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Interest in the polyunsaturated fatty acid eicosapentaenoic 
acid (EPA) as a therapeutic agent is steadily increasing. 
The microalga Monodus subterraneus produces EPA, 
which is concentrated mainly in the galactolipid fraction, 
as its major fatty acid. Nitrogen starvation increased the 
fatty acid content but reduced the proportion and content 
of EPA to 19.5% (of fatty acids) and 1.8% (of dry weight), 
respectively. Cultivation under low light intensity or high 
biomass concentration enhanced the proportion of EPA up 
to 36.7% of fatty acids and the content to 4.4% of dry 
weight. Maximal EPA productivity of 25.7 mg �9 L -1 �9 d -1 
was obtained at the biomass concentration that  resulted 
in the highest biomass productivity. M. subterraneus is 
thus one of the most promising candidates for phototro- 
phic production of EPA. 

KEY WORDS: Algal oil, eicosapentaenoic acid, Monodus subterraneus, 
PUFA production. 

Recent studies have demonstrated the therapeutic poten- 
tial of ~3 polyunsaturated fatty acids (PUFA) in the treat- 
ment of various diseases and disorders, including cardio- 
vascular problems, a variety of cancers and inflammatory 
diseases (1). Some of the effects of o~3 fatty acids may be 
explained in terms of their ability to alter the balance of 
prostaglandin and leukotriene eicosanoids, which mediate 
inflammatory and immune responses (2). 

At present, the sole commercial source of eicosapentaenoic 
acid (EPA) is marine fish oil. However, satisfactory utiliza- 
tion of this source is hampered by several drawbacks, such 
as variations in oil quality and the presence of fatty acids 
with antagonistic properties such as arachidonic ackL The 
exact composition and content of the o~3 fatty acids in fish 
oils depend upon the season and the geographic location 
of harvest sites, as well as on the species of fish and the 
availability and types of its primary food chain, namely 
marine microorganisms (3). Furthermore, it has been 
predicted that when w3 PUFA come to be widely used as 
a prophylactic drug, the total annual production of marine 
fish oil would be insufficient to meet the worldwide demand 
(4). 

Several alternate sources of EPA have been intensively 
studied, primarily fungi (5) and heterotrophic (6) and phot~ 
trophic (7) microalgae These sources could provide a more 
concentrated source of EPA whose quality could be con- 
trolled and, thus could be fully utilized for production of 
pharmaceutical-grade EPA. Seto et aL (8,9) reported the 
presence of EPA in Chlorella minutissima (later identified 
as the eustigmatophyte Nannochloropsis oculata). The red 
alga Porphyridium cruentum is unique in that maximal EPA 
content of this alga is coincidental with optimal growth rate 
(10,11). Recently, Yongmanitchai and Ward (12) reported the 
optimization of EPA production in the diatom Phaeodac- 
tylum tricornutum. Nichols and Appleby (13) have shown 
that the eustigmatophyte Monodus subterraneus contains 
EPA, which is concentrated mainly in monogalactosyl di- 
acylglycerol (MGDG), constituting 62% of its fatty acids. 
In a preliminary publication, Iwamoto and Sato (14) re- 

ported the effect of environmental conditions on lipid con- 
tent and EPA production in this alga. In this work we 
describe the optimization of EPA content in M. subterraneus 
by manipulation of environmental conditions. The potential 
for EPA production of this alga was evaluated in comparison 
with that of other EPA-producing algae 

MATERIALS AND METHODS 

Growth of cells. Monodus subterraneus UTEX 151 was 
obtained from the University of Texas Culture Collection 
(Austin, TX) and cultivated on BG-11 medium as de- 
scribed by Iwamoto and Sato (14). Monodus subterraneus 
cultures were grown in Erlenmeyer flasks, placed in a New 
Brunswick (Edison, N J) incubator shaker (model G25) and 
illuminated from above at a light intensity of 115/~E �9 
m -2 �9 s -1 under an air/CO2 (99:1) atmosphere at 25~ 
(unless otherwise stated). Cultures were grown exponen- 
tially (with proper dilution) under the appropriate condi- 
tions for at least four days prior to the onset of the ex- 
periment. The specific growth rate was estimated by 
measurement of the chlorophyll concentration (15). 

Lipid fractionation. Freeze-dried samples of biomass 
were extracted by sand grinding with chloroform/meth- 
anol/water (2:1:0.8) according to Bligh and Dyer (16). 
Separation into neutral lipid, galactolipid and phospho- 
lipid fractions was performed with a silica gel cartridge 
(Sep-Pak; Waters Division of Millipore, Milford, MA); and 
the individual fractions were eluted successively with 
chloroform, acetone and methanol, respectively. 

Fatty acid analysis. Freeze-dried cells or lipid extracts 
were transmethylated with methanol-acetyl chloride, as 
previously described (17). Heptadecanoic acid was added 
as an internal standard. Gas-chromatographic analysis 
was performed on a Supelcowax (Supelco, Bellefonte, PA) 
10 fused-silica capillary column (30 m X 0.32 mm) at 
195~ (injector and fiame-ionization detector tempera- 
tures, 230~ split ratio, 1:100). Fat ty acid methyl esters 
were identified by co-chromatography with authentic stan- 
dards (Sigma Co., St. Louis, MO) and by calculation of 
the equivalent chainlength (18). Fatty acid contents were 
determined by comparing each peak area with that of the 
internal standard. The data shown represent mean values 
with a range of less than 5% for major (over 10% of total 
fat ty acids) peaks and 10% for minor peaks, of at least 
two independent samples, each analyzed in duplicate. 

RESULTS 

Fatty acid composition. The fat ty acid analysis of M. 
subterraneus revealed that, in keeping with previous 
reports (13,14), EPA was generally the major fatty acid. 
Depending on the culture conditions, its share of total 
fatty acids ranged from 20 to 37%. Other major fatty acids 
were (in decreasing order) 16:1w7, 16:0 and 18:1co9. Frac- 
tionation of the lipids on silica gel cartridges into neutral 
lipids, galactolipids and phospholipids demonstrated that 
EPA was located primarily in the galactolipid fraction, 
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TABLE 1 

Fatty Acid Composition of the Lipid Fractions of M o n o d u s  s u b t e r r a n e u s  

Fatty acid composition 
(% of total fatty acids} 

14:0 16:0 16:1 16:1 16:1 18:0 18:1 18:1 18:2 18:3 18:3 20:3 20:4 EPA b 
Fraction toll a co7 a co5 a r co7 co6 r co3 co6 r 

Neutral lipids c 4.4 27.2 0.9 32.6 0.4 1.3 15.9 1.1 0.9 0.8 0.4 1.2 2.0 8.8 
Galactolipids d 0.7 19.0 -- 23.9 0.2 0.5 2.3 0.5 0.4 0.3 0.3 0.2 1.5 49.3 
Phospholipids e 0.4 24.3 -- 17.8 1.7 1.2 4.4 1.4 2.6 3.2 0.3 0.6 8.5 31.9 

aTentative assignment. 
bEPA, eicosapentaenoic acid. 
CFraction eluted with chloroform. 
dFraction eluted with acetone. 
eFraction eluted with methanol. 

yet  i t  also c o n s t i t u t e d  a s ign i f i can t  p ropor t ion  of the  
phosphol ip ids  and, to a smal ler  ex tent ,  of the  n e u t r a l  
l ipids (Table 1). The o ther  three  ma jo r  f a t t y  acids con- 
t r i b u t e d  s ign i f ican t ly  to all the  l ipid groups  b u t  were con- 
c en t r a t ed  m a i n l y  in  the  n e u t r a l  lipids. This  f i nd ing  was 
especially t rue  for 18:1, whose concent ra t ion  in the  neut ra l  
l ipids  (15.9%) was four to five t imes  h igher  t h a n  t h a t  in  
the other  fract ions (2-4%}. As  was the  case for other  algae 
(7), m o s t  of the  f a t t y  acids of the  co6 fami ly  (18:2o~6, 
18:3r and  20:4w6) were concen t ra ted  in the  phosphol ipid 
fraction.  

Effect of light intensity. W h e n  cu l tures  of M. sub- 
terraneus were ba t ch -cu l t i va t ed  a t  different  l igh t  in ten-  
sities, the  f a t t y  acid c o n t e n t  increased w i th  decreas ing  
l igh t  i n t e n s i t y  (Table 2). A t  a l igh t  i n t e n s i t y  of 170 
~E. m -2 �9 s -1, the  p ropor t ion  (% of f a t t y  acids) of EP A  
reached 29.6%, and  the  f a t t y  acid c o n t e n t  (% of d ry  
weight) was 10.4%. Reduc ing  the  l ight  i n t e n s i t y  to 90 
uE �9 m -2 �9 s -1 b r o u g h t  abou t  an  increase  in  the  two 

pa ramete r s  to 35.7 and  12.2%, respectively. As  a result ,  
the  EP A  c o n t e n t  increased  from 3.1 to 4.4%. 

W h e n  s e m i c o n t i n u o u s  (daily di lut ion)  a n d  ba t ch  
cul tures  were compared  (Table 3), the  p ropor t ion  of EPA 
a nd  the c o n t e n t  of f a t ty  acids in  the  ba t c h  cu l ture  were 
higher  (36.7 vs. 26% and  12.1 vs. 10.7%, respectively).  As  
a result ,  the  overall  a m o u n t  of E P A  was h igher  in  the  
ba t c h  mode (4.4 vs. 2.8%). No s ign i f i can t  changes  were 
no t e d  thereafter ,  even t h o u g h  cell concen t r a t i on  was 
allowed to reach 65 m g  chl �9 L -1 (data no t  shown}. 

To assess the  E P A  produc t iv i ty  of M. subterraneus, the  
b iomass  p roduc t i on  and  E P A  c o n t e n t  of ba t ch  cul tures  
were de te rmined ,  and  the  E P A  product iv i t i es  were 
ca lcula ted  (Fig. 1). Cu l t iva t ion  of M. subterraneus at  low 
b iomass  c onc e n t r a t i on  (200-300 m g  �9 L -1) and  m a x i m a l  
growth rate  y ie lded a relat ively low EP A  con ten t  of 2.5%. 
Fur the rmore ,  because  the  b iomass  p roduc t i v i t y  was also 
low (less t h a n  100 m g  �9 L -1 �9 d-l), EP A  produc t iv i ty  was 
only 2-3  m g -  L -1 �9 d -1. A t  a h igh b iomass  concent ra t ion  

TABLE 2 

Effect of Light Intensity on Fatty Acid Composition of M o n o d u s  s u b t e r r a n e u s  a 

Fatty acid composition 
(% of total fatty acids} 

FA content 
(% of dry wt) 

Light intensity 1 4 : 0  16:0 16:1 16:1 1 6 : 1  1 8 : 0  1 8 : 1  1 8 : 1  1 8 : 2  1 8 : 3  1 8 : 3  20:3 20:4 EPA TFA EPA 
(~E m -2 S -1)  o)115 (o7 b (05 b r oo7 oo6 co6 o~3 co6 r 

170 2.5 20.2 3.8 23.1 1.0 0.6 8.1 0.7 2.3 0.8 0.3 0.5 5.3 29.6 10.4 3.09 
90 2.6 19.0 6.4 21.8 1.3 0.6 3.3 0.6 1.9 1.0 0.5 0.4 4.2 35.7 12.2 4.36 

aCultures were batch-cultivated and harvested at the late exponential phase. TFA, total fatty acids; EPA, eicosapentaenoic acids; FA, 
fatty acids. 
bTentative assignment. 

TABLE 3 

Effect of the Mode of Cultivation on Fatty Acid Composition and Content of M o n o d u s  s u b t e r r a n e u s  a 

Fatty acid composition 
(% of total fatty acids} 

FA content 
(% of dry wt) 

Cultivation 14:0 16:0 16:1 16:1 1 6 : 1  1 8 : 0  1 8 : 1  1 8 : 1  1 8 : 2  1 8 : 3  1 8 : 3  20:3 20:4 EPA TFA EPA 
method o)11 b r b co5 b co9 co7 co6 oo6 co3 r r 

Semicontinuous 2.7 22.7 2.7 24.4 1.0 0.8 9.3 1.0 1.7 1.1 0.4 0.5 4.6 26.0 10.7 2.77 
Batch 2.3 19.9 6.0 19.2 1.0 0.5 3.3 0.8 2.4 1.2 0.5 0.3 4.0 36.7 12.1 4.42 

aCultures were cultivated at a light intensity of 170 ~E m -2 s-1 for three days in batch or by daily dilution to the initial biomass concen- 
tration. Abbreviations as in Table 2. 
bTentative assignment. 

JAOCS, Vol. 71, no. 9 (September 1994) 



PRODUCTION POTENTIAL OF EPA 

943 

f 

7 
3 0  

25  /= 

1 5  

1 0  

5 �9 E P A  p r o d u c t i v i t y  

0 t 

\ 
I P 

A 
{ 

7 8~176 l 
6 0 0  ~- 

400 

i 
0 i 

3 . 5  

. . . . . . .  o 3 . 2  _ ~  

2 . 9  

J. B i o m a s s  p r o d u c t i v i t y  i 2 . 3  ~ 
I 

. . . .  c - .  E P A  c o n t e n t  { 
i r { , ! ! o 

0 500 1000 1500 2000 2500 3000 3500 

Biomass concentration (mg. L -1) 

FIG. 1. Changes in biomass productivity, eicosapentaenoic acid (EPA) 
content and EPA productivity during growth of M o n o d u s  s u b t e r -  
r a n e u s  in batch mode. Data were accumulated from several 
experiments. 

of over  2000 m g  �9 L -1, t h e  g rowth  r a t e  dec reased  b u t  t he  
b i o m a s s  p r o d u c t i v i t y  inc reased  up  to  700 m g  �9 L -1 �9 d -1. 
S imu l t aneous ly ,  t he  E P A  c o n t e n t  i nc r ea sed  to  3.5%, re- 
s u l t i n g  in an  E P A  p r o d u c t i v i t y  of 25.7 m g  �9 L -1 �9 d -1. 

Nutritional factors. N i t r o g e n  s t a r v a t i o n  has  been  re- 
p o r t e d  to  enhance  t h e  f a t t y  ac id  c o n t e n t  in m a n y  species  
of a lgae  (19}. General ly ,  however, i t  is a c c o m p a n i e d  b y  a 
s h a r p  dec rease  in t he  p r o p o r t i o n  of P U F A  (7). A J a p a n e s e  
p a t e n t  has  c l a imed  t h a t  when  M. subterraneus was 
c u l t i v a t e d  u n d e r  a h igh  CO2 concen t r a t i on  (5% in air) for 
e i g h t  days  in c o m p l e t e  med ium,  a n d  t h e n  h a r v e s t e d  and  
r e suspended  in ni t rogen-free  m e d i u m  for ano the r  12 d, the  
resu l t ing  b i o m a s s  con ta ined  36% f a t t y  ac ids  w i th  an E P A  
p r o p o r t i o n  of  31%, a m o u n t i n g  to  an  E P A  c o n t e n t  of 11% 
(20). I t h u s  a t t e m p t e d  to  s t u d y  each  one of t h e s e  ef fec ts  
separa te ly .  I n c r e a s i n g  t h e  CO2 c o n c e n t r a t i o n  d id  no t  af- 
fect  t h e  f a t t y  ac id  c o n t e n t  b u t  r e duc e d  t h e  p r o p o r t i o n  of 
E P A  to  a mere  19.5%. A s  a resul t ,  t he  E P A  c o n t e n t  was  
r e duc e d  f rom 2.4 to  1.8% (Table 4). N i t r o g e n  s t a r v a t i o n  
was  e f fec ted  b y  c u l t i v a t i o n  in c o m p l e t e  m e d i u m  d u r i n g  
the  e x p o n e n t i a l  phase ,  c e n t r i f u g a t i o n  and  r e s u s p e n s i o n  
in n i t rogen- f ree  m e d i u m  a n d  fu r t he r  c u l t i v a t i o n  for an- 
o t h e r  12 d. A l t h o u g h  the  f a t t y  ac id  c o n t e n t  i nc reased  to  
a record  h igh  va lue  of 16.6%, the  p ropo r t i on  of E P A  plum- 
m e t e d  to  j u s t  11.2%. Consequent ly ,  t h e  E P A  c o n t e n t  was  
r e duc e d  to  1.9% (Table 5). 

DISCUSSION 

E P A  is t he  m a j o r  f a t t y  ac id  in t he  e u s t i g m a t o p h y t e  M. 
subterraneus. A s  is t h e  case  for m o s t  o t h e r  EPA-conta in -  
i ng  microa lgae ,  E P A  is c o n c e n t r a t e d  m a i n l y  in t h e  galac-  
to l ip ids .  Rever se -phase  h i g h - p e r f o r m a n c e  l iqu id  chroma-  
t o g r a p h y  a n a l y s i s  of M G D G ,  t h e  m a j o r  ga lac to l ip id ,  
showed  the  m a j o r  m o l e c u l a r  spec ies  to  be  20:5/20:5, 
20:5/16:1 and  20:5/16:0 (da ta  no t  shown). Increases  in E P A  
were a c c o m p a n i e d  b y  dec reases  in  t h e  p r o p o r t i o n s  of 
16:1o~7, 16:0 and  18:1r f a t t y  acids.  A s  t h e s e  are t he  
p r e d o m i n a n t  c o m p o n e n t s  of neu t r a l  l ipids,  th i s  shi f t  is in- 
d ica t ive  of a change  in t he  ra t io  of ga l ac to l ip ids  to  neu t ra l  
l ipids.  

TABLE 4 

Effect of C O  2 o n  the Fatty Acid Composition of M o n o d u s  s u b t e r r a n e u s  a 

Fatty acid composition 
(% of total fatty acids) 

CO 2 concentration 14:0 16:0 16:1 16:1 1 6 : 1  18:0 18:1 18 :1  18:2 18:3 18:3 20:3 20:4 EPA 
(%) r b co7 b 0)5 5 0)9 0)7 0)6 0)6 (o3 0)6 0)6 

FA content 
(% of dry wt) 

TFA EPA 

1 3.5 23.1 2.1 26.7 1.2 0.7 7.8 0.9 1.6 0.9 0.3 0.8 4.3 25.7 9.49 2.43 
5 3.7 26.7 0.7 28.0 0.9 0.6 9.1 1.4 3.6 0.4 0.2 0.3 3.9 19.5 9.43 1.84 

aCultures were cultivated at 25~ at a light intensity of 170 DE m -2 s -1. Abbreviations as in Table 2. 
bTentative assignment. 

TABLE 5 

Effect of Nitrogen Starvation on the Fatty Acid Composition and Content of M o n o d u s  s u b t e r r a n e u s  a 

Fat ty  acid composition (% of total fatty acids) 
Fat ty  acid content 

(% of dry wt) 

14:0 16:0 16:1 b 18:0 18:1 b 18:2 18:3 b 20:3 20:4 EPA TFA EPA 
Culture ~6 co6 0) 6 

Control 3.9 25.9 28.2 0.8 6.9 3.2 0.6 0.2 4.6 25.5 13.3 3.38 
N-starved 3.6 28.5 30.8 2.0 13.8 3.1 0.7 0.2 5.8 11.2 16.6 1.86 

aCultures were grown in columns at 27 o C. Exponential cultures were harvested, centrifuged and resuspended in N-free medium. Cultiva- 
tion was continued for an additional 12 d. Abbreviations as in Table 2. 
bTotal isomers. 
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TABLE 6 

Comparison of Eieosapentaenoic Acid (EPA) Content and Production Rate in Various Species of Microalgae 

Cultivation EPA content EPA productivity 
Algal species conditions (% of dw) (mg ~ L - 1  * d -1) Reference 

Nannochloropsis oculata Batch, low light a 3.7 (21) 
N. oculata Batch, high light a 5.5 (21) 
Phaeodactylurn tricornutom Batch, light-dark cycle 3.3 19 (12) 
Monodus subterraneus SC b, high, continuous light, high cell concentration 3.4 25.7 This work 

aData not available. 
bSC, semicontinuous cultivation (daily dilution). 

Iwamoto and Sato (14) showed tha t  the EPA content  
of M. subterraneus was inversely related to temperature  
and tha t  the highest content  was obtained at 20~ They 
found, however, tha t  EPA product ivi ty  was maximal at 
25~ because the growth rate was optimal at this temp- 
erature. Preliminary experiments (data not  shown) con- 
firmed these findings, and thus most  of the experiments 
were conducted at tha t  temperature. 

Cultivation conditions had a profound effect on both  
composition and content  of the fa t ty  acids in M. subter- 
raneus. The fa t ty  acid composition was influenced by the 
amount  of light available to the cells. Under conditions 
conducive to a high growth rate, the fa t ty  acid content  
was low, as was the proportion of EPA. Therefore, EPA 
content  in M. subterraneus may be increased by cultiva- 
tion at low light intensity or high biomass concentration. 
However, under these conditions the growth rate is 
reduced, and therefore the biomass and, consequently, the 
EPA productivities are also reduced. This finding is in 
keeping with previous reports concerning N. oculata (8,21) 
and M. subterraneus (14). The red microalga P. cruentum 
is, however, exceptional in tha t  the proportion of EPA is 
directly related to the growth rate (10). 

The highest EPA content  was obtained toward the end 
of the exponential  phase of growth (Fig. D--a l though 
growth rate is already reduced at this stage, biomass pro- 
duct ivi ty  is at its highest and EPA content  is close to its 
maximum. Thus, high EPA productivities could be main- 
tained by semicontinuous cultivation, keeping the highest 
cell concentrat ion tha t  will still sustain the highest 
biomass productivity. 

Yongmanitchai and Ward (12) evaluated several algal 
species with respect to their capacity to produce EPA 
under a particular set of conditions, namely, batch cultiva- 
tion at 20~ They concluded tha t  P. tricornutum U T E X  
640 was the most promising EPA producer. However, light 
and temperature optima for growth rate and EPA produc- 
tion may vary  significantly from one alga to another. 
Thus, a more valid evaluation may be obtained by com- 
paring individually optimized EPA productivities of the 
respective algal species (Table 6). 

EPA product ivi ty (PEPA},  a s  expressed in Equat ion  1, 
is a function of four parameters- - the  EPA proportion of 
fa t ty  acids (%EPA); the fa t ty  acid content  (CFA); the speci- 
fic growth rate (~); and the biomass concentrat ion (X) at 
harvest. The product  of %EeA and the CFA gives the EPA 
content  (C~pA), and the product  ~ �9 X gives the biomass 
product ivi ty  (PB) (Equations 2 and 3, respectively): 

PEPA = OEPA ~ PB [1] 

where  CEPA --~ %EPA ~ CFA [2] 

and PB = ~ "  X [3] 

Nannochloropsis oculata (21) had the highest propor- 
tion of EPA, which reached 44% at 20~ However, the 
fa t ty  acid content  and the growth rate were depressed, 
because at this temperature  both  CapA and PB were low, 
and EPA product ivi ty  was only 3.7 mg �9 L -1 �9 d -1. At 
25 ~ C the E PA proportion was lower and the growth rate 
was much higher. Consequently, EPA productivi ty in- 
creased to 5.5 mg �9 L -1 �9 d -1. Similar findings were ob- 
tained for P. tricornutum {12}. The EPA content decreased 
from 5% at 20~ to 3.3% at 25~ bu t  the growth rate 
increased, enhancing EPA product ivi ty  to 19 mg ~ L -1 �9 
d-L Porphyridium cruentum is unique in that  its EPA 
proportion was maximal under conditions resulting in the 
highest growth rate (10). However, maximal  biomass pro- 
duct ivi ty was obtained at a biomass concentration tha t  
was higher than tha t  responsible for the highest growth 
rate. Increasing the biomass concentration decreased the 
EPA proportion and content, counterbalancing the in- 
crease in biomass productivity. In M. subterraneus, the 
EPA proportion as well as the fa t ty  acid content were 
high, if not  maximal, at a relatively high biomass concen- 
tration. Consequent to the high biomass productivity and 
high EPA content obtained, the EPA productivity was as 
high as 25.7 mg �9 L -~ �9 d -~. This value was not  opti- 
mized, and it is likely that  even higher EPA productivities 
could be obtained. 

Outdoor studies are needed to identify the most pro- 
mising EPA producer. Outdoor conditions are signifi- 
cant ly different from laboratory conditions with respect 
to temperature, light intensity and light/dark regimes. For 
example, Veloso et al. (22) recently reported an outdoor 
EPA productivi ty of 0.15 g �9 m -2 �9 d -~ (corresponding to 
as little as 1.5 mg ~ L -1 �9 d -1) in P. tricornutum. The cost 
of production of biomass and the cost of EPA obtained 
will determine the economic potential  of these algae 
because EPA product ivi ty  is but  one of the criteria re- 
quired for this evaluation. 
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