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ABSTRACT: The unique predominance of oleyl alcohols enzyme underlying the de novo formation of wax 
(18:l)  is the striking characteristic of the lipids of the Antarc- esters (and also triacylglycerols) is the Tlrpe-1 fatty acid 
tic euphausiid Thysanoessa macrura. The 2 isomers 18:l(n-9) synthetase, which present in all animals studied so 
and 18:l(n-7) occurred in similar proportions in the wax 
esters of T macrura and comwrised uw to 80% of the total fattv far, marine zooplankton & Hender- 
alcohols. The remainder consisted mostly of the 20:l(n-9) son 1986). The chain-length specificity of the processes 
alcohol along with small amounts of the 22:l(n-11) alcohol. forminq wax esters in marine zooplankton varies sub- - 
No marine zooplankton species has  ~ r e \ ' i o u s l ~  been reported stantially such that different species produce different 
which produces wax esters with significant amounts of 18 car- 
bon fattv alcohols. T macrura s ~ e c i m e n s  were collected in the of quite different fatty acid and fatty 

high An;arctic Weddell Sea autumn 1992 and summer C ~ m p ~ S i t i ~ n ~ .  Characteristic of many C ~ ~ ~ ~ V O ~ O U S  and 
1993. Their lipid levels were high, about 40 to 50% of the omnivorous zooplankton species is the synthesis of 
dry mass with up to 70% of the total lipid as wax esters. The shorter-chain alcohols (14:O and 16:O) as wax ester 
wax ester fatty acids were dominated by the saturates 14:0 moieties, whereas the wax esters of herbivorous spe- 
and 1 6 0 ,  which, along with the monounsaturate 18:l(n-g),  
accounted for more than 80'v0 of the total fattv acids, Phos- ties, the large calanOid c O ~ e ~ O d s f  
pholipids contained h ~ g h  levels of (n-3) polyunsat~~rated fatty mainly of long-chain alcohols (20:l and 22:l) .  Surpris- 
acids (20.5 and 22.6) typical of membrane lipids from marine inqly, none of the s ~ e c i e s  exanlined so far contain ., a 
zooplankton The precise significance of the unique wax ester large amounts of fat ty alcohols with 18 carbon atoms, 
composition in T. macrura is not clear but this discovery 
underscores the blochemica] adaptability of Antarctic zoo. d e s ~ l t e  the acid 18:1(n-9) being a 

plankton specles to a constantly cold and highly seasonal major component of the lipids of many zooplankton 
polar environment species, including their wax esters (Lee et al. 1971, 

Graeve et al. 1994, Hagen et al. 1995). 
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and alcohols Wax esters Weddell Sea 

diverse modes of lipid storage. Euphausia super-ba 

Lipids play a key role as energy reserves in marine 
organisms from high latitudes. Polar zooplankton spe- 
cies in particular are well known for their efficient 
pathways of lipid biosynthesis which produce mainly 
wax esters (e.g. Lee & Hirota 1973, Clarke 1983, Sar- 
gent & Falk-Petersen 1981, Kattner et al. 1989, 1994, 
Conover & Huntley 3991, Kattner & Hagen 1995). In 
the plant and animal kingdoms in general, wax esters 
are a relatively rare form of storage lipid. The basic 
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deposits primarily triacylglycerols, whereas Euphausia 
crystallorophias and Thysanoessa macrura accun~ulate 
wax esters (Hagen 1988). The lipid composition of the 
Euphausia species has been studied (e.g. Bottino 1974. 
1975, Clarke 1980, Fricke et al. 1984, Virtue et al. 
1993), but nothing is known about the fatty acid and 
alcohol compositions of T. macrura. To rectify this defi- 
ciency, we analysed the lipids of T. macrura in detail. 
The investigations were aimed at a better understand- 
ing of lipid biosynthetic pathways in dominant Antarc- 
tic krill species so as to help elucidate biochemical 
adaptations to the extreme Antarctic environment 
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Methods. Adult specimens of Thysanoessa macrura 
were sampled in the eastern Weddell Sea near the con- 
tinental slope during the Antarctic expeditions of the 
RV 'Polarstern' (ANT X/3) In April/May 1992 and of the 
RV 'Polarbjarn' (NARE 92/93) in January 1993. Speci- 
mens for lipid analyses were carefully sampled by dlf- 
ferent nets from the upper 500 m. For each lipid sample 
single specimens were sorted according to size and sex, 
and Immediately frozen in glass vials at -80°C. 

The samples from the 'Polarstern' cruise were 
lyophilised for 48 h to determine dry mass and then 
extracted with dichloromethane:methanol (2:l by vol.). 
The samples from the 'Polarbjerrn' cruise were extrac- 
ted frozen with chloroform:methanol (2:l  by vol.). Both 
extractions essentially followed the method of Folch et 
al. (1957). The total lipid content of the 'Polarstern' 
samples was measured gravimetrically and expressed 
as percentage of dry mass. The lipid class composition 
of the 'Polarbjmn' samples was measured by quantita- 
tive thin-layer chromatography/densitometry as des- 
cribed by Olsen & Henderson (1989). Wax esters and 
phospholipids were isolated by thin-layer chromato- 
graphy on silicic acid. 

For gas-liquid chromatographic analyses of the 
'Polarstern' samples, m.ethy1 esters of fatty acids and 
free fatty alcohols were prepared from the total lipid 
and purified wax esters and phospholipids by transes- 
terification with 3% concentrated sulphuric acid in 
methanol for 4 h at 80°C. After extraction with hexane, 
fatty acid methyl esters and free fatty alcohols were 
analysed simultaneously in a single run with a Carlo 
Erba gas-liquid chromatograph (HRGC 5300) on a 
30 m capillary column (film thickness: 0.25 pm; liquid 
ph.ase: DB-FFAP) (Kattner & Fricke 1986) an.d were 
identified using standard mixtures. The identity of the 
18: 1 alcohols was verified by combined gas-liquid 
chromatography/mass spectrometry. 

For the 'Polarbjorn' samples, wax esters were saponi- 
fied using potassium tertiary-butoxide and the resulting 
free fatty acids and free fatty alcohols isolated by thin- 
layer chromatography. Fatty alcohols were converted 
to acetate esters by reaction with acetic anhydride in 
pyridine (Farquhar 1962). Fatty acids were converted 
to methyl esters by transmethylation in methanol 
containing 2 % sulphuric acid for 16 h at 50°C. Fatty acid 
methyl esters and fatty alcohol acetates were analysed 
by gas-liquid chromatography essentially as above 
and as detailed by Henderson et al. (1995). 

Results and discussion. In comparison to other polar 
zooplankton, adult Thy.sanoessa macrura exhibit a 
high lipid content by the end of the productive season, 
usually between 40 and 50% of its dry mass, which is 
characteristic of herbivorous copepods. However, the 
wax ester deposits of up to 70% in T macrura do not 
reach the extremely high levels (up to 90% of the total 

lipid) commonly reported for the very lipid-rich herbiv- 
orous copepods (Lee 1974, Hagen 1988, Kattner et al. 
1989, 1994, Kattner & Hagen 1995) 

The fatty acid compositional data of Thysanoessa 
macrura were similar in both sexes and seasons and fall 
within the range already established for other polar 
zooplankton species, including the occurrence of the 
18:l(n-9) and 18:l(n-7) fatty acids. The wax esters of T 
macrura were dominated by the saturated fatty acids 
14:O and 16:0, which, along with the monounsaturated 
fatty acids 18:l(n-g), 18:l(n-7) and 16: l(n-?),  accoun- 
ted for 80 to 90 % of the total acids. The polyunsaturated 
fatty acids 20:5(n-3) and 22:6(n-3) were scarce In the 
wax esters but, as typical membrane fatty acids, they 
constituted almost 50% of the total fatty acids in the 
polar lipids which were mainly phospholipids (Table 1). 

In contrast, the fatty alcohol composition of Thy- 
sanoessa macrura is strikingly different from any 
other zooplankton species due to its high levels of 
18:l(n-9) and 18:l(n-7) alcohols. This was established 
independently in 2 different laboratories using par- 
tially different methods. The 2 isomers of oleyl alcohol, 
18:l(n-9) and 18:l(n-7), accounted respectively for 
35% and 31 "/0 of total fatty alcohols in females and 
41 % and 38% in males. In addition, the 20:l(n-9) al- 
cohol accounted for 26 % of the alcoh.01~ in females and 
18% in males. The corresponding fatty acids occurred 
only in low percentages, except for 18:l(n-g), which 
accounted for 12% of the total fatty acids (Table 1). 

Fatty alcohols are biosynthesised from their corre- 
sponding fatty acids by a fatty acyl coenzyme A reduc- 
tase (Sargent & Hendersen 1986). Therefore, the abun- 
dance of 18:l(n-9) and 18:l(n-7) fatty alcohols in 
Thysanoessa macrura requires abundant sources of 
18:l(n-9) and 18:l(n-7) fatty acid substrates to be 
present in the animal. There are 3 possible sources for 
such substrates, the first being de novo biosynthesis in 
the animal by the Type-I fatty acid synthetase, in which 
case the 18:O and 1610 end products of the synthetase 
must be converted by the A-9 fatty acid desaturase to 
18:l(n-9) and 16:l(n-7), respectively, with 16:l(n-7) 
subsequently being chain-elongated to 18:l(n-7). 
Second, 18: l (n.-9) and 18:1 (n-7) could be formed by the 
elongation and, if necessary, the A-9 desaturation of a 
range of shorter-chain saturated and monounsaturated 
fatty acids, particularly 14:0, 16:O and 16:l (n-f),  derived 
solely from the krill's diet. It is known that the 16:l(n-7) 
fatty acid, the obvious precursor of the 18:l(n-7) alcohol 
in T. rnacrura, is abundant in diatom lipid (e.g. Kates & 

Volcani 1966, Ackman et al. 1968). The omnivorous 
T, macrura could ingest 16:1 (n-7) fatty acid directly with 
phytoplankton, or indirectly by predation on herbivores. 
However, a substantial supply of 16:l(n-7) fatty acid 
would be necessary to yield the large amounts of final 
18:l(n-7) alcohol. The 18:l(n-9) fatty acid, the pre- 
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Table 1 Thysanoessa macrura Average composition of major fatty acids and alcohols of total lipid and llpid c l d s s ~ s  ( w e ~ g h t " ~ )  
Females (F) and males (M) from t h ~  Weddell Sea Means and standard devldtlons (SD) are  from 4 samples ~ d c h  

Autumn 1992 Summcr 1993 

Total lipid Phospholipid Wax ester Wax ester 
Female %Idle F/\q F/\1 F/\1 

Mean + SD bledn * SD \Iedn + S D  I l can  + SD IIedn r SD 

Fatty acids 
14:O 17.5 + 2.6 16.6 i 2.7 3.1 * 0.7 38.0 + 2.8 31.3 * 10.4 
15:O 0.5 + 0.0 0.6 i 0.0 0.9 0.2 0.1 * 0.2 0.8 * 0.2 
16:O 20.3 + 1 .S 20.4 ~t 0.9 19.4 3 :l 26.2 2 0.9 26.3 + 3.0 
16:l(n-7) 2.7 + 1.1 3.7 k 0.8 2.7 * 0.7 5.6 + 1.6 5.1 + 3.3 
16:l(n-5) 0.9 * 0.1 1.1 + 0.1 - 1.9 + 0.1 2.8 + 3.3 
16:2 - - - 1.0 -c 0.3 
16:3 - - - 0.3 * 0.3 
16:4 - - 0.2 r 0.2 
18:O 0.7 + 0.1 0.6 * 0.1 1.2 + 0.1 1.1 +. 0.1 1.7 2 0.8 
18. l (n-9)  12.0 + 1.5 12.3 5 2.4 12.0 + 2.1 16.7 r 1.9 14.4 -c 3.0 
18 l (n-7)  3.7 r 0.5 3.5 * 0.5 3.7 + 0.4 5.0 + 0.5 4.7 2 1.1 
18 2(n-6) 1.7 i 0.2 1.4 * 0.4 2 4 + 0 4  0.4 + 0.5 0.8 -c 0.4 
18 3(n-3) 0.5 t 0.2 0.5 ~t 0.1 0.5 t 0.3  - - 

18 4(n-3) 1 .8  + 1.1 1.4 * 0.8 1 2 t 0 4  - 0.5 * 0.5 
20 l (n -9 )  1.2 + 0.7 0.6 * 0.3 - 1.2 + 1.4 2.3 * 1.2 
20 l (n  -7)  1.2 + 0.8 1.7 * 2.3 - - - 
20 4(n-6) 0.7 * 0.1 0.7 * 0.3 1 3 + 0.2 - - 
20 4(n-3) 0.6 + 0.3 0.4 + 0.1 0 11 + 0.1 - - 
20-5(n-3) 18.2 * 0.7 18.1 * 1.6 26.9 + 1.9 2.3 * 0.9 4.6 i 4 . 4  
22 l(n-I  l )  0.9 * 0.6 0.1 i 0.2 0.1 + 0.2 0.2 * 0.3  
22.1 (n-9) 0.9 * 0.6 0.2 + 0.2 0.3 + 0.4 0.2 + 0.4 - 
22:5(n-3) 0.5 * 0.0 0.5 + 0.1 0 8+ 0.1 - - 
22:6(n-3) 13.6 + 1.3 15.6 r 1.3 23.8 + 2.0 0.5 2 0.6 - 

Alcohols 
14:O - 0.7 5 0.1 - 0.7 + 0.2 
16:O - 0.8 + 0.4 
1810 - - 1.3 + 0.3 
16:l(n-7) - - - - 
18:l(n-9) 35.2 6.8 40.9 5 2.4 39.5 k 3.1 36.9 + 4.1 
18: l (n-7) 30.9 + 5.4 38.0 i 2.3 40.7 + 2.7 29.8 r 2.1 
20: l (n-9) 25.9 + 9.5 17.6 T 2.9 15.9 * 5.8 21 .O + 5.1 
22:l(n-l  l )  8.0 + 2.9 2.8 * 1.0 4.0 + 0.7 1.8 + 1.5 

cursor of the 18:l(n-9) alcohol, has been used as an 
indicator for carnivorous and omnivorous feeding on the 
grounds that 18:l(n-9) is readily biosynthesised de novo 
by many animals ( e .g .  Falk-Petersen et al. 1990). Third, 
the 18:l.(n-9) and 18:l(n-7) fatty acids in Z macrura 
could be derived entirely from its diet, an unlikely pos- 
sibility The presence of substantial am.ounts of the 
20:l(n-9) fatty alcohol in 77 macrura also points to active 
fatty acid chain elongation in the animal. The required 
pathways of biosynthesis of the fatty alcohols in T. 
macrura are summarised in Fig. 1. 

The biosynthesis of predominantly C18 fatty alcohols 
does not occur in the other dominant Antarctic and 
Arctic krill species. The Antarctic Euphausia crystallo- 
rophias and the Arctic Thysanoessa inermis also pri- 
marily deposit wax esters but their fatty alcohol com- 
positions are notably different because they synthesise 
only shorter-chain fatty alcohols, 1 4 : O  and 1 6 : O  (Bottino 

Carnivorous and omnivorous 
zooplankton - 

14:O 

Thysanoessa rnacrura 

.- - .- 
l :  L 1 : 1 ( 9 )  l S : l ( n - 7 )  

l E Herbivorous .-- 
2 0 : o  L 2 0 : l ( n - l  l )  2 0 : 1 ( n . 9 )  

zooplankt on 

\ E  

Fig. 1. Thysanoessa macrura. Biosynthetic pathway of lipids 
in polar zooplankton with special regard to the dominant 
alcohols (in shaded boxes) in T. macrura. E: elongation; A: 
desaturation by A-9 desaturase; R: fatty acid reduction to 

alcohol (Alc) 
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1975, Sargent & Falk-Petersen 1981, present study data 
not shown). It is noteworthy that the longer-chain alco- 
h o l ~  in Thysanoessa n~acrura yield higher calorific con- 
tents than the shorter-chain alcohols of E. crystal- 
lorophias and T inermis. However, this is countered in T 
macrura by predominantly shorter-chain, mainly 14 :O 
and 16:0, fatty acids, which yleld lower calorific contents 
than the dominant 18 : l  fatty acid in the 2 other eu- 
phausiids. Hence, the specific calorific values of the wax 
esters in all 3 krill species W ill be essentially similar. 

In summary, this investigation has established that 
18: l (n-9)  and 18:l(n-7) fatty alcohols dominate the 
wax esters of Thysanoessa macrura. This is the first 
zooplankton species known to biosynthesise large 
amounts of fatty alcohols of chain lengths intermediate 
between those of other polar euphausiids and the large 
herbivorous calanoid copepods. Thus, T. macrura has 
developed a lipogenic pathway which completes the 
possible options for the biosynthesis of fatty alcohols 
and hence wax esters. The existence of such a wide 
spectrum of lipid biosynthetic pathways, especially in 
Antarctic zooplankton, emphasises the biochemical 
adaptability of these species under constantly cold and 
highly seasonal environmental conditions. This bio- 
chemical 'diversity' may also reflect the intense and 
long-lasting evolutionary processes in this very old 
high latitude ecosystem. 
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