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Abstract-Changes in the lipid composition of cultures of the marine cryptomonad Chroomonas salina allowed to age 
at 20 and 7” were examined. At both temperatures the proportion of wax esters present in lipid increased with culture 
age. After 14 weeks, 31% and 25% of the lipids from cultures maintained at 20 and 7” respectively were wax esters. The 
fatty acids of wax esters and triacylglycerols were predominantly saturated at both temperatures. The fatty alcohols of 
the wax esters were almost exclusively saturated and contained high proportions of 13 : 0 and 15 : 0. Polyunsaturated 
fatty acids (PUFA), particularly 18 : 4 (n-3), 20 : 5 (n-3) and 22 : 6 (n-3), accounted for a higher proportion of the fatty 
acids in total polar lipid from cultures aged at 7” than at 20”. Cultures of the alga maintained under the same light 
intensity at 20 and lo” incorporated 11.8 and 22.9% respectively of total radioactivity assimilated from 14C0, into 
lipid. The amount of radioactivity from “C-labelled COZ, acetate and 18 : 1 (n-9) incorporated into triacylglycerols 
and wax esters increased with the age of cultures. The proportions of radioactivity from all three substrates recovered 
in trienoic and polyunsaturated fatty acids of total lipid were higher in cultures maintained at 10” than at 20”. 

INTRODUCTION 

Under optimum growth conditions algae are not consid- 
ered to be rich in lipid and contain mostly the polar lipids 
associated with chloroplast and other membranes Cl]. 
However, several species of microalgae, both freshwater 
and marine, are known to accumulate lipid up to 30-72% 
of their biomass when grown in medium of low nitrogen 
content [l-3]. Evidence also exists that the content of 
neutral lipid increases with age in green algae [4]. This 
accumulated lipid is usually neutral lipid in the form of 
triacylglycerols [3]. However, wax esters rather than 
triacylglycerols are the accumulated neutral lipid when 
the freshwater alga Euglena gracilis is grown under 
adverse conditions [l, 51. The first report of wax ester 
synthesis by a marine alga was that of Antia et al. [6], 
who found that aged cultures of the cyrptomonad 
Chroomonas salina produced lipid which was 87% wax 
ester when grown photoheterotrophically on glycerol as a 
carbon source. 

The wax esters produced by C. salina differ in reported 
composition [6] from those of the jojoba seed oil [7], the 
current commercial source of wax esters. Wax esters 
produced by microorganisms have been suggested [S] as 
being of potential use in the ongoing search for alter- 
natives to sperm whale oil. In terms of useful lipid, algae 
such as Spirulina platensis and Chlorella minutissima, with 
their high contents of y-linolenic acid 18 : 3 (n-6) and 20 : 5 
(n-3) respectively in cellular lipid, have been considered as 
a source of these polyunsaturated fatty acids for use in 
health foods and pharmaceuticals [9, lo]. 

Environmental conditions such as light intensity and 
temperature are known to influence the pattern of fatty 
acids synthesized by algae [ 1,9]. Nothing is known of the 
biochemistry of wax ester synthesis in C. salina or 

whether the composition of wax esters in this algal species 
responds to changes in the environment. The present 
work was undertaken to study the production of lipids by 
C. salina grown and allowed to age at different tempera- 
tures. 

RESULTS 

Lipid composition 

The lipid composition and cell densities of cultures of 
C. salina allowed to age at 20 and 7” are presented in 
Table 1. The growth rate of the culture maintained at 20” 
was initially greater than that maintained at 7” but after 
five weeks the cell density was similar in each culture. 
After 14 weeks, cultures at both temperatures showed 
extensive autolysis and the cell numbers could not be 
determined accurately. By this time both cultures were 
cream coloured. The lipid content of the 20” culture was 
apparently higher than that of the 7” culture over five 
weeks. However, after 14 weeks the lipid contents of both 
cultures were similar and were less than that of the initial 
starting culture. After five weeks lipid accounted for 25% 
and 17.9% of the dry weight of algae grown at 20” and 7” 
respectively. 

Triacylglycerol was the principal lipid present in the 
cultures at the outset of the growth peridd, comprising 
36% of the total lipid. Wax ester accounted for only 5% 
of the total lipid in the initial culture but its proportion 
increased with age in both cultures. The component 
corresponding to wax ester on the chromatograms of 
lipid from the five- and lCweek-old cultures did not 
exhibit the initial blue colour which is characteristic of 
cholesteryl esters under the staining technique used. For 
this reason the component was considered to be com- 
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Table 1. Changes in lipid composition of C. salina in relation to growth and ageing at different 

temperatures 

Lipids (% total lipid) 

Temp. Time Cell no Lipid 

(“) (weeks) x 10-6/ml (mg/ml) WE TAG FFA FAI St Pig PL 

0 1.52 0.56 5 36 15 7 5 17 15 

2 6.19 0.81 10 37 14 7 5 15 12 

20 5 6.12 0.85 19 33 12 2 3 18 13 

14 N.D. 0.44 31 10 28 6 4 8 13 

2 2.46 0.57 4 44 17 7 3 14 11 

7 5 6.79 0.64 7 26 21 2 5 22 17 

14 N.D. 0.48 25 37 21 1 4 6 6 

WE, wax esters; TAG, triacylglycerols; FFA, free fatty acids; FAI. free fatty alcohols; St, sterols; 
Pig., pigments; PL, polar lipids, N.D., not determined. 

Table 2. Fatty acid/alcohol composition (weight %) of lipids from cultures 

of C. salina maintained for five weeks at different temperatures 

20” 7” 

Wax ester Wax ester 

Acid Ale. TAG PL Acid Ale. TAG PL 

12:o 27.5 0.8 4.4 1.6 22.9 6.8 3.9 0.5 

13:o 9.2 - - - 10.6 - - 

14:o 25.0 36.5 32.8 15.6 15.5 27.1 27.3 8.0 

15:o 7.4 28.5 6.0 4.2 6.1 24.1 3.9 1.1 

16:0 13.2 18.6 19.2 17.7 18.7 26.6 14.9 1.3 

16 : 1 (n-7/9) 0.5 - 1.2 1.1 2.0 - 3.0 8.9 

16~2 -. - - 1.1 

17:o - 1.9 0.7 - - - 0.5 - 

18:O 2.3 1.0 2.1 1.2 3.1 2.1 1.4 - 

18: 1 (n-9) 5.1 3.5 14.6 8.8 11.0 2.6 16.4 1.7 

18: 1 (n-7) 0.6 - 0.7 3.5 1.6 - 1.8 3.4 

18:2 (n-6) 9.4 - 8.3 11.0 6.1 - 5.2 1.9 
18:3(n-6) -- - - 0.9 - - -_ - 

18:3 (n-3) 2.2 - 8.2 12.9 3.3 - 10.0 10.8 

18 : 4 (n-3) 0.7 - 1.1 4.2 3.3 - 6.2 26.7 

2O:l (n-9) - -- - - - - 0.7 3.7 

20:4(n-6) - - - 1.7 1.7 - - 0.7 

20: 5 (n-3) 0.7 - 0.7 6.1 - - 2~1 16.5 

22 : 6 (n-3) 4.5 - - 7.7 1.0 - 2.1 11.7 

Total sats 75.4 96.5 65.2 40.3 66.3 97.3 51.9 10.9 

Total monos 6.2 3.5 16.5 13.4 14.6 2.6 21.9 17.8 

Total PUFA 17.5 0.0 18.3 44.5 15.4 0.0 25.6 69.4 

Ale., fatty alcohol; TAG, triacylglycerols; PL, polar lipids; sats., saturates; 

monos., monoenes; PUFA, polyunsaturates. 

posed predominantly of wax esters. In the culture aged for 
14 weeks at 20” wax ester was the most abundant lipid 
class accounting for 3 1% of the total lipid. Triacylglycer- 
01s were still the major lipid in the culture aged at 7” 
although wax esters comprised 25% of the total lipid. 
Free fatty acids were present in appreciable amounts in 
both cultures and were particularly notable in the culture 
aged at 20”. The level of pigments in the lipid extracts of 
both cultures was less than that observed in starting 
cultures. 

Saturates made up the bulk of wax ester fatty acids in 
cultures aged for five weeks at both 20 and 7” (Table 2). 
12:0, 14:0 and 16: 0 were the major fatty acids in each 
case. The fatty aicohol component of the wax ester was 
made up almost entirely of saturated moieties having 
chain lengths of 12 to 16 carbons. 14:0 was the most 
abundant fatty alcohol at both temperatures. The odd 
numbered chain fatty alcohols, 13 : 0 and 15 : 0, were 

present in the wax esters ofcultures aged at both tempera- 
tures. 15 : 0 was particularly abundant in the wax esters of 
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Table 3. Fatty acid/alcohol composition (weight %) of lipids from cultures 
of C. salina maintained for 14 weeks at different temperatures 

20” 7” 

Wax ester Wax ester 

Acid Ale. TAG PL Acid Ale. TAG PL 

12:o 
13:o 
14:o 
15:o 
16:0 
16: 1 (n-7/9) 
16:2 
17:o 
18:0 
18: 1 (n-9) 
18: 1 (n-7) 
18 : 2 (n-6) 
18 : 3 (n-6) 
18 : 3 (n-3) 
18:4 (n-3) 
20: 1 (n-9) 
20 : 4 (n-6) 

20 : 5 (n-3) 
22 : 6 (n-3) 

Total sats 
Total monos 
Total PUFA 

16.3 0.6 8.3 5.5 
10.7 - - 

28.7 36.2 26.7 
34.6 10.4 7.6 
18.4 17.0 24.4 

- 1.1 1.6 

28.0 
- 

25.7 
8.9 

14.3 
1.7 

- 

20.7 
7.3 

13.3 
1.2 

0.8 
12.0 
31.4 
29.6 
19.5 

- 

11.3 4.8 

- 
1.2 
2.5 

10.6 
4.8 
4.8 

- 

2.7 
1.4 
2.8 
- 

- 

2.5 
1.5 
2.5 
- 

- 

- - 

1.0 1.0 
2.6 3.3 

12.0 9.1 
1.8 4.9 
4.0 3.3 - 

- 
1.9 
0.6 
1.8 
0.7 
1.9 
1.0 

- 
- 

- 0.5 
2.6 2.5 
0.7 1.8 
0.2 2.0 
- 0.5 
0.7 2.1 
0.8 2.4 

- 

1.2 
2.3 
7.4 
2.1 
6.2 
0.5 
3.0 
1.4 
1.3 
0.6 
1.8 
1.2 

- 

- 
- 

- 
- 
- 

33.0 16.9 
10.0 5.7 
15.0 20.4 
0.8 1.4 
- - 

0.9 0.8 
1.7 3.4 

10.5 8.7 
1.4 11.1 
4.7 7.4 
- 0.7 
4.2 5.6 
0.6 2.4 
- - 

- 
- 

- 

- 
- 
- 

- 1.6 
0.8 4.1 
4.6 4.9 

68.9 97.1 75.5 68.5 72.8 97.3 71.9 52.0 
18.9 2.8 15.1 17.6 12.0 2.5 12.7 21.2 
10.9 0.0 8.8 13.1 14.7 0.0 14.9 26.7 

Ale., fatty alcohol; TAG, triacylglycerols; PL, polar lipids; sats., saturates; 
monos., monoenes; PUFA, polyunsaturates. 

the 20” culture, accounting for 28.5% of the fatty al- 
cohols. Regardless of temperature of ageing, 14 : 0 was the 
principal fatty acid of triacylglycerols. Monoenes, par- 
ticularly 18 : 1 (n-9), were present in higher proportions in 
the triacylglycerols from cultures aged at 7” than at 20”. 
Polyunsaturated fatty acids (PUFA) comprised 18.3 and 
25.6% of the fatty acids in TAG from 20 and 7” cultures 
respectively. It was notable that the percentages of all the 
(n-3) PUFA were higher in triacylglycerols at 7 than at 
20”. In contrast, the proportion of 18 : 2 (n - 6) was lower 
at 7”. At both temperatures examined, the polar lipid 
fraction contained a lower proportion of saturated fatty 
acids, and conversely a higher proportion of PUFA, than 
wax esters or triacylglycerols. PUFA comprised 44.5% of 
polar lipid-fatty acids in the 20” culture and 69.4% in the 
7” culture. This difference was mainly attributable to the 
level of 18 : 4 (n-3) which was present at a level of only 
4.2% at 20” but 26.7% at 7”. Smaller increases occurred in 
the proportions of 20:5(n-3) and 22:6(n-3). The (n-6) 
PUFA, 18 : 2 and 20:4, were present in higher pro- 
portions in the polar lipid from the 20” culture than in that 
from the culture aged at 7”. 

Ageing for a longer period influenced the fatty acid 
composition of the algal lipids. The fatty acid composi- 
tion of lipids extracted from cultures aged for 14 weeks 
(Table 3) differed from that from cultures at five weeks in 
that saturates represented higher proportions of fatty 
acids in the triacylglycerols and polar lipids. The fatty 
acid composition of wax esters was less influenced by the 

age of the cultures than that of triacylglycerols and polar 
lipids. Regardless of temperature, the PUFA contents of 
triacylglycerols and polar lipids had decreased substan- 
tially as the cultures aged between five and 14 weeks. 
Polar lipids still contained the highest proportions of 
PUFA, 26.7% in polar lipid from the 7” culture and 
13.1% in that from the 20” culture. Similarly PUFA were 
present in higher proportions in triacylglycerols from 
cultures aged at 7” than at 20”. The proportion of odd 
chain fatty alcohols in wax esters increased with the age of 
the cultures, from 37.7 to 45.3% and from 34.7 to 41.6% 
of total alcohols between five and 14 weeks in 20 and 7” 
cultures respectively. 

Lipid biosynthesis 

The proportion of total fixed carbon that was in- 
corporated into lipid by C. salina was influenced by 
temperature and light intensity (Table 4). Algae grown in 
dark fixed less CO, than those grown in light. Less than 
1% of the radioactivity incorporated by the algae into 
cellular material in the dark was located in lipid at both 
20 and lo”. At an environmental temperature of 20”, 
doubling the light intensity from 1000 to 2000 lux resulted 
in an increase of 1.2 times in the amount of CO* fixed and 
a similar magnitude of increase in the percentage in- 
corporated into lipid. In cultures maintained at lo” under 
light intensity of 1000 lux, the amount of 14C02 fixed was 
1.2 times that observed with cultures maintained at 20 
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Table 4. Effect of temperature and light intensity on the incor- 

poration of 14C02 into lipid by C. salina 

Light 

Temp. intensity Total dpm x lo--’ % total fixed 

(O) (fux) fixed/lo6 cells 14C in lipid 

0 18.99kO.88 0.9_+0.1 

20 1000 68.72k5.18 11.8+0.4 

2000 82.64+ 5.45 13.9 + 0.2 

10 0 15.71+5.17 0.4kO.l 

1000 82.59k4.12 22.9 0.9 + 

Values are means &s.d. obtained with three separate cultures. 

under the same light intensity. The proportion of total 
fixed radioactivity recovered in the lipid of cultures 
maintained at 7” (22.9%) was approximately double that 
found for cultures maintained at 20” under the same light 
intensity. 

The incorporation of radioactivity from “C-Iabelled 
CO,, acetate and 18: 1 (n-9) into lipid fractions by 
C. dim cultured at 20” under light intensities of either 

1000 or 2000 lux, and at lo” under light intensity of 1000 
iux is shown in Table 5. At light intensity of 1000 lux, the 
amount of radioactivity from r4C02 incorporated into 
lipid at 10” was considerably greater than at 20”. This 
difference was not so obvious or consistent with 14C- 
labelled acetate or 18 : l(n-9). Neutral lipids, particularly 
triacylglycerois, were heavily labelled from all three sub- 
strates under all growth conditions examined. Relative to 
other lipid fractions, the most extensive labelhng of wax 
esters at all times examined was observed with C. salina 
incubated with 14C02 at 20” under light intensity of 2000 
lux. Under these conditions 28.8% of the label incorpora- 
ted into lipid was recovered in wax esters after 24 hr. With 
all three labelled substrates the percentage of incorpor- 
ated radioactivity recovered in wax esters increased with 
the age of the culture. The most heavily labelled wax 
esters were consistently found in aged cultures of five 
weeks. The relative incorporation of ‘“C-18: 1 (n-9) into 
wax esters over five weeks was less extensive than with 
r4C0, or r4C-acetate. With all three radiolabelled sub- 
strates, the proportion of label recovered in polar lipids 
generally decreased as the cultures aged. After five weeks 
less than 5% of incorporated radioactivity from any 
substrate was located in polar lipids. Free fatty acids and 

Table 5. Effect of temperature and light intensity on the incorporation of “C-labelled CO,, acetate and oleic acid 
into lipids by C. salina 

I___ 

Lipids (% total lipid) 

Temp I Time dpm in Ster. 

@) (lux) (days) lipid* W.E. TAG FFA FAI. +Pigm PL 

‘TO, 

20 

10 

14C-Acetate 

20 

10 

“?Z-l8: 1 (n-9) 

20 

10 

1000 

2000 

1000 

2000 

1000 

1000 

2000 

1000 

1 

7 

1 

7 

35 

1 
7 

35 

1 

7 

1 

7 

35 

1 

7 

35 

1 
7 

1 

7 

35 
1 

7 

35 

8.2 5.5 46.9 5.2 0.7 4.8 36.9 

14.9 15.0 64.7 1.0 0.5 3.4 15.4 

9.2 28.8 22.5 4.9 0.8 5.0 38.0 

27.5 23.2 62.2 1.3 0.8 3.2 9.3 

73.5 54.8 34.5 4.6 0.7 3.7 1.7 

39.2 1.2 40.2 1.5 0.6 4.7 51.8 

76.4 2.3 74.2 1.0 1.9 4.6 16.0 

122.7 30.3 61.6 0.8 0.5 2.6 4.2 

1.0 2.9 45.3 8.3 0.5 6.0 37.0 

6.1 3.4 65.3 1.3 0.4 2.6 27.0 

0.5 6.5 31.5 12.7 0.0 9.8 39.5 

3.3 6.8 69.6 2.7 0.5 4.5 15.9 

1.6 24.0 56.6 6.7 1.1 8.3 3.3 

0.6 8.3 47.9 5.8 0.0 3.5 34.5 

3.9 2.2 73.9 1.7 1.0 3.2 16.7 

4.5 13.6 75.0 3.7 0.5 4.3 2.9 

76.7 1.3 18.5 65.3 0.7 2.3 11.9 

41.2 5.8 58.1 3.3 0.7 2.5 29.6 

73.3 2.0 44.1 1.0 0.9 4.0 48.0 
71.0 2.9 68.7 1.8 0.8 4.1 21.7 
81.7 6.4 34.0 51.4 1.0 3.5 3.7 
52.1 2.0 66.7 3.2 0.6 3.5 23.9 

67.6 2.4 77.2 1.1 0.6 2.5 16.2 
40.5 7.4 81.6 3.1 0.7 3.4 3.8 

* x lo-s/ml culture; W.E., wax esters; TAG, triacylglycerols; FFA, free fatty acids; Falc., free fatty alcohol; Ster., 

sterols; Pigm., pigments; PL,. polar lipids. 



Lipid composition of a marine cryptomonad 1359 

alcohols generally contained a smaller proportion of the 
radioactivity present in lipid than sterols and pigments. 

Radioactivity incorporated from 14C-labelled acetate 
and CO, was almost equally distributed in the fatty acid 
and fatty alcohol moieties of wax esters formed by C. 
salina under all conditions examined (data not shown). 
About 85% of radioactivity incorporated from 14C- 
18 : 1 (n-9) was located in the fatty acid moiety with the 
remaining 15% in the alcohol portion. Regardless of 
labelled substrate, more than 90% of the radioactivity 
incorporated into triacylglycerols was present in the fatty 
acid portion. 

Silver nitrate chromatography demonstrated that for 
cultures grown under light intensity of 1000 lux, the 
distribution pattern of radioactivity from labelled sub- 
strates in fatty acids of total lipid was influenced by 
temperature (Table 6). At all times a substantially higher 
proportion of radioactivity incorporated from r4C02 
was recovered in trienes of C. salina grown at 10” than at 
20”. After five weeks, 44.1% of radioactivity derived from 
14C02 was located in fatty acids having two or more 
double bonds in the culture maintained at 20” compared 
with a corresponding value of 17.1% for the culture 
maintained at 10”. With r4C-acetate as substrate, the 
dienes of the 20” culture always contained higher propor- 
tions of incorporated radioactivity than those of the 10” 
culture. However, after seven and 35 days the combined 
unsaturated fatty acids, particularly the trienes, of the 
algae maintained at 10” were relatively more labelled 
than those at 20”. As with 14C-acetate, higher proportions 
of radioactivity from incorporated 14C-18 : 1 (n-9) were 
recovered in dienes at 20” than at lo”. Only after five 
weeks were the proportions of label from 14C-18 : 1 (n-9) 
recovered in dienes, trienes and PUFA higher at lo” than 
20”. Analysis of lipid extracted from a culture of C. salina 

Table 6. Effect of temperature on the percentage distribution of 
radioactivity from 14C-labelled COI, acetate and oleic acid in 

fatty acid classes of C. salina total lipid 

Time (days) 

20” 10 

1 7 35 1 7 35 

‘-TO, 

Saturates 
Monoenes 
Dienes 
Trienes 
Polyunsats. 

t4C-Acetate 

Saturates 
Monoenes 
Dienes 
Trienes 
Polyunsats. 

‘V-18: 1 (n-9) 

Saturates 
Monoenes 
Dienes 
Trienes 
Polyunsats. 

54.5 68.6 71.7 28.8 34.0 41.3 
12.3 17.0 11.2 20.7 31.9 14.6 
16.3 9.3 8.4 9.2 8.2 6.5 
14.7 4.8 7.0 38.1 24.9 26.7 
2.2 0.3 1.7 3.2 1.0 10.9 

27.0 34.9 40.5 68.8 25.4 26.6 
21.2 43.0 37.1 17.0 47.1 33.0 
27.5 15.5 14.1 7.3 9.4 10.5 
17.0 6.1 6.3 5.5 17.0 21.9 
7.3 0.5 2.0 1.4 1.1 8.0 

4.2 3.8 7.9 4.7 6.2 10.1 
77.2 76.5 86.2 90.6 85.4 73.1 
16.3 16.5 4.6 3.1 3.9 5.9 

1.7 2.6 0.9 1.2 4.0 9.3 
0.6 0.6 0.4 0.4 0.5 1.7 

not incubated with radioactive precursors showed that 
the saturates, monoenes, dienes and trienes accounted for 
at least 98% of the fatty acids present in the fractions so 
termed. The fraction termed polyunsaturates contained 
18:4(n-3),20:4(n-3),20:4(n-6),20: S(n-3),and22:6(n-3). 

DISCUSSION 

The present study demonstrates that the lipid associ- 
ated with aged cultures of C. salina is predominantly 
neutral lipid of which wax esters can be the major 
component. The accumulation of wax esters during age- 
ing sets C. salina apart from algae such as Chlorella 
vulgaris and Scenedesmus obliquus which produce triacyl- 
glycerols towards the end of their growth phase or when 
grown in medium having low N concentration [3]. In this 
respect C. salina is more akin to Euglena gracilis which 
can synthesize wax esters when grown under adverse 
conditions such as in the presence of low N levels [ 11. As 
far as we are aware, the production of wax esters by 
species of marine algae other than C. dim has not been 
reported. 

The predominance of saturated fatty acids in the 
triacylglycerols of C. salina cultures and the apparent 
increase in their proportion with culture age, is in keeping 
with the decreased unsaturation observed with the total 
lipid formed by C. vulgaris and S. obliquus as they near the 
end of their growth phase [4]. The high level of.14: 0 in 
the triacylglycerols of C. salina is particularly notable and 
higher than that reported [1] for the total lipid of 
microalgae even when they are rich in neutral lipid [3]. 
Published data for the fatty acid composition of triacyl- 
glycerols from algae are rare, but high levels of 12 : 0 and 
14 : 0 are present in the triacylglycerols produced by the 
marine dinoflagellate C. cohnii [ 11). 

Although there are general similarities in the composi- 
tions of the wax esters of C. salina found in this study and 
those described previously by Antia et al. [6], there are 
also some notable differences. In particular, odd num- 
bered fatty alcohols accounted for only 6% of the total 
fatty alcohols of wax esters in the previous study [6] 
whereas here they comprised 34.7 to 48% depending on 
the culture age and environmental temperature. 

The fatty alcohols of the naturally occurring wax esters 
such as those found in marine zooplankton [12] and 
jojoba seed oil [13] are almost exclusively even num- 
bered. However, anaerobic conditions are known to 
favour the synthesis of odd numbered fatty alcohols by 
E. grucilis [14]. Thirty-four per cent of the fatty alcohols 
of wax esters produced by E. gracilis grown anaerobically 
have been reported to be odd numbered [lS]. Since the 
cultures of C. salina were left to age without aeration, it is 
likely that partially anaerobic conditions prevailed within 
the culture vessels. Under such conditions E. gracilis is 
known to utilise 14C-propionate as a precursor of odd 
numbered fatty acids and alcohols [5]. The substrate for 
wax ester synthesis in E. gracilis grown anaerobically is 
acetyl-CoA derived from the degradation of its reserve 
polysaccharide paramylon [ 163. Although the present 
study showed radioactivity from r4C-labelled CO, and 
acetate to be incorporated into wax esters, it did not 
establish whether this radioactivity passes through non- 
lipid material prior to its incorporation into wax ester. 
The yield of wax esters produced by E. gracilis is depend- 
ent on which substance is employed as a carbon source in 
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the medium [ 151. If wax esters are derived from polysac- 
charide reserves in C. salina then substances, such as 
glucose, with the potential to encourage the production of 
these polysaccharides may enhance the production of 
wax esters by ageing C. salina when employed as a carbon 
source. The biochemistry of wax ester synthesis in C. 
salina remains to be examined. The lower yield of wax 
esters obtained from the aged C. salina cultures examined 
in this study in comparison with that of Antia et al. [6] 
may be due to differences in culture conditions and cell 
densities. 

The observation that a higher proportion of the total 
carbon fixed by C. salina was incorporated into lipid at 
low temperature is in keeping with what has been re- 
ported for measurements carried out with phytoplankton 
sampled in Arctic waters [17, 183. The proportion of total 
carbon incorporated into lipid by C. salina at 10” was also 
similar to that observed with phytoplankton taken di- 
rectly from the sea [17, 181. Therefore, information 
gained from studies with cultures of C. salina may be 
applicable to microalgae in the marine environment, 
particularly in polar waters where lipid is an important 
product of photosynthesis [ 191. 

It is well established that poikilothermic fish [20] and 
invertebrates [Zl] respond to decreases in their environ- 
mental temperature by increasing the degree of unsatur- 
ation of the fatty acids in their membrane phospholipids. 
The present study suggests that the same response 
extends to unicellular algae since the polar lipids of C. 
salina grown at 7” had notably higher contents of PUFA 
than those from algae grown at 20”. Likewise, the re- 
covery of increased proportions of radioactivity from 
labelled precursors in the more unsaturated groups of 
fatty acids confirms an increased fatty acid desaturase 
activity in C. salina as a response to low temperature. 
From the results of the few studies which have been 
carried out on algal lipid composition in relation to 
growth temperature [lo, 22-241, it is difficult to conclude 
whether an inverse relationship between the PUFA con- 
tent of lipid and environmental temperature is ubiquitous 
in algae. Previous studies have not employed tempera- 
tures as low as the 7” examined in this study. The ability 
of C. salina to adapt its polar lipid fatty acid composition 
may allow the alga to grow at the relatively low tempera- 
ture of 7”. Algal species which exhibit narrow tempera- 
ture ranges for growth may be less capable of increasing 
the PUFA content of their polar lipids. 

The specific increases and decreases in the proportions 
of (n-3) and (n-6) PUFA respectively over the first five 
weeks of ageing at low temperature implies that the 
activity of the A,, desaturase responsible for the conver- 
sion of 18: 2 (n-6) to 18 : 3 (n-3) increased in response to 
adaptation to growth at a low temperature. It is notable 
that in the total lipid of two Scenedesmus species the 
proportion of 18 : 2 (n-6) was greater than that of 18 : 3 (n- 
3) when grown at 35” whereas the situation was reversed 
at 20” [9]. 

The results of the present study suggest that environ- 
mental temperature does not influence the composition of 
the wax esters produced by ageing cultures of C. salina. 
This contrasts with the increased degree of unsaturation 
noted in the wax esters produced by the bacterium 
Acinetobacter species when its growth temperature is 
reduced [7]. The saturated nature of the wax esters and 
triacylglycerols in C. salina is consistent with their being 
formed late in the growth phase when growth has stop- 

ped. At this stage the synthesis of unsaturated fatty acids 
for incorporation into new membrane phospholipids can 
be expected to be minimal. Consequently, the saturated 
products of fatty acid synthetase can be incorporated 
directly into neutral lipids without further desaturation 
or elongation. 

From their fatty acid and fatty alcohol composition, it 
can be deduced that the bulk of the wax esters produced 
by C. salina are shorter in chain length than those of 
sperm whale, jojoba oil or bacteria [7, 251. In view of this 
compositional difference and the apparent inability to 
alter the composition by simple environmental changes it 
is unlikely that wax esters derived from C. salina can 
replace jojoba oil as a commercial substitute for sperm 
whale oil. 

However, in addition to being a useful system for 
studying the biochemistry of wax ester synthesis, the 
ability of C. salina to grow at low temperature makes it 

suitable for the study of PUFA biosynthesis in photo- 
synthetic microalgae in relation to environmental tem- 
perature. Studies are continuing using this microalga to 
examine the effect of temperature on the synthesis of 
PUFA and their incorporation into specific phospholi- 
pids and glycolipids. 

EXPERIMENTAL 

Alga and culture conditions. Chroomonas salina (Wislouch) was 
obtained from the Scottish Marine Biological Association 

(Oban, Scotland). The basal seawater medium used for the 

culture of the algae was that described in ref. [26] with the 

addition of 0.25 M glycerol. Stock cultures were maintained 

akenieally in an environmental cabinet at 20” with continuous 

aeration under continuous white light of intensity 2000 lux. 

Sterility checks were carried out routinely by plating small 
samples of culture on nutrient blood agar. Cell numbers were 

determined using an improved Neubauer counting chamber. 

To study the effects of temperature on lipid composition, two 

cultures were set up simultaneously using inocula from the stock 

culture. One culture was maintained at 20” and the other at 7”, 

both under light intensity of2000 lux. Both cultures were aerated 

with sterile air at a flow rate of 150 ml/min. When the cultures 

changed colour from brown to green, additional vitamins, nitrate 

and phosphate were added to offset the depletion of nutrients 
and encourage further growth. This occurred 7 and 15 days after 

initiating the cultures at 20 and 7” respectively. The cultures were 

then allowed to age without the further addition of nutrients, the 

culture vessels only being opened to sample for analysis. Aer- 

ation was discontinued 4 weeks after initiation of the cultures. 

When required for determination of dry wt. algal cells were 
harvested by centrifugation (15000 y min). washed with 0.4 M 

ammonium formate 1271 and freeze-dried. 

The effects of temperature and light intensity on the fixation of 
‘YI02 into lipid was studied in triplicate using glass vials 

containing 10 ml of culture of cell concentration 0.91 x 106/ml 

taken from an actively growing stock culture. The cultures were 

preincubated under the required conditions for 2 hr before 
17 &i Na H14C03 (55 mCi/mmol) were added to each vial. The 

vials were immediately sealed and incubated under the relevant 

conditions for 24 hr. 0.2 ml 6 M HCI was then added to each vial. 

After 30 min, 3 ml ofeach culture were neutralized and measured 

for content of radioactivity to give a value for total fixed ‘T. 
Lipid was extracted from the remainder of the sample as 

described below and its content of radioactivity measured. 
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