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Abstract-The fatty acids and sterols of the raphidophyte flagellates, Heterosigma akashiwo (Australian and Plymouth 
strains) and Chattonella antiqua (Japanese strain) are reported. The major sterol of both species is 24-ethylcholesterol, 
which is more commonly associated with higher plants and has rarely been reported in unicellular algae. C. antiqua also 
contained 24-dihydrozymosterol [cholest-8(9)-en-3/Lol], which is also uncommon in marine algae. The major fatty 
acids in both raphidophytes are 16:0, 18:4w3,20:503, 16: 107 and 14:0. Polyunsaturated fatty acids accounted for 
46-50 % of the total fatty acids in both species. The fatty acid 18: 503 was detected in if. &as&o, but not in C. untiquu. 
This acid is found in some dinoflagellates and Prymnesiophyccan algae, but this is the first report of its presence in the 
Raphidophyceae. The lipid distributions obtained for H. akoshiwo and C. antiquu provide unique signature profiles for 
use in taxonomic, food-web and organic geochemical studies. The fatty acid and sterol distributions of these two 
raphidophytes justify their assignment to a separate class within the ‘brown algal’ line. 

INTRODUCIION 

The Raphidophyceae ( = Chloromonadophyceae) are a 
small group of little studied golden-brown flagellates. 
They were originally described from fresh waters, but are 
now also widely recognised in coastal waters [l], where 
they can cause ‘red-tide’ phenomena and associated fish 
kills [2]. 

Basic features of the cell structure of raphidophytes 
include two unequal flagella arising from an apical 
depression: the forward llagellum bears two rows of fine 
hairs, while the trailing flagellum is smooth and lies close 
to the surface of the cell. The flagellar bases have a unique 
system of cross-banded, fibrous roots [3]. The cells are 
naked, dorsiventrally flattened and contain numerous 
trichocysts and mucocysts that readily discharge, thereby 
rendering these species difficult subjects for microscopic 
studies (M. Vesk and 0. Moestrup, personal com- 
munication). 

The taxonomy of this algal class is the subject of 
controversy [4]. Raphidophyte taxa have often been 
mistakenly assigned lo other algal classes such as crypto- 
monads, chrysophytes, dinollagellates and euglenoids. 

Characterization of carotenoid, sterol and fatty acid 
patterns in unicellular algae can clarify disputed taxo- 
nomic affinities based on ceil morphology alone. A recent 
study of carotenoids of the Raphidophyceae identified 
two species groups [S]. The freshwater taxa Gonyostonum 
semen and Vacuolaria verscens lack fuwxanthin and their 
pigment composition resembles that of the Xantho- 
phyceae with diadinoxanthin, dinoxanthin and hetero- 
xanthin as major xanthophylls. Two marine strains of 
Fibrocopsa japonico (= Chattonello japonica) examined 
contained fuwxanthin and violaxanthin [5J, and have a 

pigment composition similar to that of the 
Chrysophyceae and Phaeophyceae. The same pigments 
were also reported for Heterosigma akashiwo (as 
Olisrhodiscus lums) [6], which at that time was assigned 
to the Chrysophyceae. 

In a previous study [n, we examined the sterols and 
fatty acids of the raphidophyte FCRG 51 (= Fibrocapsa 
japonica). An unexpected affinity with the Dinophyceae, 
rather than the Chrysophyceae, was noted. 

We report here the fatty acid and sterol composition of 
the controversial taxon Heterosigma akashiwo (two 
strains) [8], as well as the typical raphidophyte 
Chattonella antiqua [9]. Our results show that lipid 
profiles assist the assignment of algal taxonomic position, 
and also provide signature lipid profiles (biological mar- 
kers) for use in organic geochemistry and food web 
studies. Such biochemical analyses may also prove useful 
in studying the abundance and ecology of these species in 
marine environments. 

RESULTSANDDISCUSSION 

Lipid abundances 

Thin-layer chromatography-FID analyses of the total 
lipids of If. akaskiwo and C. antiqua indicated that more 
than 90 % of the lipid fraction consisted of polar material. 
The proportion of triacylglycerols was low. This observa- 
tion is probably due to the harvesting of cells during late- 
log phase, sincz it has been observed that concentrations 
of triacylglycerols increase in stationary phase or with 
nitrogen limitation [lo]. 
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The ratios of fatty acids:sterols:phytol are similar in 
the two species (Table 1). The ratio of fatty acids: sterols 
(14-20) is lower than that generally found in diatoms 
(average of 54, n = 11) [ 113, but higher than that found in 
some dinoflagellates (1.2-9.2) [12, 131. We believe that 
such ratios will prove useful in chemotaxonomic studies, 
but presently there are stll too few data available for them 
to be used to assign an alga to a particular class. Such 
info~ation is also of use in organic geochemistry studies 
where the flux of planktonic matter through the water 
column, or rates of degradation of individual compounds, 
are calculated [14]. 

Sterols 
Five sterols were identified in H. akashiwo (two strains) 

and C. antiqua, using GC-MS techniques (Table 2). ‘Ihe 
major sterol in both algae was 24-ethylcholesterol 
(73-94 % of total sterols). H. akashiwo also contained 24 
methylcholesterol (3--6x), which was not detected in 
C. ontiquu, and trace amounts of choleaterot. C. antique 
contained higher relative amounts of cholesterol and two 
sterols not found in Ii. akashiwo: cholest-8(9)-en-3/I-al 
(24dihydrozymostero1, 11%) and 24-ethylcholesta- 
5,24(28)Zdien-3/3-o1(28-isofuwsterol, 4 %). Other minor 
sterols were detected in both species but the amounts were 
too small to enable identification of these components. 

The distributions of 4-desmethyl sterols in unicellular 
algae have been reviewed by Volkman [IS]. As very few 
species have been studied with modern analytical tech- 

niques, and the taxonomy of some species is prob- 
lematical, reliable data are still too sparse to identify 
specific sterol markers for each algal class. Nonetheless, 
characteristic sterol distributions can be defined for some 
algal classes, In the following discussion, we attempt to 
interpret the sterol data obtained for H. akashiwo and 
C. antiqua in relationship to their taxonomic affinities 
within the ‘brown algal’ line (~~lla~ophy~, 
Chrysophyceae, Phaeophyceae, P~mnesiophy~e and 
Xanthophyaae). 

The dominant sterol in H. akashiwo and C. ant&pa, 24 
ethylcholesterol, has been found in very few algae, and 
seldom as a major component. The diatom Asterionella 
glacialis (Racillariophyceae) Cl5.163, some strains of 
Paoloua lutheri (Prymnesiophyceae) (15, 173, and three 
species from the Xanthophyceae [18] contain 24-ethyl- 
cholesterol at concentrations greater than 65% of the 
total sterols. The major sterols of the Racillariophyceae 
and Prymnesiophyceae are usually 24_methylcholesta- 
5,22Edien-3/Lol, 2~methylen~hol~teroI and choles- 
terol [ 151. Few species contain 2~thylchol~tero1, so the 
occurrences noted above are not typical of these two algal 
Classes. 

Carotenoid studies on Fibrocapsa japonica and 
H. akashiwo (as Olisthodiscus luteus) have previously 
suggested a link between the Raphidophyceae and the 
Chrysophyceae [S, 63. H. akashiwo and C. antiqua had 
similar carotenoid profiles to other members of the 
Raphidophyceae: fucoxanthin, violaxanthin and fib- 
carotene were present as the major carotenoids (S. Wright, 

Table 1. Relative abundanwa of lipid classes in ~er~os~~ akashiwo 
and Chattoneiia antiqua* 

Lipid class 
iictetosigma akashiwa chattonella lmtiqua 
CS-39 CS-169 cs-171 

Fatty acids 1.0 1.0 1.0 
sterols 0.05 0.07 0.05 
Pilytol 0.06 0.07 0.07 
Fatty aeid/sterol 20 14 14 

l Concernration of fatty acids set equal to 1 .O. Values calculated from 
calibrated GC response of lipid cIasaes relative to internal injection 
standard. 

Table 2. Sterol compositions of Heterosigww akahiwo and Chattonella antiqua 

Sterol 

Cholest-5cn-3~-ol 
Chokst-8(9)-en-3~-ol 
24-Mcthykbokst-5-en-38_ol 
24-Ethykhokst-5+3/M 
24-Ethykhoksta-5,24(28)Zdii- 
3Bsl 
Other 

Percentage composition 

Hererosigmo akmhiwo Chattonella 
antiquer 

Common name M: RRt cs-39 CS-169 ES-171 

chokatero1 458 1.00 0.4 7.2 
24dihydrozymosterol 458 1.07 

!Y; 
- 11.1 

24-methykholcsterol 472 1.32 6.0 2.9 - 
242thykholesterol 486 1.63 90.8 94.1 73.1 

28-isofocosterol 484 1.65 - - 4.1 
2.6 2.6 4.5 

l Molecular weight, as TMSi ether. 
?KR, relative retention time on a methyl silicone (BPl) column: choksterol = 1.00, zecthylchoksterol = 1.63. 
$- not detected. 
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unpublished data). The sterol distributions of the two 
algal classes are, however, quite different. The major sterol 
in three species of the Chrysophycum genus Ochromonus 
is 24-ethylchole&a-5,22E-dien-3@ol [l&19,20], whik 

two unidentified species contain significant proportions 
of CaO sterols [ 153 not found in H. ~~~~ or C. ~tiqu~. 
Whether these sterol ~st~butions are representative for 
the Chrysophyceae will not be determined until more 
species are studied. 

The taxonomy of the unicellular alga FCRG 51 
(Fi6r~~ps~ Juneau) has been the subject of much 
controversy. It is now assigned to the Raphidophyceae 
[ 1,211, but initially it was associated with the dinoflagel- 
late genus Exuviaella, and then transferred to the 
Chloromonadophyceae (= Raphidophyceae), and also 
the Chrysophyceae [S]. The sterol distribution of FCRG 
51 differs markedly from that of H. ukashiwo and 
C. ant~qua and suggests a biochemical link with the 
Dinophyceae [7]. FCRG 51 contains dinosterol (specific 
to dinoflagellates), other emethyl sterols and 24_meth- 
ylenecholesterol, while 24-ethylcholesterol was not 
detected. 

C. anciqrru is one of the few ~~~11~~ algae known to 
contain cholest-8(9)-en-3&ol (24-dihydrozymosterol). 
The occurrence of this sterol is one biochemical feature by 
which the two Raphidophycean taxa studied here can be 
distinguished from each other. The mass spectra of C2., 
sterols with A*(‘*), Ahst9’ and A7 double bonds are similar, 

Table 3. Fatty acid ocrmposition of Hererosigmo 
akashiwa and Chattone#a antiqua 

Fatty acid* 

Percentage composition 
Heterosigma Chattone~la 

ilkUShiw0 aw* 

cs39 CS-169 CS-171 

i4:o 5.9 6.0 7.9 
15:o 0.6 0.4 0.7 
16: 107c 8.6 9.3 8.0 
16:&C 1.2 1.7 0.2 
16: lo131 4.8 6.8 3.0 
16:0 25.8 19.8 24.7 
18:ku3 4.6 5.2 - 
18:3W6 0.7 0.4 0.4 
18:403 18.1 16.5 20.1 
18:206 3.7 2.3 4.2 
18:3w3 3.5 3.0 4.3 
18: 109c 0.7 0.5 2.2 
18: 107c 0.8 1.0 0.9 
18:O 0.3 0.4 0.9 
20:4w6 1.5 1.2 2.7 
20: 503 11.7 16.3 14.1 
22:603 2.1 3.0 2.1 
22:503 0.1 0.1 1.9 
Other 5.3 6.2 1.6 
Total PUFA$ 46.0 48.0 49.8 

*Tabulation indicates elution order on non-polar 
BPl. Coeluting components quantified using a Polar 
BP20 column. 

tAki0 contaillcd traces of 12:q 13:o. 
SSum of ~l~n~tumt~ fatty acids (2 2 doubk 

bonds). 

with prominent ions at m/z 458 (M + TMSether), 443, 
368,353,255,229 and 213. In this study the mass spectra 
of the Asf9) and As’141 isomers were nearly identical; these 
two isomerscould not, therefore, be distinguished by mass 
spectral data alone. The mass spectrum of the A’ isomer, 
compared with the other isomers, showed a higher 
abundance of m/z 255 relative to m/z 213 and 229. The 
three isomers can be identified by their very different 
retention times. RR, values of 1.01, 1.07 and 1.17 were 
determined for the A*“*), Aet9j and A’ isomers relative to 
cholesterol TMSether, and the Cz7 sterol present in 
C. antiqua co-chromatographed with authentic cholest- 
8(9)-en-3&ol. 

Cholest-8(9~n-3/?-ol has been found in the diatom 
Biddulphia our&, together with approximately equal 
amounts of fucosterol, 24-methylcholesta-5,22Edien-3/?- 
01 and cholesterol [l 13. The reasons why this sterol 
accumulates in so few species and its significance in terms 
of sterol biosynthetic pathways require more studies. 

The occurrence of 28-isofucosterol in C. antiqua sug 
gests that, in this alga at least, this sterol is the biosynthetic 
precursor of 24ethylcholesterol. The absence of the 
24(28)E isomer, fucosterol, is noteworthy and suggests 
that the enzyme producing the 24(8)2 double-bond is 
specific for this isomer. 

Unicellular algae use several mechanisms to elaborate 
sterol side-chain structures, and many details of the 
mechanisms involved are still not known. Ochromanas 
~~h~nsis (Chrysophyceae) has been shown to convert 
28-isofucosterol to 24~~thylchol~ta-5,22Edien-3~~1 
(poriferasterol) [22], and in 0. danica the side-chain 
double-bond is completely reduced to produce a small 
amount of 24&ethylcholesterol[ 191. The pathway oper- 
ating in C. ontiqua produces no 2~thylchol~ta-5,22~- 
dien3/?-ol, and 28-isofucosterol is almost entirely con- 
verted to 24ethylcholesterol. It remains to be established 
whether the Cz9 sterols of the Raphidophyceae have the 
244 stereochemistry found in Ochromonas or the 24a 
stereochemistry found in diatoms. 

The occurrence of 24cthylcholesterol in both species of 
Rap~dophy~e has impli~tions for the study of the 
origins of organic matter in seawater and sediments. This 
sterol is often us& as a marker for higher plant input to 
marine sediments [lS, 23,241. However, recent work 
suggests that marine sources of this sterol must be 
significant to account for the high con~ntrations of 24- 
ethylcholesterol in seawater particulate matter and some 
marine sediments [lS]. This study has identified two 
bloom-forming coastal algal species that produce high 
concentrations of 24-ethylcholesterol. It is likely that 
other little-studied algal classes will be found to contain 
this sterol. 

These results are also relevant to studies of ancient 
sediments and crude oils. Sterols are converted to steranes 
in ancient sediments, and the ratio of C2, to C,, steranes 
is often used as an index of the relative amounts of marine 
and terrigenous organic matter. The present finding of 
Cz9 sterols in marine algae further supports the view 
[ l&16} that other higher-plant derived lipids must be 
present, before it can be assumed that the Cz9 sterols or 
steranes are derived from terrigenous sources. 

Fatty u&s 

The fatty acid compositions of H. ~~~iwo (two 
strains) and C. antiqua are shown in Table 3. Each of the 
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three samples contained similar distributions with major 
acids being 16:0, 18:4w3,20:5w3, 16: 1~7 and 14:0, in 
decreasing order of abundance. Both algae showed a low 
16:lw7c/16:0 ratio (< 0.3). Crs, Cz,, and Czl poly- 
unsaturated fatty acids (PUFA) accounted for 46-50 Y0 of 
the total fatty acids. The fatty acids in the Australian (CS 
169) and Plymouth ((X-39) strains of If. akashiwo were 
closely similar. 

H. akashiwo and C. antiqua contained the same profile 
of fatty acids, except that C. antiqua contained no 
detectable 18: 503 (i.e. < 0.05 % of total fatty acids). The 
small differences in the relative abundances of minor fatty 
acids could be due to differences in physiological state of 
the algae. C. untiqua contained lower relative amounts of 
16: 1~5 and 16: lw13t (the latter associated with chloro- 
plast phospholipids [25]), and higher proportions of 
18: lw9,20:4& and 22:5w3. 

A comparison with published data on other members of 
the ‘brown algal’ group provides insights into possible 
biochemical relationships. The relative proportions of 
major fatty acids and the presence or absence of specific 
compounds can be used to distinguish between different 
groups, with the proviso that culture conditions may also 
affect fatty acid compositions. This problem can be 
avoided if culture conditions and analytical procedures 
are standardized. 

Diatoms (Bacillariophyceae) contain high concentra- 
tions of 16:0, 16:1 and 20:5w3 (often with 16:107 
predominating) and low amounts of Crs PUFA. They 
may also contain Clb PUFA [e.g. 11,261. Members of the 
Xanthophyceae do not contain 18 ~403, and characteristi- 
cally show a high 16: l/16:0 ratio. In many species, Clb 
PUFA are present [ 18,271. Chrysophyceae usually have 
high 16: l/16:0 ratios (> 2) and contain appreciable 
amounts of CL6 PUFA, which are not found in the 
Raphidophyceae [27]. The fatty acid distributions of 
H. akashiwo and C. antiqua are therefore distinct from 
those of the diatoms, the Chrysophyceae and the 
Xanthophyceae. Also, none of these algal classes has been 
reported to contain the uncommon acid 18 : 5~3 found in 
H. akashiwo. 

The fatty acids found in members of the Dinophyaae 
and the Prymnesiophyceae show a closer correspondence 
to those in the two Raphidophycean algae. However, there 
are significant differences in the proportions of some 
major acids. Dinoflagellates usually contain higher abun- 
dances of 18: 5 and 22 : 6 fatty acids. The fatty acid 18 : 503 
is often more than twice as abundant as 18 : 4w3, whereas 
in H. akashiwo it is only one-third as abundant. The 
Prymnesiophyceae contain 14: 0, 16: 0, 18 : 303, 22 : 6w3 
and 18:4w3 as major acids [27,28,29], often with 18:4w3 
predominating. This is broadly similar to the fatty acid 
distributions found in H. akashiwo and C. antiqua. al- 
though 14:0, 18:lw9 and 22:603 seem to be more 
abundant in the Prymnesiophyceae. 

Phylogenetic implications and conclusions 

Sterol and fatty acid profiles of the two raphidophyte 
algae Heterosigma akashiwo and Chattonella antiqua 
support assignment of these algae to a separate class 
within the ‘brown algal’ line. Although ultrastructure 
studies and pigment analyses indicate a close link between 
the Raphidophyceae and Chrysophyceae, this linkage is 
not supported by the sterol and fatty acid data obtained in 
this study. 

Both red-tide flagellates contain 24ethylcholesterol as 
the most abundant sterol. This sterol has previously been 
found as a major component in only a few unicellular 
algae, and has been used by organic geochemists as a 
marker for organic matter from terrestrial sources. The 
presena of 24cthylcholesterol in H. akashiwo and 
C. antiqua indicates that this sterol is more common in 
marine algae than previously believed; it would be unwise, 
therefore, to use it as a terrigenous marker in all 
environments. 

The fatty acid distributions of the two raphidophytes 
resemble those of the Dinophyceae and Prymnesio- 
phyceae, although there are significant differences in the 
proportions of some acids. The occurrence of the uncom- 
mon acid 18 : 5~3 in H. akashiwo is the first report of this 
acid in the Raphidophyceae. Therefore, this compound 
can no longer be considered to LX restricted to members of 
the Dinophyceae and Prymnesiophyceae. 

Data on the lipids and carotenoid pigments of 
H. akashiwo and C. antiqua have provided a basis for 
assigning biochemical affinities of the Raphidophycean 
algae. The occurrence of specific sterols and fatty acids 
and selected ratios of compounds should also be useful in 
assessing the input of such organisms to marine sediments 
and food-webs. The latter is of ecological importance as 
dense blooms of H. akashiwo, and especially C. antiqua, 
have caused extensive mortalities in cultured fish and 
other marine organisms [30] in Japanese waters. 

EXPERIMENTAL 

Culture conditions. The two strains of Heterosigma akashiwo 
((X-39 and CS169) and Chattonella antiqua (CS-171) were 
obtained from the CSIRO Algal Culture Collection. The CS39 
isolate came from F. T. Haxo’s culture collection at the Scripps 
Institution of Oceanography and was isolated by M. Parke from 
Plymouth, England as Olisthodiscus luteus. CS-169 was isolated 
by J. L. Stauber from West Lakes, South Australia, while CS-171 
is strain Ho-l from the NlES-collection, Japan, isolated by M. 
Watanabe from the Seto Inland Sea. Cultures (11) were grown in 
Erlenmeyer Basks at 19” in half-strength G medium (enriched 
seawater soil extract) for marine dinofhrgellates [31] at 
100 pE/m' see (Philips fluorescent tube-near daylight special 
white light: TL20W/47 deluxe) on a 12: 12 hr 1ight:dark cycle. 
Cells in late log-phase (8 days) were harvested for lipid analysis by 
filtration onto precleaned (mutIle furnace, 450”) glass-fibre filters 
(Whatman GF/C) and transferred immediately to the extracting 
solvent mixture. Cultures were maintained under the same 
conditions as for the experiments, with the exception that they 
were grown in 75 ml of medium in 125 ml Erlenmeyer flasks. 

Lipid extraction and fractionation. Lipids were quantitatively 
extracted by the one-phase Bhgh and Dyer procedure 1321. After 
phase separation, lipids were recovered in the CHCI, phase, the 
solvents removed in uucuo, and the lipids stored under nitrogen at 
- 20”. A portion of the total lipid extract was analysed with an 
Iatroscan ML III TH-IO TLC-FID analyser (Iatroscan 
Laboratories, Japan) [33]. Total neutral lipid and fatty acid 
fractions were obtained following alkaline saponification as 
described previously [7j. Fatty acid methyl esters (FAME) were 
formed by acid methanolysis [34] and stored at -20”. 
Carotenoid analyses were performed using HPLC methods 
descxibed in detail elsewhere [35]. 

GC and GCMS aaalyses. The neutral lipid fraction, containing 
predominantly sterol and alcohol components, was treated with 
BSTFA (30 min, 60”) to produce the corresponding TMS-ethcrs. 
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All samples were analysed with a Shimadzu 9A gas chromate- 
graph equipped with an FID and GCI-3 on-column injector 
(SGE, Australia). Samples were injected at 40” onto a nonpolar 
BP1 fused-silica capillary column (25 x 0.25 mm i.d., SGE). After 
1 min. the oven temperature was raised to 120” at 30” per min, 
then to 3 10” at 4” per min. Hydrogen was used as carrier gas and 
the detector temperature was 340”. FAME were further analysed 
using a polar BP-20 (carbowax) fused-silica column (25 
x 0.25 mm i.d.. SGE). Similar GC conditions to those described 

above were employed, except that 240” was the upper limit of the 
second temperature ramp. Peak areas were quantified with a 
Shimadzu C-R3A integrator. Lipid analyses were performed in 
duplicate. Components were quantitated by calibrated GC 
response and are subject to errors of up to 5 % for major peaks 
and up to 10% for minor peaks. Peak identifications, prior to 
GC-MS confirmation, were based on comparison of retention 
times with data obtained for donated, commercial, and pre- 
viously identified laboratory standards. Identifications were 
confirmed by comparison of mass spectra (sterols and alcohols as 
TMS-ethers) with those of previously reported spectra [e.g. 
36391. GC-MS analyses were performed with an HP 5890 GC 
and 5790 MSD fitted with an open-split interface. The nonpolar 
column, injector and chromatography conditions were similar to 
those described above. Mass spectra were acquired and processed 
with a 59970A Workstation operated in scan acquisition mode. 
Typical MSD operating conditions were: electron multiplier 2600 
volts; transfer line 310”; autotune file DFTPP normalized; 
electron impact energy = 70 eV; scan threshold = 39 0.8 scans 
per sec. 
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