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Collahoration

The subcontract with the Thai Group was finally signed. Dr.
Antarikanonda's visit to the laboratory at Sede Boger was set to May 1989.

Materials and Methods

Various inhibitors were already obtained (Sandoz 9785, 9774, 9789, 6706,
MDL 14,514 nuarimol and fenarimol).

Several microalgae of potential value as EPA producers are already
available; Porphyridium cruentum (6 strains): Rhodella violacea, Monodus
Subterraneus and Phaeodactylum tricornutum. Growth conditions and
analytical procedures were established and the algae are already cultivated in
the laboratory at Sede Boger.

Recults

The effect of environmental conditions on fatty acid composition of
Porphyridium was established. The lipid and fatty acid composition of
Porphyridium crientum was determined as a function of light intensity,
temperature, pH, and salinity. In cultures cultivated at the optimal
temperature under non-limiting light conditions, eicosapentaenoic acid was
the main polyunsaturated fatty acid. When growih was slowed down by
decreased light inteasity, increased coli concentration, sub-optimal
lemperature, suboptimal pH, or increased salinitly, the content of
eicosapentaenoic acid decreased and that of arachidonic acid increased, the
latter becoming the major polyunsaturated fatly acid.

These [indings were recently published (reprint enclosed). Analysis of the
fatty acid composition of various strains is in progess. Full data will be
submitted in the annuai report.
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EFFECT OF ENVIRONMENTAL CONDITIONS ON FATTY ACID
COMPOSITION OF TIIE RED ALGA PORPHYRIDIUM CRUENTUM:
CORRELATION TO GROW'T I RATE!

Zoi Cohen,? Avigad Vonshale and Amos Richmond

Algal Biotechnology Lahoratory, Jacob Blaustein Institu.e for Desert Research

Ben-Gurion l’lli\('lsil)‘ ol the Negev, Sede-Boker Caumpus 84993, Isracl

ABSTRACTE

The lipid and fatty acid composition of Porphyridium
cruentum was determined as a [unction of light intensity,
temperature, pli, and salinity. In cultures cudtiveated at
the optimal temperature under non-timiting liaht condi-
tions, eicosapentaennic acid was the main folvinsaturated
Jatty acid. When growth vate sas reduced by decreased
light intensity, increased coll coneentvation, siboptimal
temperature, suboptimal PHL o dnereased salinity, the
caritent of cicosapentaenoie acid decreased and that oy
arachidonic acid increased, the laiter hecoming the major
polsionsaturated fatry acid.

Kevindexwords:  avachidonic acid: eleosa pentaenoic acid;
envivonanent effects, micvoalgal mass cultivation: Por-
phyridium cruentum

The wnicellular red marine alga Larphyridium
cruentum contains arachidonic acid (2004, 1°6) and
cicosapentacnoic acid (20:5, n-3) (Pohl and Wagner
1968, Nichols and Appelhy 1969, Nyberg 1985),
both of which are relatively yare polvensatirated
fatty acids (PUFA). In preliminary experiments, we
found that the faty acid composition of P eyuentum
changed drastically with temperature and culture
density (Cohen e all 1986). This result was consis.
tent with that 1eported by Kost et al. (1084) who
found variations of 5010077 in 1he fatty acid com-
position of this alga and with the recent report of
Klyachko-Gurvich etal, (198%) of increased arachi-
donic acid accumuluion in this alga when grown
under extreme conditions,

The effect of envicommertal conditions on the
lipicds and fay acnds ot algac is not fully understood.
Similar environmental Tactors have been shown 1o
exert opposite effects, In Nitssehia closterivon the con-
tent of 20:5 acid decreased when fighit intensity was
increased (Orcutt and Patterson 1974y, whercas in
N paleaitinareased (Opute 1973). In higher plants,
an increase inirradiance causes an increase in the
glycolipids ahat characterize chlovoplast mem-
branes. Tt is the 18:3 (1-3) acid tha generally in-
creases in the glycolipids (Harwood and Russcl]
TO8-8), but in species Lacking this acid, the concen-
tration of other PUYRA increases in response 1o in-
creased light intensity. Tn Euglena gracilis, Pohl and
Wagner (1972) found thar, when photosynthesis was
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inhibited hy DCMU, the total quantity of glycolipids
and their 16:4 acid was drastically decreased. Other
stadies have also shown that the content of several
unsaturated C-16 and C-18 fatty acids, which are
prevalentinglycolipids, increased upon illumination
(Rosenberg and Pecker 1954, Constantopoulos and
Bloch 1967). "The results of many studies on the
clfect of temperature on fatty acid composition (sce
review by Harwood and Russell 1984) clearly indi-
cate that decreased temperatures result inincreased
fatty acid unsataration.

Seme PUFA have recently been suggested as hav-
ing therapeutic value—the 20:5 acid for reducing
blood cholesterol (Dyerberg 1986) and the 2004 acid
asastarting material for the synthesis of prostaglan-
din PGE, (Ahern 1084).

The feasibility of outdoor mass production of .
crnentum has already been studied (Golueke and Os-
wild 1962, Vonshak et al, 1985). [n this work we
studied the effect of light intensity, cell concentra-
tion, temperature, pli and salinity on the fatty acid
composition of 2 cvnentiem, A cler correlation be-
tween growth rate and latty acid composition was
shserved.

MATERIALS AND METHODS

(gaman P ovientuom <trains 1380 Ta-f and Bl 13,80 were ob-
tatned from the Gottingen Algal Coliure Collection. Stock cul-
tures were maintaimed according to Vanshak (1ORG),

Chroath conditin Cultireswere grown on Jones' medium (Junes
etal 193 in glass tubes 30« 5 cm), incubated ina Tempe: ature-
regalated water hach (12 C), ittuminat ed (unless otherwise stat-
ed) with tour cool-white lluorescent lamps providing 170 uF-
mshan the side of the water bath, The culture was mised by
bubbling o air-CO, mixture (90:1) through a sintered glass tube
pliced at the bottom of each enlture tube., Cultures were also
grownin Frlemmever flasks placed in g New Brunswick incubitor
shaker model G20 and llummated from shove at a light intensity
ol TE Ean s ' under ain-Co, (oo: ) atimosphere, For at least
three davs pior to sampling. the cultures were kept in the ex.
poneatial stage by daily dilution, T'he specilic growth rate was
estimated by measurements of ¢ hlotophyll concentration and of
quhitliu (Vorshak 1986). The pH of the medium was k('pl con-
stant with o befler solution (200 mM "T'ris HCGL + 10 mM 2(N-
Morpholinojethanesullonic Acid (MES) for plis 7.0-8.5 and 10
AUTHS-HCEH & 20 mM OMES o P B.5-6.5). Final pH was
adjusted daily with | N NaOFL.

Lapnd extsaction and fractiomation. Freese-dried sampies of bio-
mass were extracted with chlorolorm-methanol-witer accord’ng
tor Bligh aned Dyer (19649). Lipids weye separed by TLC on 20
© 2 an gl plates coated with sitiea gel 60 (Merck), Chroma-
tograplv was cinvied out in light-protecred Teflon-lined jars un-
et an Ar atmosphere. Lipids were elated with chloroform/ace-
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Tame 1. Effect of light antensity, cell concentration and tewmperature on fatly act U compmition in P, cruentum,

Fatty aond companitinn
%)

Growth
Temp. Light Cell conce. ;.n:“

D GEw s g chl 1) day ) 16,0 1671 180 8.1 182 It 20 2 20:3 w4 2005 R
20 170 2 0.65 350 3.7 0.2 3 8.3 0.2 0.1 0.2 19.3 30.0 L6
170 28 St 327 1.8 0.5 i0 8.3 0.3 12 1.2 28.8 24.1 12
25 170 1.5 1.2 RERY 2.8 0.6 2.0 6.1 0.5 0.3 .9 15.4 358 0.4
170 12 077 36.8 2.3 h 0.7 iR} 0.4 0.6 0.6 18.1 34.1 0.5
170 30 st RRR) [ [N 1.3 0.0 0.2 0.7 1.7 27.3 25.1 1.1
30 170 1.h 0.98 8.9 2.4 1l 1.5 o 1o 0.5 0. 18.6 23.7 0.8
170 8 0.73 36.3 1.2 12 2.7 17.2 [RY] 0.6 2.3 28.1 9.4 3.0
30 3 0.30 33.0 0.1 0.1 &3 12.0 0.1 0.2 1.5 421 *78 5.4

170 17 Rl 3o 0.5 I.5 7.9 18.5 13 1.6 3.3 32.7 2.9 1

*Ratic of % 20:4 to ¢ 20:5.
" Stationary culture,

tone/methanol/aceic acid /water (100:10:20: 20: 19} as the
developing solvent (Kates 1972). Fhe ¢ omponents were visualized
by a brief exposure to I, vapors, The lipid-containing bands were
seraped offand immediately treated wath a methanol-acetyl chlo-
ride mixture, as deseribed by Cohen et al. (1987). For analytical
purposes, the bands were exiracted with chloroforsi-methanol
(9:1), and itlrmily and purity of the Pipi(h were deternined l»)
comparison with standayd lipids in three ditfereat solvent systems
and by characteristic color reactions, i.e. a-taphthol for glyco-
lipids and molybedate for phospholipids (Kates 1972). The neatral
lipids Iraction consisted of all the components of £f values higher
than 0.9 and contained tri-, di- and mono-glycerides, lree Larty
acids, and pigments,

Lipid fransmetlndation. Freere-dried s.unph", Gl Pocrwentum (100
mg) were trammethylited with 2 ml. of methanol Zacetylchoride
(95:5), s previously deseribed (Colen et al. FIST). Heptadecanoic
acid wasadded as aninternalstandar d, and the misture was searled
in a light-protected “Teflon-lined vial under an Ar atmosphere
and heated at 80° G for 1 h, The vial contents were then coaled,
diluted with | mi. water, and extracted with 1 ml. of hexane
containing 0.01 butylared hydroxytoluene (BHT) as anantios-
idant. ‘The hexane layer was dried over Na 80, evaporated o
dryness under vacoum, and redissolved in hexane.

Fattyacid analysiv. Gas chromatographic anithysis was performed
with a §i-2330 fused silica capillary column (30 m < 0.2 nenal
200° C(injector and flame ionization detector tenperatares 230°
C, split ratio 1:100). ‘The results were formulated with an HI?
3390A integrator. Fatty acid methyl esters were identilied by co-
chromatography with authentic standards (Sigma) and by s
chrnnmlngr.’cph)um;m spectrometry (GC-MS). GC-MS anitlyaes
were performed with g Finniran 500 muss APECLTOIECLer cquipie
with a carbowax capillary eolomn (30 m = 0.25 ), Chenniea)
ionization spectra were obrained at 250 ¢V with isobutine as the
reactant gas. The quantity of the farty acids was determined by
comparing their peak areas with that of the internal standard.
The data shown are mean vilues of ar least 1wo independent
samples, analyzed in tlupli(ul('.

RESULTS

The major fatty acids of P cruentum were found
to be 16:0, 18:2, 20:4 (n-6) and 20:7 (n-3) under all
conditions tested.

An increase in cell concentradion resulted in o
increase in the proportions of the 18:2 and 20:4 fatry
acids accompanied by a decrcase in the 20:5 acid
(Table I). Under high ligir intensity, the caleulated
ratio R of the % of 2004 to the % of 20:5 acid of a
culture grown at a low celi concentration was 0.78,
whereas the R for a calture maintained a2 high

cell concentration was 3.0, Cultivation under low
lightintensity produced similar results. "T'he increase
in the R value resuhied mainly from the decrease in
the 20:5 acidand to a lesser extent from the increase
i the 2004 acid (Table 1),

The change in temperature had a'more complex
etfect than light. A temperature shift from the op-
timum of 25° ¢ (Vonshak et al, 1985} tv 20° C or 1o
30° Cat low cell concentration resulied in a pre-
dictable reduction in the growh rate (Table 1), The
edect of these temperatures on the fatty acids was
ancinerease in R from 0444 a0 25° C 1o 0.64 a 20°
Cand 1o 0.78 41 30° C. T'he R value correlated with
a reduction of abowt 209 and 46% of the growth
rates at 30° C and 20° C, respectively, as compared
with the growth rate at 25° C. The largest differ-
ences in R owere observed at the stationary phase
relative to the carly exponentia® phase, Le. a’ 14-fold
increase at 30° C compared with a 2.56-fold increase
at 2h° (.

Cultivation ot . eruentum at pH values of 5-8.5
resulted in altered growth vatse. Cultivation at sub-
optimal pH effected an increase in the 20:4 and 18:2
acids and a decrease in the 20:5 acid (Fig. 1), The
R value over this pH range increased from 0.64 at
plt7.6t0as highas 1.31 wt pH 5.5, T a comparable
experiment conducted under lower I sht intensity,
the effect was even greaters at pli 8.5 and 5.0, R
was 1.67 and .59, respectively, These values were
even higher than the corresponding values obtained
i a stationary culture at the sane temperatere and
under optimum piL

Inereasing the NaCl concentration in the growth
medium from IM 1o 20 resulted in retarded growth,
reduced Fatty acid content and an inereased R. NaCi
concentrations lower than in the control medium
had no effect onthe growth rate or on the R value
(Table 2),

Lipid fractionati m (Table 3) showed the preseace
of the neatral and polar lipids, m('mnguluctosylacyl-
diglyceride (MGDG), digalactosylacyldigiyceride
(DGDG), and sulloquinovosylaeyldiglyceride (SQ).
The phospholipids were phosphatidylcholine (PC),
phosphatidylglycerol,  phosphatidyizihanolamine,
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Fig. 1. EHear of culine pH on fatty acid composition of 1.
cruention and the 20:4,°20:5 tatin (R) (A); 18:9 f:h 2001 () Q0
5 (WM. Cultuves were cultivated in phass tubes (170 glian fq ),

and phosphatidylinositol. "I he latter threc together
comprised ouly H-87 of the ;otal lipid content and
were notanalyzed further. Fatty acid analysis of cach
lipid class showed that the 2001 acid is concentrated
in the neatral lipids and PC, whereas the 2015 acid
is found mainly in the glycolipids (Table 3).

In cells grown at the optimal temperature (25° ¢)
and low cell concentration, the content of neuatral
lipids was minimal, and the major lipids were MGDG
and DGDG. tnereasing the temperature 1o 30° ¢

Tanie 2,
FES plom 2o an Extennaver vhakey
o

Effect of NaCleoncenteation on prowth rate anid futh acn

ZVI COHEN FT AL,

resulted in an increase in the neutral lipid content
and a decrease in the other lipids at low ccll con-
centration and even more so at high cell corcentra-
tions. In the latter case, 58% of total lipids were
neutral fipids. A high content of neutral lipids was
also found in cultures cultivated at 28° or 80° C
under low light intensity (data for 28° C not shown).

Under growth conditions conducive 1o fast growth
rates, (20° C, low cell concentration), the 20:5 acid
became the dominant PUFA in every lipid fraction
analyzed but PC. In MGDG it represented 49.19%
of the fatty acids, Under stboptimal growth con-
ditions of light and temperature, the 20:5 acid con-
tent decreased sharply whereas the contents of the
18:2, 18:3, 20:3 and 20:4 acids increased. These
elfects were maximal during the stationary phase.
Similar results were obtained for cultures grown at
28° C (data not shown).

The most significant effect of light and temper
ature stresses on the fatty acid composition was ob-
served in the lipid composition of cells cultured at
30° C. Increasing the temperature to 30° G resulted
in a marked increase of the 16:0 and 18:0 acids in
both glycolipids and neatral lipid fractions. This ef-
fect was barely observable in the total lipid mixture
due to the inerease in the proportion of neatral
lipids, which were relatively poor in the 16:0 acid.

DISCUSSICN

The fatty acid compaosition of . eruentum was in-
fluenced by environmeatal conditions. Under op-
timal conditions, which provide the fastest expo-
nential growth, the dominant PUFA was the 20:5
acte. In contrast, under growth limiting condiiions
(high cell concentration, low light intensity, non-
optimal temperature and pll, and increased salini-
tv), the 2000 and 18.2 acids became dominant, The
level of this effeer was maximal at the stationary
phase. The relationships we found between fatty
acid composition, environmental conditions and
growth rates may explain the quantitative discrep-
ancy between our results and those of Pohl and Wag-
per (19G8), Nichols and Appelby (1969) and Ahern
etal. (1983),

The results suggest that the previous reports were
based on work conducted with either stationary or

Leontent and compocsion in 1. craentum. Crltres were cultivated (25°C,

vl bay

Spevite 1
el e vkl commpuoation (5
P o Farry aosd compoation (17
) W BT TN [ X 1H1 1R 2 K 208 20:3 20:4 20 R
.25 1.2 35 KRE (LR 0.7 5.7 0.2 .6 0.6 17.3 5.5 0.5
0.5 1.2 REA 3.4 to 1.2 5.4 0.2 0.6 0.5 17.6 0.5
1 (L88 217 3.4 4.7 0.8 7.5 0.4 (.8 1.0 17.7 353 0.5
1.5 1.h2 296 20 1.0 1.6 13,4 1.1 2.1 1.2 22.6 26.3 0.0
2 0.3 1.2 RUNRE RIN) 2.0 t.h 1h.3 (Y o 1.4 22.5 18.9 1.2

CAFDW caslifiee diy weiohe,
" e mount.
C Ratio of 7 2004 10 7 20:5,
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TavLE 3. Effect of temperature and cell concentration on
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cruentum. Cuitures were cultivated at a

Cell Kol

- cone. Fatty acud composition ) total

) Tewp, Yug . - - _— tan

Lipid €0 chlly 16:0 16:) 18:0 181 152 183 208 20,4 204 20:5 R acids
Total 25 1.h 351 2.4 0.6 2.0 6.1 0.h 0.3 0.4 5.9 35.8 0.4
30 1.5 38.9 2.9 1. 1.h 1.0 1.0 0.5 0.4 18.6 237 0.8
30 8 36.3 1.2 1.2 27 17.2 1.0 0.6 2.3 28.1 0.4 3.0

Neutral 25 1.5 21.8 [N 9.2 7.6 155 0.6 0.4 (1R} 16.9 219 0.8 17

30 L5 20.8 15 8.3 4.8 20.6 1.7 i 3.6 313 7.4 4.2 34

30 8 257 1.1 6.0 4.5 229 2 0.6 3.2 208 4.2 7.1 hS

MGDG 20 1.5 3.5 RAY 1.0 3.1 8.4 0.2 0.1 0.1 2.9 49,1 * 0.06 26

30 1.5 47.3 2.2 2.8 2.1 0.8 t 0.4 t 6.0 28,4 0.2 18

30 8 1.0 2.9 12 4.9 10.2 (] ) 0. 138 8.4 1.6 14

DGHG 25 L5 46,49 8.6 0.8 2.2 1.2 0.4 0.2 0.1 1.4 R 0.04 26

30 15 610 REY 0.9 1.4 10 t 0.2 0.3 2.7 22,9 0.1 15

30 8 69.5 26 1.4 24 H2 1.3 0.1 0.1 8.5 4.3 1.0 9

S5Q 25 1.5 5h.7 3.0 ERY 5.4 1.7 t Y t 2.5 202 0.1 13

30 L5 65.9 0.6 2.0 .6 3.7 0.8 2.7 1.2 8.0 1.5 0.7 10

30 8 68.8 0.8 n.8 bl 9.1 0.7 2.7 1.0 : 2.6 1.3 8

PC 25 1.h 30.9 6.0 2.6 REY 6.7 20 28 3.0 3.0 10 9

30 1.5 317 2.0 2 kA a.h 0.4 t 2.0 6.4 6.6 8

30 5 26.0 t £ n.2 H.2 1.5 0.6 3.5 6.6 2.9 16 6

*MGDG, monogalactosylicy ldiglyceride,
choline,
b Ratio of 0:f 1o € 205,

C = race amount,

[sanl}
Y

severely tight limited cultures. The R values which
we calenlated for their data were in the cange of 2]
to 2.9, and the propertion of the 18:2 acid was 15—~
16% of tota) fatty acids. The rise in 1}
the 18:2 acid was essentially o marker
portion of neutral lipids, since |
the 18:2 acid were found only in this lipid class. Iigh
levels of the 18:2 acid can thus be correlated with
high levels (>50%) of nenal lipids, which aceu-
mulate only under slow growth conditions. T'he re-
fationship of fatty acid composition to growth rate
also explains the variations of 50 to 10077 in the
fatty acid compasition found hy Kost et al. (1084
for P cruentum cultures grown under apparently
identical conditions. We found that the farty aeid
composition changed as bateh culiures hecame dense
and light became growth limiting. In contrast, in a
chemostat calture in which an exponential growth
rate wis kept constant, the faery dcidd composition
also remained constant (data not shown),

It appears that (the relative varttions described
here in the proportions of the 2004 and 2005 acids
in response to environmental factors are not limired
to Pcruentum. An analysis of the data of Pohl and
Zurheide (1982) and of Kayama et al. (1986) reveals
similar variations in the R value of various giae in
response to changes in light or temperiture. A con-
troversy exists regarding the fatty acid composition
ofthe red macroalga Gracilaria confervoides. Poh! and
Wagner (1968) and Araki ct al. (1986) reported that
the 20:4 acid was the main PUFA, whereas Sato
(1975) and Hayashi et al, (1974) claimed the 2005
acid to be the main PUFA, We suggest that this

of the pro-

seontent of

arge quantities of

bGhG, «Iig;ll;n'un)l.u)ldig])‘u'l ide; 8

Q. 5ll”l)l|lli.’l“\'“\)'.IL)l(““l)’( eride; 1°C, phmph;xli(lyl-

disagreement could possibly stem from the different
covironmental conditions thag govern the growth
rate of the alga,

The increase of the 20:5 acid in response
creased Bght intensity iy amtlogous with the
ously mentioned inerease in the 18:
plants and algae in response to ¢
tion (Rosenberg and Pecker 1964, Constantopoulss
and Bioch 1967). Kates and Voleani (1966) sug-
goested that in dimtoms the 2005 acid fulfills a role in
photosynthesis similar to that of the 18:3 acid (n-3)
in other plants and algac. P cruentum does not con-
tain a significant quantity of the 18:3 (n-3) acid, and
the 20:5 acid may have an anadogous role 1o that of
the 18:3 acid. When growth s retarded, less 20:5
acid and glycolipids are produced. I. appears, how
ever, that m P cruentum this ceffeet velites to the
growth rate vather than dircetly 1o the light inten-
Sy, sinee it occurs not only as a result of light lim-
itation hut also in respanse toamy factor limiting
growth, such as nonoptinud ptand snlinily (Fig. 2y,
which affect an overlapping R carve,

The temperatare effect on the Latty acid com-
position of I’ cruennion i similar to the effects of
other factors alfecting growth, ‘Fhe effect of eulti-
vition at 30° (7 on fatty acid composition in terms
of increased R and 18:9 acid wits, however, more
intense than could be expected onthe basis ol growth
rate retardation atone. The increase in unsaturation
at the lower growth temperatures was explained by
the need 1o compensate lor the decrease in mem-
brane fluidity at low temperatures (Marr 1962), The
tafluence of temperature on the content of the 20:5

to in-
previ-
3 (n-8) acid in
nhanced illumina-



332 ZVi COHEN ET AL,

v
1.25F
A
1.00 n
R °a
075} 0
|
0.50 | A
. n [ 4]
0.25 — L
0.25 0.50 0.75 1.0
-1
n (day )
Fr: 20 Correlation between the spectlic growth vate () and

the 200472055 ratis (RY in P evuentum as afte sted by the envi-
ronmental variables, cell coneentration (), silinity (4) and nli
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acid seems to be more intense than on ihat of the
20:4 acid, since most of the 20:5 acid was found in
glveolipids, which are the main membrane lipids
T'his may resultin preferential deaturation towards
the 20:5 acid. We suggest that temperature exerts

atwo fold effect on the composition and content of

the Tarty acids, First, any deviation from the opti-
mum leads to reduction in the growth rate and to
an accamulation of the 18:2 and the 2000 acids as
wellasa decrease inthe 2005 acid. Second, the direct
cffect of high temperature (80° C) s expressed in P,
cruenfum by acrise in saturated fatty acids (16:0 aned
18:0) and in a reduction in the 20:5 acid, Thus,
supraoptimal temperatares, the twa effeets will e
simibar, whereas at sthoptimal temperanies the
contents of the 16:0 and 18:0 acids e reduced and

that of the 20:5 acid increases, The direct effect off

temperature on fatty acid compaosition and the ten,-
perature effest on the growth rate and thus on the
-ty acids oppose cach other and as a result the
increases in the 2000 acid and in the value of R at
20° C arve rather modest.
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