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The Production Potential of Eicosapentaenoic and Arachidonic 
Acids by the Red Alga Porphyridium cruentum 
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The red microa lga  Porphyridium cruentum i s  a n e w  
source  for  e i c o s a p e n t a n o i c  acid ( E P A )  and arachidon-  
ic acid (AA)  fatty  ac ids  o f  po tent ia l  p h a r m a c e u t i c a l  
value .  The  cond i t i ons  l ead ing  to  a h igh  conten t  o f  
e i ther  fat ty  acid w e r e  inves t igated .  The  h i g h e s t  EPA 
c o n t e n t  w a s  obta ined  under  c o n d i t i o n s  resu l t ing  in 
high growth  rate (2.4% o f  a sh  free  dry w e i g h t  in Strain 
1380-1d).  High AA c o n t e n t  w a s  o b t a i n e d  under  s l o w  
growth c o n d i t i o n s  and w a s  m a x i m a l  in  the  s ta t ionary  
p h a s e  or under  n i t rogen  s tarvat ion  (2.9%). Strain 
1380-1a had the  h i g h e s t  c o n t e n t  (1.9%) o f  arachidonic  
acid under  e x p o n e n t i a l  growth condi t ions .  By impos-  
ing  n i t rogen  s tarvat ion,  it  w a s  p o s s i b l e  to  obta in  a 
l ipid mix ture  w h i c h  m a y  be s e p a r a t e d  into  AA and EPA 
rich fract ions .  

KEY WORDS: Arach idonic  acid, e i c o s a p e n t a e n o i c  
acid, fat ty  acids ,  l ipids,  microalga ,  Porphyridium, 
PUFA. 

Eicosapentaenoic acid (EPA, 20:5oJ3) and arachidonic 
acid (AA, 20:4w6) are rare fat ty acids of potential 
pharmaceut ical  value. EPA was shown to be effective in 
preventing blood platelet aggregation (1) and to be useful 
for blood cholesterol reduction, thus reducing the risks of 
atherosclerosis (2). AA serves as a starting material for a 
biosynthetic production of prostaglandin PGE2 (3). Also, 
being a component  of human mother  milk, it is of 
potential value as an ingredient in various formulations 
of artificial baby food. 

EPA is found in many marine fish oils, but the low EPA 
content, variability in quality, a well as the presence of 
other fatty acids of less desired properties have initiated 
several studies aimed at the product ion of EPA from 
microalgae. The marine alga Chlorel la  m i n u t i s s i m a  (4) 
and the freshwater alga Monodus  s u b t e r r a n e u s  (5) were 
suggested as potential sources for EPA. AA was shown (6) 
to be present in Eug lena  graci l i s ,  Ochromonas  d a n i c a  
and in the red microalga P o r p h y r i d i u m  c r u e n t u m .  The 
latter also was found to contain EPA. P. c r u e n t u m  was  
also studied as a source for sulfated polysaccharides (7,8) 
which could be utilized for enhanced oil recovery from oil 
wells. It also contains phycoerythr ine- -a  red protein 
pigment used for the immunoflurescent detection of 
tumors (9). 

Cohen et al. (10), as well as Lee et al. (11) have shown 
that  the fatty acid composition of P. c r u e n t u m  is highly 
dependent  on environmental conditions. Contray to pre- 
vious reports (12), it was found that  in cultures cultivated 
at optimal temperature  and under  non-limiting light 
conditions, EPA was the main polyunsaturated fatty acid 
(PUFA). When growth was slowed by decreased light 
intensity, increased cell concentration, non-optimal 
temperatures,  non-optimal pH or salinity, the content  of 
EPA decreased. Simultaneously, the level of AA increased 
and became the major PUFA. The feasibility of outdoor 

mass production ofP. c r u e n t u m  has alreadybeen studied 
(13,14). Recently, we have shown that  environmental 
conditions could be manipulated outdoors so as to 
produce high levels of either EPA of AA from P o r p h y r i d i -  
u m  (15). 

The occurrence of relatively high levels of AA in P. 
c r u e n t u m  is disadvantageous because the properties of 
AA are antagonistic to tha t  of EPA with respect to 
lowering blood cholesterol levels (2). In order to become 
a useful source, growth conditions and strains of the 
algae producing higher concentrations of EPA of AA must 
be strictly determined. In this work, we studied various 
strains of P. c r u e n t u m  as potential sources of EPA and 
AA. Also, environmental and nutritional conditions 
which may yield maximum productivity of each of these 
fatty acids were elucidated. 

MATERIALS AND METHODS 

Growth  o f  cells, P. c r u e n t u m  strains 1380 la-f  and 
B113.80 were obtained from the GSttingen Algal Culture 
collection. Maintenance of stock cultures and inocula 
preparat ion were performed according to Vonshak (16). 
Cultures were grown on Jones' medium (17) in glass tubes 
incubated in a temperature-regulated water bath, illumi- 
nated with four cool-white fluorescent lamps providing 
170 #E "m 2 "s 1 at the side of the waterbath. The cultures 
were mixed by bubbling an air/CO2 mixture (99:1) 
through a sintered glass tube placed at the bottom of each 
culture tube. For the nitrogen starvation experiments, 
cultures in the exponential phase of growth maintained 
at 28~ were centrifuged, washed and resuspended in a 
nitrogen-free medium. The cultures were kept for an 
additional three days under the same light and tempera- 
ture conditions. Cultures were grown to the exponential 
phase and maintained at s teady state by daily dilution for 
at least three days prior to the onset of the experiment. 
Growth rate (#) was estimated by measuring chlorophyll 
and turbidity. 

L i p i d  s epara t ion .  Freeze dried samples of biomass 
were extracted with chloroform/methanol  according to 
Bligh and Dyer (18). Lipids were separated by TLC on 20 
X 20 cm glass plates coated with silica gel-60 (Merck, 
Darmstadt, Germany). Chromatography was carried out 
in light-protected jars under an Ar atmosphere. Lipids 
were eluted with chloroform/acetone/methanol /acet ic  
acid/water  (10:4:2:2:1) as the developing solvent (19). 
The components  were visualized by a brief exposure to 12 
vapors. The lipid-containing bands were scraped off and 
immediately treated with a methanol/acetyl  chloride 
mixture as described by Cohen et al. (20). For analytical 
purposes, the bands were extrated with chloroform/ 
methanol (9:1), and the identity and puri ty of the lipids 
were determined by comparison with s tandard  lipids in 
three different solvent systems and by characteristic 
color reactions, i.e., a-naphtol  for glycolipids and molyb- 
date for phospholipids (19). The neutral lipids fraction 
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TABLE 1 

Fat ty  Acid Composition ofP.  c r u e n t u m  Strains Grown at 25~ 
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Fatty acid composition Fatty acid content  
(% of total fat ty acids) (% of AFDW) 

Strain Growth tt a 16:0 16:1 18:0 18:1 18:2 18:3 20:2 20:3 20:4 20:5 TFA b AA EPA R c 
phase  (d -1 ) o J6 o~6 oJ6 0)6 ~o6 ~o3 

1380-1a E d 1.10 30.8 3.4 0.2 0.5 5.9 0.1 0.6 1.0 22.2 35.3 5.3 0.8 1.9 0.63 
S e 30.8 2.1 0.6 1.1 9.6 - -  1.4 1.5 33.5 19.3 5.8 1.9 1.1 1.7 

1380-1b E 1.13 30.3 3,0 0.3 0.4 5.2 0.7 0.8 0.5 15.2 43.5 5.6 0.9 2.1 0.43 
S 32.4 2.3 0.5 1.2 7.6 0.3 0.8 2.0 29.2 23.2 5.4 1.6 1.2 1.3 

1380-1c E 1.13 32.0 3.2 0.4 0.4 5.7 0.7 0.5 0.5 16.9 39.5 5.4 0.9 2.1 0.43 
S 33.4 2.3 0.8 1.2 7.6 0.2 0.7 2.2 23.8 27.8 5.4 1.3 1.5 0.86 

1380-1d E 1.15 30.6 3.5 0.1 0.3 4.9 0.6 0.6 0.4 14.7 44.1 5.5 0.8 2.4 0.33 
S 32.1 2,1 0.5 1.6 7.9 0.2 1.0 2.5 24.7 27.4 5.1 1.2 1.4 0.90 

1380-1e E 1.39 29.3 2.9 0.1 0.3 6.9 1.2 0.7 0.7 18.4 39.3 5.3 1.0 2.1 0.47 
S 29.7 1.8 0.7 2.3 11.4 0.6 0.7 2.9 33.5 16.3 5.7 1.9 0.9 2.1 

1380-1f E 1.10 29.7 2.9 0.1 0.7 6.2 1.0 0.7 0.6 17.8 40.1 5.2 0.9 2.1 0.44 
S 31.6 2.0 0.5 1.4 9.2 0.4 0.7 2.3 33.4 18.4 5.1 1.7 0.9 1.8 

113.80 E 0.98 28.6 2.9 0.2 0.2 6.4 0.6 0.5 0.6 17.9 41.6 4.4 0.8 1.9 0.43 
S 33.3 1.4 0.4 1.0 9.0 0.3 0.7 1.7 27.3 25.1 5.1 1.4 1.3 1.1 

aGrowth rate. 
b W e i g h t  percent  of AFDW. 
cR : AA/EPA. 
dE = exponential  phase, 4-5 mg chl'1-1. 
eS = s tat ionary phase,  27-30 mg chl'l 1. 

TABLE 2 

Fatty Acid Composit ions of  P. c r u e n t u m  Strains Grown at 30~ 

Fatty acid composition Fat ty acid content  
(% of total  fat ty acids) (% of AFDW) 

Strain Growth /~a 16:0 16:1 18:0 18:1 18:2 18:3 20:2 20:3 20:4 20:5 TFA ~ AA EPA R c 
phase  (d 1) o~6 ~6 ~o6 oJ6 w6 o~3 

1380-1a E d 0.67 34.1 1.1 0.9 1.6 11.5 0.5 0.8 2.4 40.3 6.6 4.8 2.0 0.3 6.1 
S e 32.9 0.6 0.5 2.7 15.1 0.4 1.1 1.4 35.0 9.5 6.2 2.2 0.6 3.7 

1380-1b E 0.79 36.1 1.5 0.6 0.7 5.6 - -  0.8 0.9 39.3 14.2 3.8 1.5 0.5 2.8 
S 31.8 1.9 1.6 0.5 1.0 0.2 1.9 1.5 41.7 6.5 4.7 2.0 0.3 6.4 

1380-1c E 0.80 35.2 1.5 0.7 0.9 7.1 0.1 1.0 0.9 40.5 11.9 4.4 1.8 0.5 3.4 
S 34.5 1.6 0.5 1.0 6.6 0.1 1.1 1.2 37.1 15.9 5.4 2.0 0.8 2.3 

1380-1d E 0.70 33.0 1.8 0.6 0.8 8.8 0.3 1.4 1.2 32.8 19.0 5.4 1.8 1.0 1.7 
S 31.5 0.5 0.6 3.3 13.2 0.4 1.4 2.0 38.4 8.6 4.7 1.8 0.4 4.5 

1380-1e E 0.76 34.2 1.5 0.6 1.2 5.9 - -  1.1 1.0 41.4 12.9 4.3 1.8 0.6 3.2 
S 33.4 0.5 0.6 3.9 15.3 0.8 0.6 3.1 37.7 4.0 6.5 2.5 0.3 9.4 

1380-1f E 0.49 35.6 1.4 0.5 0.8 5.7 0.1 0.8 0.9 41.4 12.4 4.5 1.9 0.6 3.3 
S 32.9 0.6 0.6 2.8 13.0 0.7 1.2 3.0 40.0 5.1 5.5 2.2 0.3 7.8 

113.80 E 0.62 32.5 0.7 0.7 2.7 14.1 0.4 0.9 1.6 38.7 7.4 4.2 1.6 0.3 5.2 
S 30.9 0.5 1.5 7.7 18.4 0.3 1.6 3.3 32.3 2.8 7.7 2.5 0.2 11.5 

aGrowth rate. 
bWeight percent  of AFDW. 
cR = AA/EPA. 
dE = exponential  phase,  4-5 mg chl'l -l. 
eS = s tat ionary phase, 27-30 mg chl'1-1. 

c o n s i s t e d  o f  a l l  t h e  c o m p o n e n t s  o f  R f  v a l u e s  h i g h e r  t h e n  
0.9 a n d  c o n t a i n e d  t r i - ,  di-  a n d  m o n o g l y c e r i d e s ,  f r e e  f a t t y  
a c id s ,  a n d  p i g m e n t s .  

Lipid transmethylation. F r e e z e - d r i e d  s a m p l e s  o f  Por- 
phyridium ( 1 0 0  m g )  w e r e  t r e a t e d  w i t h  2 m L  o f  m e t h -  

a n o l / a c e t y l  c h l o r i d e  (95 :5 )  a s  p r e v i o u s l y  d e s c r i b e d  (20 ) .  
H e p t a d e c a n o i c  a c i d  w a s  a d d e d  a s  a n  i n t e r n a l  s t a n d a r d  
a n d  t h e  m i x t u r e  w a s  s e a l e d  in  a l i g h t - p r o t e c t e d  T e f l o n -  
l i n e d  v i a l  u n d e r  a n  A r  a t m o s p h e r e  a n d  h e a t e d  t o  80~ f o r  
1 h r .  T h e  v ia l  c o n t e n t s  w e r e  t h e n  c oo l e d ,  d i l u t e d  w i t h  
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1 mL wa te r  a n d  ex t r ac t ed  with 1 mL of h e x a n e  con ta in -  
ing 0.01% buy la ted  hyd roxy to luene  (BHT). The h e x a n e  
layer was  dr ied  over NaeSO4, evapora t ed  to d ryness  a n d  
redissolved in hexane .  

Fatty acid analysis. Gas ch roma tog raph i c  analysis  
was  pe r fo rmed  with a SP-2230 fused silica capi l lary  
co lumn  (30 m X 0.2 ram) at  200~ ( in jec tor  a n d  f lame 
ioniza io tn  de tec to r  t e m p e r a t u r e s  2300C, split  r a t ion  
1"100). The resul ts  were  fo rmu la t ed  with an  HP 3390A 
integrator .  F a t t y  acid methy l  ester  were ident if ied by co- 
c h r o m a t o g r a p h y  wi th  au then t i c  s t a n d a r d s  (Sigma 
Chemical  Co., St. Louis, MO) a n d  by gas ch roma tog raphy-  
mass  s p e c t r o m e t r y  (GC-MS). GC-MS analyses  were  per-  
formed wi th  a F inn igan  500 mass  spec t rome te r  (F inn igan  
Corp., Sunnyvale ,  CA) equ ipped  wi th  a ca rbowax  capil- 
lary c o l u m n  (30 m X 0.25 ram). Chemical  ioniza t ion  
spec t ra  were ob t a ined  at  250 ev with i sobu tane  as the  
r e a c t a n t  gas. The q u a n t i t y  of the  fa t ty  acids was  deter-  
m ined  by c o m p a r i n g  the i r  peak  areas  wi th  t h a t  of the  
i n t e rna l  s t a n d a r d .  The d a t a  shown  are m e a n  va lues  of at  
least  two i n d e p e n d e n t  samples,  each analyzed in 
duplicate .  

RESULTS 

A c o m p a r i s o n  of the  seven tes ted  s t ra ins  of P. cruentum 
showed t h a t  u n d e r  op t ima l  growth cond i t ions  a t  25~ 
the  s t ra ins  exhib i ted  s imi lar  growth  ra tes  (ca. 1.1 d-l). 
U n d e r  these  condi t ions ,  EPA was  the  major  fa t ty  acid. All 
bu t  one s t r a in  had  more  t h a n  39% of the i r  fa t ty  acids as 
EPA a n d  only  14.7-17.9% of AA. The highest  p r o p o r t i o n  of 
EPA was found  in s t ra ins  1380-1b a n d  ld ,  which  con- 
t a ined  43.5% a n d  44.1% EPA, respectively. On an  ash free 
dry  weight  basis  (AFDW) the  EPA c o n t e n t  r anged  

be tween  1.9% a n d  2.4% (Table 1). In  the e xponen t i a l  
phase  the range  of R (AA/EPA)  va lues  was  0.33-0.63. 
However, R inc reased  to 0.86-2.1 a t  the  s t a t i ona ry  phase  
as AA increased,  a n d  in mos t  s t r a ins  became the  leading 
PUFA, while the  level of EPA decreased  drastically.  At 
30~ when  expone t i a l ly  cu l t iva ted  u n d e r  the  same  light 
in tens i ty  a n d  cell concen t r a t i on ,  mos t  s t ra ins  ha d  more  
t h a n  39% of the i r  fa t ty  acids as AA and,  except  for one 
s t ra in ,  only 6.6-14.2% as EPA (Table 2). In  mos t  cases the 
fa t ty  acid c o n t e n t  was  the  highest  at  the s t a t i ona ry  phase  
at  30~ In  s t ra in  113.80, the  fa t ty  acid c o n t e n t  inc reased  
f rom 4.2% in the  e x p o n e n t i a l  phase  to 7.7% (AFDW) in the  
s t a t i ona ry  phase,  resu l t ing  in an  AA c o n t e n t  of 2.5%. The 
R values  at  the  s t a t i o n a r y  phase  were  also r a the r  high, the  
m a x i m u m  value  observed being 11.5 in s t ra in  113.80. 

When exponen t i a l l y  cul t iva ted  (28~ P. cruentum 
cul tures  were t r a n s f e r r e d  to a n i t rogen  free medium,  a 
g radua l  change  in the  fa t ty  acid c o n t e n t  a nd  composi t ion  
was  observed ( tab le  3). The fa t ty  acid c o n t e n t  inc reased  
to 8.8% (AFDW) af ter  four days. The changes  in fa t ty  acid 
compos i t ion  resembled  those observed at  the  s t a t i ona ry  
phase,  however,  t he  effect was  more  p ronounced .  The 
c o n t e n t  of AA increased  to 2.9% a nd  tha t  of EPA 
decreased  to 0.9%. 

The major  effect of the  n i t rogen  s t a rva t ion  on the  lipids 
ofP. cruetum was an  increase  in n e u t r a l  lipids f rom 20.6% 
in the  cont ro l  c u l t u r e  to 61.0% in the  N-starved cul ture ,  
wi th  a c o n c u r r e n t  decrease  in the  glycolipids. The pe r cen t  
of monogalac tosyld ig lycer ide  (MGDG) a nd  digalactocyl- 
diglyceride (DGDG) decreased  f rom 36.5% (% of to ta l  
l ipids) a nd  17.7% respectively, to ca. 8.5% each, a nd  t h a t  of 
sul foquinovosyl  diglyceride (SQ) f rom 12.4% to 4.7% The 
fa t ty  acids 18:0, 18:2, 20:3 a n d  AA increased  while EPA 
decreased.  An inc rease  in AA was no ted  in the  n e u t r a l  

TABLE 3 

Effect  of  Nitrogen Starvation on the Fatty Acid Composition in P .  c r u e n t u m  a 

Lipid fraction 

Fatty Total NL b MGDG c DGDG d SQ e PC] 
acid lipids 

+Ng -N h +N -N +N -N +N -N +N -N +N -N 

aStrain 113.80, cultivated at 28~ ~E'm's 1. 
bNeutral lipids. 
cMonogalactosyl-monoglyceride. 
~Digalact osyldiglyceride. 
eSulfoquinovosyldiglyceride. 
fPho sph atidylcholine. 
~Nitrogen sufficient. 
hThree days nitrogen starvation. 
/Percent of total fatty acids. 
~R = AA/EPA. 
kFraction % of total fatty acids. 
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16:0 34.8i 28.4 25.7  23.3  33 .5  37 .4  40.1 46.1  55 .2  66 .6  28.7  15.4 
16:1 2.9 1.6 1.1 1.4 -- 1.3 7.1 6.9 0.7 -- -- -- 
18:0 1.2 2.1 11.1 5.0 0.5 5.6 0.6 5.3 1.9 5.9 3.6 1.7 
18:1 0.8 2.6 3,5 5.2 1.0 7.4 1.2 4.0 2.2 5.2 1,0 2.0 
18:2 10.6 21 .3  16,5  27 .4  11.1 26.8 4.3 7.1 2.9 7.9 3.9 6.3 
20:3 0.7 3.2 2.4 2.9 0.7 1.2 . . . . .  6.9 
20:4 20.7 30.1 19.9  30.7 4.5 3.3 5.6 4.2 3.4 1.6 46 .3  61.2 
20:5 28.7 10.2 8.3 4.1 43.2 16.9 35.0  26.4  29.4 8.6 17.4 2.9 
IP" 0.7 3.0 2.4 7.6 0.1 0.2 0.2 0.2 0.1 0.2 2.7 21.4 
% of total k 20.6 61.0  36.5 8.5 17.7 8.6 12.4 4.7 7.7 8.7 
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l ip ids  a n d  m a i n l y  in p h o s p h a t i d y l c h o l i n e  ( f rom 46.3% to 
61.0%), bu t  no t  in MGDG a n d  DGDG, w h e r e  a smal l  
d e c r e a s e  was  observed.  

DISCUSSION 

In o r d e r  for  P. c r u e n t u m  to  be  used  as a s o u r c e  for  e i t he r  
f a t t y  acid,  it  m u s t  p r o d u c e  t h e m  as f ree  as  poss ib le  f rom 
o t h e r  s imi la r  C-20 PUFA. In th is  case,  A A  a n d  EPA a r e  t he  
m a i n  two PUFAs in t he  o rgan i sm.  A l t h o u g h  18:2 is also 
p resen t ,  i ts  r e m o v a l  is re la t ive ly  easy. 

The f a t t y  ac id  c o m p o s i t i o n  of  P. c rue tum  was  f o u n d  to 
be c losely  r e l a t e d  to  i ts g r o w t h  ra te .  Cu l tu re s  c u l t i v a t e d  
u n d e r  o p t i m a l  cond i t i ons  r e su l t ing  in high g r o w t h  r a t e d  
were  high in EPA b u t  low in AA. The  o p p o s i t e  was  t r ue  
when  g rowth  was  s lowed  due  to  l ight  l imi ta t ion ,  non-  
o p t i m a l  t e m p e r a t u r e  or  pH, i n c r e a s e d  sal ini ty,  n u t r i e n t  
s t a r v a t i o n  (N,C) a n d  p r e s e n c e  of  inhibi tors .  U n d e r  t hese  
cond i t ions ,  t h e  level of  t he  g lycol ip ids  ( w h e r e  m o s t  of  t he  
EPA was  f o u n d )  dec rea sed ,  whi le  n e u t r a l l i p i d s  i n c r e a s e d  
a n d  as  a r e su l t  t he  c o n t e n t s  of  A A  a n d  18:2 i n c r e a s e d  
(10). 

EPA product ion .  If  one  is to  r a t e  t he  s t r a i n s  of  P. 
c r u e n t u m  in t e r m s  of  t he i r  p o t e n t i a l  to  p r o d u c e  EPA, 
t h r e e  f ac to r s  s h o u l d  be p r i m a r i l y  cons ide red :  t he  g rowth  
r a t e  u n d e r  o p t i m a l  cond i t ions ,  t h e  EPA c o n t e n t  (as  % of  
AFDW) a n d  t h e  R va lues  a t  t he  e x p o n e n t i a l  a n d  a t  t he  
s t a t i o n a r y  phases .  The g rowth  r a t e  a n d  EPA c o n t e n t  
d e t e r m i n e  t h e  EPA p r o d u c t i o n  ra te .  In a p rev ious  s tudy,  
Cohen  et al. (10)  have  shown  t h a t  u n d e r  o p t i m a l  g r o w t h  
cond i t ions ,  b o t h  t he  EPA c o n t e n t  a n d  the  g r o w t h  r a t e  a r e  
m a x i m a l  l ead ing  to t he  h ighes t  EPA p r o d u c t i o n  ra te .  The 
R va lue  a t  t he  e x p o n e n t i a l  p h a s e  ref lec ts  t h e  e x t e n t  of  AA 
"c on t a mina t i on"  a n d  the  degree  of  d i f f icul ty  in EPA 
pur i f i ca t ion .  The  lower  t he  R value ,  t h e  eas ie r  t he  s e p a r a -  
t ion  f rom AA. The d i f fe rences  in t he  c o r r e s p o n d i n g  R 
va lues  for  t h e  e x p o n e n t i a l  a n d  s t a t i o n a r y  p h a s e s  in t he  
va r i ous  s t r a i n s  cou ld  be u sed  as  i n d i c a t o r s  of  t he  e x p e c t -  
ed  va r i ab i l i t y  in EPA c o n t e n t s  u n d e r  o u t d o o r  cond i t ions ,  
as  a r e su l t  of  l ight  a n d  cell  c o n c e n t r a t i o n  changes .  On this  
basis ,  s t r a in  1380-1 d was  j u d g e d  to be t he  mos t  p r o m i s i n g  
f rom the  s t a n d p o i n t  of  EPA p r o d u c t i o n  a n d  re la t ive  
pur i ty .  I t  h a d  the  h ighes t  c o n t e n t  of  EPA (2.4% of  AFDW) 
a n d  a low R va lue  (0.33) a t  t he  e x p o n e n t i a l  phase ,  wh ich  
i n c r e a s e d  to  on ly  0.90 in t h e  s t a t i o n a r y  phase .  

A A  product ion .  A A  is p r o d u c e d  in high quan t i t i e s  on ly  
w h e n  g rowth  is s lowed.  Dimin i shed  g rowth  cou ld  be 
ach ieved  by  l ight  l imi ta t ion  ( low l ight  o r  high cell  concen-  
t r a t i on ) ,  i n c r e a s e d  t e m p e r a t u r e ,  i n c r e a s e d  t e m p e r a t u r e ,  
i n c r e a s e d  sa l in i ty  or  r e d u c e d  pH (10).  The in t ens i t i e s  of  
t h e s e  effects  were  f o u n d  to m a x i m a l  a t  t he  s t a t i o n a r y  
phase .  Cul t iva t ion  u n d e r  low pH or  high sa l in i ty  r e s u l t e d  
in a s h a r p  r e d u c t i o n  of  t o t a l  f a t t y  ac id  con ten t .  F o r  la rge  
sca le  p r o d u c t i o n  of  A A  in o u t d o o r  p o n d s  of  Porphyr id i -  
u m  cu l t iva t ion  a t  30~ p r e s e n t s  a f avorab le  op t ion ,  as  a 
one  s tage  e x p o n e n t i a l  cu l t iva t ion  is possible.  U n d e r  t h e s e  
cond i t ions ,  s t r a i n  1380.1a h a d  t h e  h ighes t  A A  c o n t e n t  
(2.0%). However ,  cu l t iva t ion  a t  th is  t e m p e r a t u r e  in open  
o u t d o o r  p o n d s  cou ld  be p roh ib i t ive ly  expens ive  in t he  
win te r .  

Ni t rogen  s t a r v a t i o n  was  r e p o r t e d  to  b r ing  a b o u t  an  
i nc rea se  a c c u m u l a t i o n  of  n e u t r a l  l ip ids  a n d  s a t u r a t e d  
f a t t y  ac ids  (21,22) in m a n y  algae. In  m o s t  s tud ies ,  PUFA 
d e c r e a s e d  u n d e r  N- s t a rva t i on  (21,22). The  s h a r p  

i n c r e a s e  of  A A  in t he  l ipids  of  P. c r u e n t u m  u n d e r  t h e s e  
cond i t ions ,  e spec ia l ly  in t he  n e u t r a l  l ipids,  is t h u s  no tab le .  
U n d e r  n i t rogen  s t a rva t ion ,  t he  c o n t e n t  of  A A  inc rea se s  in 
n e u t r a l  l ip ids  a n d  in p h o s p h o l i p i d s  b u t  no t  in t he  glycolip- 
ids. This is c o n t r a r y  to  t he  s i t ua t i on  f o u n d  w h e n  g rowth  is 
r e t a r d e d  by  o t h e r  m e a n s  (i.e., l ight,  t e m p e r a t u r e ,  pH)  in 
w h i c h  case  t he  c o n t e n t  of  AA inc rea se s  in all  i ip ids  (10). 
The  p r a c t i c a l  o u t c o m e  of  th is  p h e n o m e n o n  is t h a t  whi le  
t h e  i nc r ea se s  in R va lues  in t he  n e u t r a l  l ip ids  a n d  in 
p h o s p h a t i d y l c h o l i n e  r e su l t  in r e la t ive ly  p u r e  AA, t h e  
g lycol ip ids  r e m a i n  low in A A  a n d  can  be  s e p a r a t e d  a n d  
u sed  as  a sou rce  of  EPA of  high pur i ty .  Indeed ,  by  c lass  
s e p a r a t i o n  of  l ipids,  t he  c o m b i n e d  f r ac t i on  c on t a in ing  
n e u t r a l  a n d  p h o s p h o l i p i d s  was  r i ch  in AA (33.0%) a n d  
h a d  a high R va lue  (7.9). The o t h e r  f r ac t ion  c o n t a i n e d  
m a i n l y  glycol ipids  a n d  was  r ich in EPA a n d  low in AA wi th  
a R va lue  as  low as  0.18 (23). 

The  cu l t iva t ion  o fP .  c r u e n t u m  as a s o u r c e  for  EPA or  
A A  offers seve ra l  a d v a n t a g e s  over  o t h e r  a lgal  a l t e r n a -  
tives. The a lga  is cu l t i va t ed  on a m a r i n e  m e d i u m  w h i c h  is 
e spec ia l ly  a d v a n t a g e o u s  w h e r e  f r e s h w a t e r  is scarce .  
Moreover ,  t he  cu l t iva t ion  on this  high sa l in i ty  m e d i u m  
m a y  p rov ide  an  ecologica l  niche,  t h u s  a id ing  the  ma in t e -  
n a n c e  of  a m o n o a l g a l  cu l tu re .  Ha rves t  is less p r o b l e m a t i -  
co as  t he  a lga  has  a t e n d e n c y  for  a u t o f l o c c u l a t i o n  wh ich  
cou ld  be e n h a n c e d  by  pH r e d u c t i o n  (14). A n o t h e r  impor -  
t a n t  f a c to r  in assess ing  the  feas ib i l i ty  of  large  sca le  
P o r p h y r i d i u m  p r o d u c t i o n  c o n c e r n s  t he  poss ib i l ty  to  
o b t a i n  seve ra l  p r o d u c t s  f rom the  b iomass .  The p r e s e n c e  
of  su l f a t ed  p o l y s a c c h a r i d e s  a n d  p h y c o e r y t h r i n e  shou ld  
f u r t h e r  e n c o u r a g e  t h e  o u t d o o r  cu l t iva t ion  of  Porphyr i -  
d ium.  
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