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The lipid classes and fatty  acid profiles of m acrophytic algae from  the Phaeophyta  (Egregia m enziesii), 
R hodophyta  (Chondracanthus canaliculatus) and C hlorophyta ( Ulva lobata) w ere determ ined. Ulva lobata 
contained the highest am ounts of lipids (20-29 mg g-1 dry mass), followed by Egregia m enziesii (9-16 mg) and 
Chondracanthus canaliculatus (2-3 mg), w ith increased lipids in w inter and spring. This was reflected  in to ta l 
fatty acid conten t (14-24 ,6 -13  and 1 -2  mg g_1 dry mass, respectively). M ajor lipid classes w ere po lar lipids (44- 
94 % of to ta l lipids) and sterols (3-8 % ). H igher levels of triacylglycerols occurred in Egregia m enziesii during 
spring (22% ) and in Ulva lobata during sum m er (12% ). F ree fatty acids w ere also variable (0 -2 6 % ). Tria­
cylglycerols w ere no t detected  in Chondracanthus canaliculatus. Low levels of wax esters and diacylglyceryl 
ethers w ere detected  in Ulva lobata (0.1 % ). The m ajor fatty  acid com m on to all species was 16:0. Egregia 
m enziesii and Chondracanthus canaliculatus contained 14:0, 18:l(n-9), 20:4(n-6) and 20:5(n-3) as m ajor com ­
ponents. Egregia m enziesii and Ulva lobata also contained 18:2(n-6), 18:3(n-3) and 18:4(n-3), and Chondra­
canthus canaliculatus and Ulva lobata contained 18:1 (n-7). Large am ounts of Ci6 po lyunsaturated  fatty  acids and 
the presence of 22:0 and C22 polyunsaturated  fatty  acids w ere unique to  U. lobata. K now ledge gained regarding 
m acroalgal lipid com position m ay prove useful in raising m ariculture species.

Introduction

Variability in chem ical com ponents and grow th of 
algae may be interspecific, in tra-annual or inter-an- 
nual. A  num ber of tem poral variations are docum en­
ted  for m acroalgae, including seasonal differences in 
the antim icrobial activity of phaeophytes (H ornsey 
and H ide 1974, R ao  and P arekh  1981, Indiapadm aku- 
m ar and A yyakkannu 1997) and in grow th rates of 
M acrocystis pyrifera (L.) C. A gardh  (H ernández-C ar- 
m ona et al. 2000). Also, tem pera tu re  was shown to 
affect the grow th ra te  of the  rhodophyte Palmaria 
palm ata  (L.) O. K untze (M ishra et al. 1993). Studies 
on Laminaria japonica  A reschoug (H onya et al. 1994), 
M acrocystis pyrifera  (R odríguez-M ontesinos and 
H ernández-C arm ona 1991, M cK ee et al. 1992, Cas­
tro-G onzalez et al. 1994) and Nereocystis luetkeana 
(M ertens) Postéis et R uprech t (R osell and Srivastava 
1985) revealed  seasonal variation in the chem ical con­
ten t. There is also evidence for tem poral variability in 
algal lipid com position. L ipid levels in some algae 
increase in w inter and decrease in sum m er (R odrí­
guez-M ontesinos and H ernández-C arm ona 1991, 
M ercer et al. 1993). In the th ree  m ain m acroalgal 
classes, the fatty  acid profile (Johns et al. 1979) and 
sterol com position (A ckm an 1981) varied  seasonally.

Very few studies to date have sim ultaneously exam ­
ined seasonal changes in lipid classes and fatty  acids 
(FA) in algae (M ishra et al. 1993), and none have

com pared all seasons. This study exam ines lipid 
classes and fatty  acid profiles of Egregia menziesii 
(Turner) A reschoug, Chondracanthus canaliculatus 
(H arvey) G uiry (form erly Gigartina canaliculata H ar­
vey) and Ulva lobata (Kiitzing) Setchell et G ardner. 
A lgae analyzed here  w ere chosen based on the ir p o ­
ten tia l for use as a food source for the green abalone, 
Haliotis fulgens Philippi, an im portan t m ariculture 
species. Egregia m enziesii was repo rted  as highly p re ­
ferred  by Haliotis fulgens (Leighton 1966, L eighton 
and Peterson  1998, N elson 1999), Chondracanthus ca­
naliculatus is readily consum ed by abalone (Leighton 
1960), and the genus Ulva is a po ten tia l food source for 
wild abalone (Leighton 1971). E xam ination  of in ter­
specific and in tra-annual differences in lipid profiles 
of these th ree  m acroalgae may also be useful for 
clarifying physiological requirem ents of grazers, espe­
cially w ith respect to  m ariculture species.

Materials and Methods 

Seasonal samples

A lgae of th ree  classes, the phaeophyte  Egregia m en­
ziesii, the  rhodophyte Chondracanthus canaliculatus 
and the chlorophyte Ulva lobata, w ere collected dur­
ing each season in southern  California, during 1997-98 
(D ecem ber, M arch, July and O ctober). The brow n 
alga (freshly detached; blades excluding pneum oato-
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cysts) was collected from  the foot of A rcher St., Tour­
m aline Beach, and the green alga from  Pérez Cove and 
D ana Landing M arinas located  off Ingraham  St. in 
M ission Bay, San Diego, California. The red  alga 
was collected from  the w est end of Shore Line Park, 
Santa B arbara, C alifornia, and shipped to  San D iego 
overnight on ice. Specimens w ere carefully selected 
for high quality (live, healthy plants); freshness, full 
color, w ith neither obvious deterio ra tion  nor ep i­
phytes. They w ere kept on ice or under refrigeration  
(-20  °C) for cu 1 h until p repared . A fte r rinsing and 
agitation under flowing seaw ater for ca 10 min, the 
algae w ere dried  on paper towels to  rem ove surface 
m oisture and then  weighed. D uplicate sam ples (com ­
prising m ateria l from  several plants) w ere p repared  
for each alga per season for lipid analyses. Samples 
w ere frozen im m ediately at -7 0  °C and lyophilized. 
Lyophilization allow ed determ ination  of dry mass 
w ithout sacrificing m aterial. Samples w ere then  trans­
po rted  frozen (dry ice) by air to  C SIR O  M arine R e ­
search, in H obart, Tasmania, w here they w ere m ain­
tained  at -70  °C prior to  analysis.

Lipid extraction

A lgae w ere hom ogenized w ith a m ortar and pestle and 
rehydra ted  w ith m illipore-filtered H 2O for 1 h. R ehy­
dration  results in superior lipid extraction  in com par­
ison to  non-rehydrated  lyophilized sam ples (D unstan  
et al. 1993). Samples w ere quantitatively  extracted  
overnight using a m odified Bligh and D yer (1959) 
one-phase M e0 H -C H C l3-H 2 0  extraction (2:1:0.8). 
The phases w ere separa ted  by the addition  of 
CHCI3-H 2O (final solvent ratio, 1:1:0.9 M eO H - 
CHCI3-H 2O). The to ta l solvent extract (TSE) was 
concentrated  using ro tary  evaporation  at 30° C. All 
sam ples w ere m ade up to  a know n volum e w ith CHCI3 

and stored at -20  °C.

Lipid classes

A n aliquot of the TSE was analyzed using a th in  layer 
chrom atograph-flam e ionization detector (TLC -FID ) 
analyzer to  quantify individual lipid classes (Volkman 
and Nichols 1991). Samples w ere applied  in duplicate 
to  silica gel chrom arods (5 pm particle size) using 
disposable m icropipettes. The prim ary solvent system 
used for the lipid separation  was hexane-E t20-H O A c 
(60:17:0.1), a m obile phase resolving non-polar com ­
pounds such as wax esters (W E), triacylglycerols 
(TAG), free fatty  acids (FFA) and sterols (ST). A  
second non-polar solvent system  of hexane-E t20  
(96:4) was also used to  resolve hydrocarbons, W E, 
TAG and diacylglyceryl ethers (D A G E). The FID  
was calib rated  for each com pound class [phosphati­
dylcholine, cholesterol, cholesteryl oleate, oleic acid, 
squalene, TAG (derived from  fish oil), W E (derived 
from  orange roughy oil) and diacylglyceryl e ther 
(D A G E) (derived from  shark liver oil); 0 .1 -1 0 pg

range]. The TLC -FID  results are generally rep ro d u ­
cible to  ± 5 -1 0  % (Volkm an and Nichols 1991).

Fatty acids

A n aliquot of the  TSE was saponified in K O H -M eO H  
(5 % w:v) under N 2 for 3 h at 80 °C. N on-saponifiable 
neu tra l lipids w ere then  extracted  into hcxanc-C H C h 
(4:1, 3 X 1.5 m L). Following acidification of the  aqu­
eous layer using HC1 (pH =2), FA  w ere ex tracted  and 
m ethylated  to  produce the ir corresponding fatty  acid 
m ethyl (M e) esters (FA M E) using M cO H -C H C h- 
conc. HC1 (10:1:1, 80 °C, 2 h ). Products w ere then  ex­
trac ted  into hexane-C H C l3 (4:1, 3 x l .5 m L )  and 
stored  at -2 0  °C. The non-saponifiable neu tra l lipid 
fractions w ere trea ted  w ith N ,0-bis-(trim ethylsilyl)- 
trifluoroacetam ide (BSTFA 50 pL, 60 °C, overnight) 
to  convert ST to  their corresponding trim ethylsilyl 
(TM Si) ethers.

G as chrom atograph analyses w ere perform ed w ith 
a cross-linked M e silicone fused silica capillary col­
um n (50 m X 0.32 mm) w ith H 2 as the carrier gas, an 
FID, a split/splitless injector, and an auto  sam pler. 
Following addition of a M e tricosanoate  in ternal stan ­
dard, sam ples w ere in jected in splitless m ode at an 
oven tem pera tu re  of 50 °C. A fter 1 min, the oven 
tem pera tu re  was raised to 150 °C at 30 °C m in-1, then  
to  2 5 0 °C at 2 °C  m in-i and finally to  300°C at 5°C  
m in-1. Individual com ponents w ere identified  using 
gas chrom atograph-m ass spectrom eter da ta  and by 
com paring R t da ta  w ith those ob tained  for authentic 
and laboratory  standards. G as chrom atograph results 
are subject to  an erro r of ± 5 %.

Determination of double bond conGguration in fatty 
acids

D im ethyl disulphide (D M D S) adducts of m onounsa­
tu ra ted  FA  w ere form ed by treating  the to ta l FA  frac­
tions w ith D M D S (D unkelblum  et al. 1985, Nichols et 
al. 1986). A dducts w ere then  extracted  using hexane- 
CHCI3 (4:1) and trea ted  w ith BSTFA to form  TM Si 
derivatives prior to  gas chrom atograph-m ass spectro ­
m etry (GC-M S) analysis. A nalyses w ere perform ed 
utilizing an on-colum n injector. The G C  was fitted  
w ith a capillary colum n sim ilar to  th a t described 
above.

Results and Discussion 

Lipid classes

In  all algal samples, po lar lipids (PL) w ere the dom i­
nan t lipid class (44-94 % of to ta l lipids, Table I), an 
indication th a t m ost lipids are structurally  bound in 
m em branes. ST ranged from  3 to  8 % and exhibited a 
decreasing trend  tow ard autum n in Ulva lobata. The 
conten t of FFA  was generally  low (<  5 % ) as expected 
w ith expedient sam pling and processing of fresh algae,
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Table I. Percentage lipid class composition of macroalgae.

Algae
Season

Wax
esters

DAGE TAG Free fatty 
acids

Sterols Polar
lipids

Lipid: mg g4 
dry mass

Egregia menziesii 
Winter 0.9 ±0.0 18.2 ±9.9 7.4 ±1.4 73.6 ±8.4 15.5 ±2.6
Spring - - 22.0 ±0.5 26.3 ±0.6 7.4 ±1.1 44.3 ±1.0 16.3 ±0.9
Summer - - 8.6 ±2.1 0.7 ±0.1 6.7 ±1.7 83.9 ±3.9 8.8 ±0.2
Autumn - - 2.2 ±0.7 3.5 ±0.8 6.3 ±1.1 87.9 ±2.6 11.5 ±0.7

Chondracanthus canalicula­
tus

Winter - - - 4.8 ±1.2 5.1 ±0.1 90.1 ±1.1 3.1 ±0.1
Spring - - - 5.1 ±0.6 4.7 ±0.9 90.2 ±1.5 2.8 ±0.3
Summer - - - 2.9 ±0.3 7.2 ±1.2 89.9 ±1.4 1.7 ±0.3
Autumn - - - 2.5 ±1.1 3.8 ±1.2 93.7 ±2.3 2.6 ±0.4

Ulva lobata
Winter 0.1 ±0.0 0.1 ±0.0 4.4 ±1.3 0.1 ±0.0 6.8 ±0.6 88.5 ± 0.7 25.1 ±0.1
Spring - - 3.2 ±0.2 0.2 ±0.0 7.8 ± 0.4 88.8 ± 0.3 29.1 ±2.4
Summer 0.1 ±0.1 - 11.9 ±1.0 - 3.8 ±0.5 84.2 ±1.5 20.1 ±0.9
Autumn 0.2 ±0.0 - 3.7 ±0.9 - 2.7 ±0.5 93.3 ±0.4 21.4 ±0.5

Presented as mean ± sd, n = 2; (-), not detected; DAGE, diacylglyceryl ethers; TAG, triacylglycerols.

except in Egregia m enziesii in w inter (18 % ) and 
spring (26 % ). The elevated  FFA  concentration  in 
E. m enziesii in spring and concurrent increase in 
TAG from  1 to  22 % correlate  w ith the fact th a t spring 
sam ples contained  young recruiting  plants. The cause 
for the  high FFA  is unknow n. Ulva lobata exhibited a 
sim ilar increase in TAG (from  3 to  12 % ) in the sum ­
mer. No TAG w ere detec ted  in Chondracanthus ca­
naliculatus, which also had low lipid conten t (1.7-3.1 
dry mass), only 10-20 % of o ther algae. Ulva lobata 
contained the m ost lipids (20.1-29.1 mg g_1); Egregia 
m enziesii contained 8.8-16.3 mg g_1. L ipid mass was 
elevated in w inter and spring in all algal species. Low 
levels of wax esters (W E) w ere only detected  in Ulva 
lobata (0.1-0.2 % ). Surprisingly, 0.1 % of diacylgly­
ceryl ethers (D A G E) was detec ted  in Ulva lobata from  
w inter. This species is com m only a host to  epiphytic 
organisms, although we a ttem pted  to  elim inate them  
(selection of epiphyte-free algae and rinsing w ith sea­
w ater). If epiphytes w ere the source of D A G E, one 
would expect to  see high values in spring and sum m er 
due to  increased epiphyte activity and growth. The 
presence of W E and D A G E  in these m acroalgae and 
the abalone th a t consum e them  (Haliotis fulgens; N el­
son et al. 1999) suggests a dietary  source for D A G E in 
the abalone.

Fatty acids

To our know ledge there  are no studies which have 
previously published FA  and ST spectra on the algal 
species analyzed here. Results for algal FA com posi­
tion  of Egregia m enziesii (Table II) agree w ith an te ­
cedent studies on o ther re la ted  species. M ajor com ­
ponents found in brow n algae included 14:0, 16:0,

18:l(n-9), 18:2(n-6), 18:3(n-3), 18:4(n-3), 20:4(n-6) 
and 20:5(n-3) (Jam ieson and R eid  1972, A ckm an 
and M cLachlan 1977, Johns et al. 1979, A ckm an 
1981, R osell and Srivastava 1987, Stefanov et al. 
1988, D em bitsky et al. 1990b, B anaim oon 1992, Fleu- 
rence et al. 1994, H onya et al. 1994, V irtue and Nichols 
1994, K hotim chenko 1995, M ai et al. 1996, Vaskovsky 
et al. 1996). M ajor com ponents found in Chondra­
canthus canaliculatus included 14:0, 16:0, 18:l(n-9), 
18:l(n-7), 20:4(n-6) and 20:5(n-3) (Table II), which 
correlates w ith the FA  com position for m any other 
red  algae (Jam ieson and R eid  1972, A ckm an and 
M cLachlan 1977, Johns et al. 1979, A ckm an 1981, 
Stefanov et al. 1988, M iralles et al. 1990, B anaim oon 
1992, M ishra et al. 1993, F leurence et al. 1994, Vas­
kovsky et al. 1996). In  Ulva lobata the  m ajor FA were 
16:0, Ci6 po lyunsaturated  fatty  acids (PU FA ), 18:l(n- 
7),18:2(n-6), 18:3(n-3) and l8 :4 (n-3 ) (Table II), as seen 
in previous research  on green algae (Jam ieson and 
R eid  1972, A ckm an and M cLachlan 1977, Johns et 
al. 1979, A ckm an 1981, Stefanov et al. 1988, D em bits­
ky et al. 1990a, A knin  et al. 1992, B anaim oon 1992, 
K hotim chenko 1993, F leurence et al. 1994, D unstan  et 
al. 1996, M ai et al. 1996).

Palm itic acid (16:0) was a m ajor FA com m on to all 
algal sam ples (21-42 % of to ta l FA). Ulva lobata con­
ta ined  the highest am ounts of the írans-m onoene 
16:l(n-13)t (2.4-3.9 % ), w hich is derived from  chlor- 
oplasts and com m only p resen t in higher plants (N i­
chols et al. 1982). Ulva lobata also contained  consider­
able am ounts of Ci6 PU FA  (15-20 % ). The Ci6 PU FA  
w ere m ainly 16:4(n-3) and 16:3(n-3), which are fre ­
quently  elevated  in chlorophytes (Stefanov et al. 1988, 
D em bitsky et al. 1990a, A knin  et al. 1992, K hotim ­
chenko 1993), and w ere suggested to  have chem otaxo-



Table II. Mean percentage fatty acid composition of macroalgae.

Egregia menziesii Chondracanthus canaliculatus Ulva lobata

Fatty acid Winter Spring Summer Autumn Winter Spring Summer Autumn W inter Spring Summer Autumn

14:0 6.0 ±0.2 7.1 ±0.0 6.0 ±0.0 6.3 ± 0.4 4.9 ± 0.3 4.9 ±0.3 5.4 ±0.7 6.1 ±0.7 0.4 ± 0.0 0.4 ±0.0 0.4 ±0.0 0.5 ±0.1
15:0 0.4 ±0.0 0.2 ±0.0 0.1 ±0.0 0.3 ± 0.0 0.2 ± 0.0 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.5 ±0.1 0.5 ±0.0 0.4 ±0.0 0.4 ± 0.0
16:0 21.6 ±1.2 25.8 ±0.3 25.3 ±0.0 23.1 ±1.3 39.5 ±3.3 39.1 ±1.1 41.7 ±1.5 38.5 ±0.5 22.0 ±0.4 20.7 ± 0.1 28.0 ± 0.8 25.4 ±1.3
18:0 0.9 ±0.1 1.6 ±0.0 1.3 ±0.0 1.0 ±0.2 1.5 ±0.2 1.3 ±0.1 1.6 ±0.1 1.6 ±0.3 0.2 ± 0.0 0.3 ±0.0 0.2 ±0.0 0.3 ±0.1
20:0 0.7 ±0.0 0.9 ±0.0 1.2 ±0.0 0.8 ± 0.0 - - - - 0.1 ±0.0 0.1 ±0.0 0.2 ±0.0 0.3 ± 0.2
22:0 - - - - - - - - 0.6 ±0.0 0.6 ±0.0 0.6 ± 0.0 0.7 ± 0.1

Sum SFA 29.6 ±1.5 35.6 ±0.4 34.1 ±0.1 31.4 ±2.0 46.1 ±3.9 45.6 ±1.5 48.8 ±2.3 46.4 ±1.6 23.8 ±0.5 22.6 ± 0.2 29.7 ± 0.9 27.6 ± 1.7
14 l(n-7)c 0.2 ±0.1 0.3 ±0.0 0.2 ±0.0 0.2 ± 0.0 1.4 ±0.0 1.7 ±0.3 2.1 ±0.2 0.6 ±0.4 tr tr tr 0.1 ±0.1
16 l(n-9)c 0.7 ±0.1 0.3 ±0.0 0.2 ±0.0 0.3 ±0.1 0.4 ± 0.0 0.4 ±0.0 0.6 ±0.1 0.6 ±0.1 0.8 ± 0.0 0.9 ±0.1 0.6 ±0.1 0.5 ± 0.2
16 l(n-7)c 1.2 ±0.0 1.2 ±0.0 1.0 ±0.0 1.0 ±0.1 2.2 ±0.1 2.8 ±0.3 1.2 ±0.2 2.6 ±0.0 0.8 ± 0.0 0.7 ±0.0 1.4 ±0.1 1.3 ±0.1
16 l(n-5)c 0.4 ±0.0 0.1 ±0.0 0.1 ±0.0 0.2 ± 0.0 tr 0.1 ±0.1 tr 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0
16 l(n-13)t 0.9 ±0.1 1.1 ±0.0 1.0 ±0.0 0.8 ± 0.0 0.5 ± 0.0 0.6 ±0.0 0.4 ±0.1 0.4 ±0.2 3.1 ±0.1 3.9 ±0.1 2.4 ±0.1 3.0 ±0.0
18 l(n-9)c 9.9 ±0.3 14.5 ±0.2 14.1 ±0.2 13.7 ±0.2 10.6 ± 0.7 10.9 ±0.2 11.7 ±0.2 10.7 ±0.1 1.0 ±0.0 0.8 ±0.0 1.2 ±0.0 0.9 ±0.1
18 l(n-7)c tr tr tr tr 3.0 ±0.0 2.1 ±0.1 1.9 ±0.3 4.0 ±0.2 8.2 ± 0.0 7.0 ±0.0 9.2 ±0.1 9.0 ±0.1

Sum MUFA 13.3 ±0.6 17.5 ±0.3 16.7 ±0.2 16.3 ±0.4 18.1 ±1.0 18.7 ±1.0 17.9 ±1.1 19.1 ±1.1 14.0 ±0.2 13.5 ±0.3 14.9 ±0.5 15.0 ±0.7
C l 6 PUFA 2.8 ±0.3 1.2 ±0.0 1.0 ±0.0 1.6 ±0.2 1.4 ±0.1 1.4 ±0.0 1.4 ±0.0 1.8 ±0.0 19.7 ±0.0 20.2 ± 0.2 15.4 ±0.4 17.0 ±0.7
18:3(n-6) 0.1 ±0.2 0.3 ±0.0 0.3 ±0.0 0.2 ± 0.2 0.4 ±0.1 0.2 ±0.1 0.2 ±0.0 0.6 ±0.1 tr tr 1.0 ±0.1 tr
18:4(n-3) 10.9 ±0.6 8.1 ±0.2 8.4 ±0.0 10.4 ±0.7 0.5 ± 0.0 0.3 ± 0.2 0.2 ±0.0 0.5 ±0.0 11.8±0.1 13.9 ±0.1 7.0 ±0.1 11.6 ±0.4
18:2(n-6) 9.4 ±0.1 8.7 ±0.2 8.1 ±0.3 7.7 ± 0.3 2.0 ± 0.3 1.3 ±0.1 1.3 ±0.1 1.9 ±0.1 4.1 ±5.9 - 10.5 ±0.5 -
18:3(n-3) 8.4 ±0.8 7.3 ±0.5 6.6 ±0.3 8.2 ± 0.0 0.6 ± 0.2 0.8 ±0.1 0.3 ±0.1 1.0 ±0.1 21.4 ±6.0 24.7 ± 0.1 16.9 ±0.8 23.8 ±0.6
20:4(n-6) 18.6 ±0.2 15.2 ±0.1 19.2 ±0.2 20.2 ±0.9 9.9 ±7.2 9.3 ± 0.7 10.5 ±0.1 14.2 ±0.6 0.8 ± 0.0 0.8 ±0.0 1.3 ±0.0 1.0 ±0.0
20:5(n-3) 5.6 ±0.6 5.1 ±0.3 4.2 ±0.2 3.4 ±0.2 20.6 ± 1.7 22.0 ±0.9 19.0 ±3.0 13.9 ±1.8 0.7 ± 0.0 0.8 ±0.0 0.6 ±0.0 1.0 ±0.1
20:3(n-6) 0.4 ±0.0 0.5 ±0.0 0.5 ±0.0 0.3 ± 0.0 0.2 ± 0.0 0.1 ±0.1 tr 0.2 ±0.0 0.3 ± 0.0 0.4 ±0.0 0.3 ±0.0 0.3 ± 0.0
20:4(n-3) 0.9 ±0.1 0.6 ±0.0 1.0 ±0.0 0.4 ± 0.0 0.4 ± 0.0 0.3 ±0.1 0.3 ±0.0 0.5 ±0.0 0.4 ± 0.0 0.4 ±0.0 0.2 ±0.0 0.3 ± 0.0
22:6(n-3) - - - - - - - - 0.1 ±0.0 0.2 ±0.0 0.1 ±0.0 0.2 ± 0.0
22:4(n-6) - - - - - - - - 0.7 ±0.0 0.6 ±0.0 0.7 ± 0.0 0.5 ± 0.0
22:5(n-3) - - - - - - - - 2.2 ±0.0 1.9 ±0.1 1.2 ±0.1 1.9 ±0.1
Sum PUFA 57.1 ±2.8 46.9 ±1.4 49.3 ±1.0 52.3 ±2.6 35.9 ±9.8 35.8 ±2.2 33.2 ±3.4 34.5 ±2.8 62.3 ±12.0 63.9 ± 0.6 55.4 ±2.0 57.4 ±1.9
Total mg g^1 11.2 ±4.6 13.3 ±0.6 6.3 ±1.2 8.8 ± 2.2 1.9 ±0.1 1.8 ±0.1 0.9 ±0.2 1.4 ±0.4 21.4 ±0.8 23.8 ±1.7 13.8 ±1.0 13.9 ±0.3
Ratio AA/ 
EPA

3.35 2.99 4.55 6.01 0.48 0.42 0.55 1.02 1.10 1.00 2.09 1.03

Presented as mean ± sd, n = 2; (-), not detected; tr, trace (below integration or coeluted); SFA, saturated fatty acids; MUFA, m onounsaturated fatty acids; PUFA, polyunsaturated fatty 
acids; 18:2(n-6) in U. lobata (spring and autumn) included with 18:3(n-3).
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nom ic value (K hotim chenko 1993). Egregia m enziesii 
and Chondracanthus canaliculatus had elevated  re la ­
tive levels of oleic acid [18:l(n-9)c, 10-15 % and 10- 
11 % , respectively] and m yristic acid (14 :0 ,6-7  % and 
5-6  % ), while Ulva lobata had very low am ounts of 
these FA  (0 .8 -1 .2% , 0 .4 -0 .5% ). The ratios of oleic 
acid to  cis-vaccenic acid [18:1 (n-7)] w ere high in Egre­
gia menziesii [18.1 (n-7) p resen t in  trace am ounts only] 
and Chondracanthus canaliculatus (2.7-5.5), bu t low 
in Ulva lobata (0.1). The predom inance of 18:l(n-7) 
over 18:l(n-9)c has been  established as a b iom arker 
for chlorophytes (A ckm an and M cLackan 1977, Johns 
etal. 1979, A ckm an 1981, Stefanov etal. 1988, A k n in e i 
al. 1992, K hotim chenko 1993, Vaskovsky et al. 1996).

Egregia m enziesii and Ulva lobata bo th  had  signifi­
cant am ounts of C is PU FA  (23 -29%  and 3 4 -39% , 
respectively), whilst Chondracanthus canaliculatus 
hadlow  am ounts (2-4  % ). Egregia m enziesii had  higher 
ratios o fl8 :4 (n -3 )to lin o len icacid  [18:3(n-3)] (1.1-1.3) 
com pared to  Ulva lobata, which conversely had low 
ratios (0.4-0.6). O ur results are in agreem ent w ith p re ­
vious studies of phaeophyte (Vaskovsky et al. 1996) and 
chlorophyte (A knin  et al. 1992, K hotim chenko 1993) 
species. These PU FA  m ay be im portan t for algae in 
adap tation  to  changes of environm ental factors (K ho­
tim chenko 1993), however, they m ay no t be essential 
FA for the abalone Haliotis fulgens, unlike the essential 
C2 0 PU FA  (N elson 1999, N elson et al. 2001). A lthough 
presen t at low levels, 22:0 (0.6 % ) and C22 PU FA  (0.1- 
2.2 % ) w ere detected  only in Ulva lobata. D ocosapen- 
taenoic [DPA, 22:5(n-3)] and docosahexaenoic [DFIA, 
22:6(n-3)] acids are com m on to m arine animals, how ­
ever their significance in U. lobata is unknown.

Total FA  con ten t (mg g_1 dry mass) was highest in 
U. lobata and ranged from  13.8 mg g_1 in sum m er to 
23.8 mg g_1 in spring (Table II). Likewise, Egregia 
m enziesii had  highest to ta l FA in spring (13.3 mg g_1) 
and low est in sum m er (6.3 mg g-1). Chondracanthus 
canaliculatus was consistently low in FA  year round 
(0.9-1.9 mg g-1).

Egregia m enziesii show ed a decrease in unsatu ra ted  
FA from  w inter (70 % ) to  spring (64 %; Table II). Ulva 
lobata also had a decrease in unsatu ra ted  FA  from  
spring (78% )  to  sum m er (7 0 % ), w ith a relative in ­
crease in 16:0. A  m arked  seasonal change in individual 
FA occurred in Chondracanthus canaliculatus, which 
had  an increase in arachidonic acid [AA, 20:4(n-6)] 
from  9 to  14 % and concurrent decrease in eicosapen- 
taenoic acid [EPA, 20:5(n-3)] from  22 to  14 % betw een 
spring and au tum n (Table II). Tem perature has a m a­
jo r effect on the FA  com position of cell m em branes. 
Low tem peratu re  results in elevated levels of unsatu­
ra ted  FA in po lar lipids (PL), w ith the increase in 
unsaturation  lowering m elting points and m aintaining 
lipids in a liquid sta te  for norm al protoplasm ic visc­
osity (Phleger 1991). This change is best exem plified in 
the PU FA  com position of m arine fish, which has been 
observed to  vary betw een areas of different tem p era ­
tures, w ith higher levels of A A  in w arm er w aters

(Sinclair etal. 1986, Nichols et al. 1998). In  m acroalgae, 
the effect on saturation  levels in FA  was dem onstrated  
by contro lled  tem pera tu re  schem es w ith the rhodo­
phyte, Palmaria palm ata ; highest levels of EPA  were 
observed at 11 °C an d  A A a t  15 °C (M ishra et al. 1993). 
Also, lipid analysis revealed th a t in the phaeophyte, 
Laminaria japonica, (n-6) PU FA  conten t was m axim al 
during w arm  m onths, while (n-3) PU FA  conten t was at 
a m axim um  during cold m onths (Flonya et al. 1994). 
Therefore, although tem pera tu re  changes have a di­
rect im pact on grow th via the Q 10 effect (m etabolic 
change due to  tem pera tu re), it m ay also dictate essen­
tial m olecular requirem ents, such as PUFA.

Egregia m enziesii had  a significant am ount of C20 

PU FA , w here proportions of A A  to EPA  ranged from  
3 to  6 (3.4,3.0,4.6 and 6.0 for w inter, spring, sum m er and 
autum n, respectively; Table II) at com bined levels ran ­
ging from  2 0 -2 4 %  of to ta l FA (1.6-2.7 mg g_1). In 
contrast to  E. menziesii, Chondracanthus canaliculatus 
had  higher proportions of EPA, w ith A A /E PA  ratios 
reaching 1.0 (0.5, 0.4, 0.6 and 1.0 for w inter, spring, 
sum m er and autum n, respectively), and slightly higher 
com bined levels (28-31 %, 0.3-0.6 mg g_1) of these C20 

PU FA . Low A A /E PA  ratios have been  found in o ther 
rhodophytes (F leurence et al. 1994, Vaskovsky et al. 
1996). Interestingly, lipid analyses revealed  Gracilaria 
asiatica Z hang et X ia  and G. textori (Sur.) DeToni to  be 
atypical rhodophytes, com prised of extrem ely high 
levels of A A  (50-54 % to ta l FA; Vaskovsky et al. 
1996). Prostaglandins, o fw h ichA A isad irec t precursor, 
w ere found to  occur in Gracilaria lichenoides (L.) Flarv. 
(G regson et al. 1979). Prostaglandins have been  de­
tec ted  in plants and over 100 inverteb rate  species, and 
som e reports suggest th a t they function in the  funda­
m ental physiology in represen tatives of m any inverte­
b ra te  phyla (Stanley-Sam uelson 1987, G erw ick 1994). 
M em bers of the  genus Gracilaria have been  used as a 
m ajor part of the diet of aquarium -raised  abalone, H a­
liotis diversicolor Reeve, in Taiwan, producing indivi­
duals m ore fecund than  wild abalone. Gracilaria also 
provided superior grow th in Haliotis iris M artyn in New 
Z ealand  (S tuart and Brow n 1994, M arsden and W il­
liams 1996). The low lipid conten t of Chondracanthus 
canaliculatus m ay be insufficient for consum ers, or 
there  may be physiological pertu rbation  by the high 
ra tio  of EPA  (Bell et al. 1994). It should be no ted  that 
the am ount of EPA was slightly less in a prelim inary 
analysis of Egregia m enziesii collected in 1997 (2.8 %; 
N elson 1999), a year w hen gam etogenesis in Haliotis 
fulgens was successful, com pared  to  feeding trial Egre­
gia menziesii from  the following year (3.4-5.6 % EPA; 
Table II). C om bined levels of A A  and EPA  in Ulva 
lobata w ere low ( 2 %,  0.1-0.3 mg g-1) w ith ratios of 1 
(except sum m er, 2). C om pared to  phaeophytes and 
rhodophytes, low levels of C20 PU FA  characterize 
chlorophytes, including m any U lvales (A knin  et al. 
1992, B anaim oon 1992, K hotim chenko 1993, F leu ­
rence etal. 1994).
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Environmental and food chain implications

This study addressed seasonality in m acroalgal lipids, 
w hich is re la ted  to  herbivore physiology and lipid 
com position. B ecause PU FA  may be m ost responsive 
to  environm ental changes, they have im portan t roles 
in algal physiology. The tendency to  vary may also 
im pact inverteb rate  herbivores th a t feed  upon them . 
A n  exam ple of the  influence of tem pera tu re  was ob­
served during 1997-98, w hen this study was con­
ducted. There was a 3 °C elevation in sea tem pera tu re  
a t the Scripps Institu tion  of O ceanography pier 
(Scripps P ier 1997/98 Surface Tem perature and Sali­
nity data). E levated  tem peratu res m ay have contrib­
u ted  to  the low local abundance of Chondracanthus 
canaliculatus during 1997-98, as well as the suppressed 
gonadal developm ent in Haliotis fulgens during 1998 
(N elson 1999). Tem perature induced changes in spe­
cific FA, especially PU FA , or essential FA  deficiency 
in m acroalgae may be an im portan t factor in gonado- 
genesis, consequently  affecting recruitm ent. B oth  A A  
and EPA  are additionally  prostaglandin and eicosa- 
noid precursors, so should be of special consideration, 
especially to herbivores such as H. fulgens (Nelson 
1999, N elson et al. 2001). K now ledge concerning cli- 
m ate-ocean variations in the northeastern  Pacific 
O cean have increased dram atically  in recent years 
(M cG ow an et al. 1998). The results of this prelim inary 
study are also significant in furthering the understand ­
ing of possible aquaculture trophic transfer as well as 
know ledge of these species in the wild. M ore inform a­
tion  about the nu tritional requirem ents of abalone is 
needed, especially to  establish a basis for form ulation 
of artificial diets (Flem ing et al. 1996). Furtherm ore, 
in teractions w ith tem pera tu re  and effects of lipids in 
bo th  d iet and m etabolism  requires fu rther research, 
bu t this study should serve to  supplem ent our growing
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