

0.1 ml THF and submitted directly to GLC. 
Silyt’ation of sterols. The sterols were dissolved in 10~1 THF 

After addition of 20~1 MSFBA (N-methyl-N-trimethylsilyl-hep- 

tafluoro-butyramide) they were heated to 60” for 10min. 

The above procedure allows the analysis of digitonin pptble 

sterols derived from as little as 500 mg of blue-green algal 

biomass without using TLC and/or CC. According to our 
experiments the use of TLC and CC leads to a loss of sterols due 

to adsorption of these compounds on the silica gel. 

Gas-liquid-chromatography: GLC was carried out with a 
WCOT fused silica capillary columm (25 m/0,22mm) coated 

with SE-54. Columm temp.: 250”. R&s of the free sterols and of 

their trimethylsilylethers were expressed against cholesterol or 

its trimethylsilylether respectively (see Table 2). Areas below the 

peaks of individual sterol were calculated with a Shimadzu C- 

R3Alntegrator. Detector: FID. 
Gas-liquid-chromatography/mass spectrometry: This was car- 

ried out with a WCOT fused silica capillary columm (20m/O, 

22m) coated wih SE-54. Columm temp.: 250°C. Mass spectrom- 

etry: Finnigan MAT 8230. 
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