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ABSTRACT: A mutant of the red microalga Porphyridium cru-
entum was selected on the basis of impaired growth at subopti-
mal temperatures (15 vs. 25°C). Fatty acid and lipid analyses re-
vealed diminished proportions of eicosapentaenoic acid (from
41 to 30%) and of the eukaryotic molecular species (from 38 to
28% of monogalactosyldiacylglycerol (MGDG) and elevated
proportion (10 vs. 2%) of triacylglycerols (TAG) in the mutant,
as compared with the wild type. Pulse labeling of the wild type
cells with radioactive fatty acid precursors indicated an initial
incorporation of the fatty acids into phosphatidylcholine (PC)
and TAG. Following the pulse, the label of PC and TAG de-
creased with time (from 25 to 5% of the total dpm in TAG) while
that of chloroplastic polar lipids, mainly MGDG, continued to
increase. In the mutant, however, the labeling of TAG after the
pulse was higher (30% of the total dpm) than that of the wild
type and decreased only slightly to 20%. This may indicate that
in P. cruentum, TAG can contribute to the biosynthesis of eu-
karyotic species of MGDG.
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acyl, groups, which are synthesiz#®inovdn the chloroplast,

are exported from the chloroplast to the cytoplasm and incor-
porated into phospholipids. After desaturation, most of the di-
acylglycerol (DAG) moieties of the phospholipids are trans-
ported back into the chloroplast to be galactosylated and fur-
ther desaturated (1). These galactolipids typically contain a
C,gacyl group at theisn-2 position. DAG can also be acy-
lated in the cytoplasm at thein-3 position by a diacylglyc-
erolacyltransferase (DAGAT) to produce (TAG). It is gener-
ally accepted that this reaction is not reversible and that TAG
are end products that do not participate in any known pathway
of fatty acid or lipid metabolism (1).

Although PUFA of leaf lipids and many algae contain 16
or 18 carbon atoms, some algae are unique in producing
PUFA with longer carbon chains, such as 20:4n-6 [arachi-
donic acid (AA)], 20:5n-3 [eicosapentaenoic acid, (EPA)],
and 22:6n-3 [docosahexaenoic acid, (DHA)]. The biosyn-
thetic pathways leading to the production of 18:3n-3 in algae
are believed to be similar to those suggested for higher plants

The complex biosynthetic pathways leading to the formati¢2). However, the biosynthesis of {and G, PUFA from G

of the polyunsaturated fatty acid (PUFA) 18:3n-3 in highéatty acids in algae is still rather obscure (3,4). Following our
plants’ leaf lipids were reviewed by Browse and Somervilstudy of EPA biosynthesis Porphyridium cruentunis), one

(1). The model consists of a prokaryotic pathway and a ef-its promising sources (5,6), we recently proposed (7,8) sev-
karyotic pathway. In the former, the fatty acids, which are syeral possible pathways leading to the biosynthesis of EPA in
thesizedde novan plastids, are used as building blocks foP. cruentum In the major, n-6 pathway (Scheme 1), 18:2-
the production of chloroplastic lipids. These lipids are chardmund phosphatidylcholine (PC) is converted to 20:4n-6-PC
terized by the presence of g;@cyl group at then-2 position by a sequence of reactions that includé$ aesaturation, an

of the glycerol moiety of the lipid. In the eukaryotic pathwaglongation step, andZb desaturation. In the minor n-3 path-

. _ way (not shown), first 18:2-PC is apparently desaturated to
*To Vli/hngCr?flesglort\?(eqceDShOU:d betacidéeslse%aBt_'\ﬂtlcrﬁalglal _B'OteJCh%:Sn—S—PC, which is further converted to 20:5n-3-PC, pre-
ogy Lab., e ert Katz Department o rylan lotechnologies, Jac . .

Blaustein Institute for Desert Research, Sde-Boker Campus 84990, Israe%i_lt;]mablydbytthefssr?ﬁ enfhymes involved Int tge n'Gthpa.‘th[\;v:é'
E-mail: conen@bgumail.bgu.ac.il € products ot botn pathways are exportea, as tneir
Abbreviations: AA, arachidonic acid;.Gatty acid, fatty acid witm carbon ~ constituents, to the chloroplast to be galactosylated into the
atoms; DAG, diacylglycerol; DAGAT, diacylglycerol acyltransferase,:espective monogalactosyldiacylgcherol (MGDG) molecular
DGDG, digalactosyldiacylglycerol; EPA, eicosapentaenoic acid (20:5n-3); . . . .

MGDG, monogalactosyidiacylglycerol; PC, phosphatidylcholine; PUFAPECIES. Appgrgntly, 2_0-4n'6 IS also |mporteq.from an extra-
polyunsaturated fatty acid; TAG, triacylglycerol; WT, wild type; X:Y, a fattychloroplastic lipid and inserted into tka-1 position to form

acyl group containing X carbon atoms and ¥ double boois Pairs of 20:4/16:0 MGDG, which is structurally analogous to prokary-
numbers representing the fatty acids, when separated by a slash, desigbr}ate . f high | ' gal linid h f 20
the components in tt@1 andsn-2 positions, respectively, of the molecular ic species of higher plants’ galactolipids. The source of 20:4

for prokaryotic lipids and its mode of transfer from the cyto-

species.
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SCHEME 1

plasm to the chloroplast still are not clear. The 20:4n-6 in batbnes’ medium (13) as previously described (11) in Erlen-
eukaryotic and prokaryotic molecular species of MGDG caneyer flasks under an air/G(®9:1) atmosphere at 25°C, un-
be further desaturated to EPA by a chloroplastic n-3 dedats otherwise stated. The flasks were placed in an incubator
urase (8). shaker and illuminated from above at a light intensity of 115

Elucidation of the biosynthesis of PUFA in higher plantsmol quanta ¥ s™X. Cultures were grown exponentially
was made possible by the use of mutant®\@bidopsis (with proper dilution) for at least 4 d prior to the onset of the
thaliana, deficient in various steps of the biosynthesis (1¢xperiment.
Similar mutants could be very valuable tools in the elucida- Selection of mutant€ultures ofP. cruentumin the loga-
tion of biosynthetic pathways of long-chain PUFA in algaeithmic phase of growth (1.4-1@ells mL™) were treated
Indeed, using a mutant deficient in EPA production, Schneiith 1-methyl-3-nitro-1-nitroso guanidine at a final concen-
deret al.(9) pointed to the existence of an extrachloroplastiation of 25ug mL™) for 30 min. This concentration of the
A17 desaturase iNannochloropsisWadaet al. (10) showed mutagen caused less than 5% survival. The surviving cells
that PUFA are necessary for growth and tolerance to photoirere plated on solid medium at a density that resulted in
hibition in cyanobacteria at low temperatures. Based on @iaout 200 colonies per 3015 mm plate. Then they were in-
assumption that iR. cruentunEPA fulfills a role similar to cubated at 25°C for 15 d. The surviving colonies were then
that of 18:3n-3 in cyanobacteria afichbidopsig11), we em- plated onto two plates using toothpicks and incubated at 25
ployed the strategy utilized by Wada and Murata (12) to ssd 15°C, respectively. Colonies that failed to show appre-
lect for chill-sensitive mutants & cruentumWe anticipated ciable growth at 15°C as compared to wild type (WT) cells
that some mutants deficient in EPA biosynthesis could tvere scored and inoculated into a small volume of liquid
found. Indeed, we describe here the successful selection ofredium in test tubes and incubated at 25°C. When the cul-
EPA-deficient mutant oP. cruenturnthat is sensitive to low tures of the putative chill-sensitive lines reached comparable
temperature and provides some biochemical characterizatensity, as judged by observation, the low-temperature
Based on the data we have obtained, we suggest that T®@ening was repeated by streaking equal volumes of the
participate in the eukaryotic pathway of EPA biosynthesis #tored cultures on sectors of two plates side by side with
P. cruentumFurthermore, HZ3 is the first described mutaraliquots of WT cultures treated similarly. One of the plates
of a higher or lower plant, that appears to be deficient in thas incubated at 25°C and the other at 15°C. Cell lines that
ability to utilize TAG for lipid biosynthesis. were inhibited at 15°C as compared to the WT were scored
again and the screening was repeated once morla

Pulse label experimentdmmonium salts of (:~'C)AA
MATERIALS AND METHODS (5 uCi, specific activity 58 mCi/mmol) (Amersham, Little
Organism and Culture Conditions. Porphyridium cruentur@halfont, United Kingdom), (£%C)linoleic acid (25uCi,
strain 1380.1d was obtained from the Géttingen Algal Cudpecific activity 53 mCi/mmol), and (f'C) a-linolenic acid
ture Collection (Gottingen, Germany) and was grown d85 pCi, specific activity 53 mCi/mmol) (NEN Research
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Products, Mississauga, Ontario, Canada) were used in thieries of mutants defective in growth at low temperatures. We
work. Cultures were pulse-labeled for 30 min, centrifugedhose the HZ3 mutant for further studies. The growth charac-
washed twice with label-free medium, resuspended in oneristics of the mutant and the WT at two temperatures are sum-
half of the original volume, and cultivated as previously deaarized in Figure 1. The growth of the mutant line at 15°C and
scribed (11). Aliquots were taken at various times after thethe optimal growth temperature of 25°C was severely inhib-
end of the pulse. Experiments were repeated three times. itbe. At 30°C however, inhibition of the mutant line could be
data in the figures depict the average of duplicate analyseshserved only when cultures of low density biomass were com-
a representative experiment. pared, whereas at higher density, mutant cultures attained a
Nitrogen starvationCultures were resuspended in nitratefinal cell concentration similar to that of the WT cultures (data
free medium for 3 d. Ferric ammonium citrate was substitutedt shown).
with ferric citrate. After 2 d of nitrogen starvation, the cul- Lipid and fatty acid compositioithe proportion of TAG in
tures were labeled for 24 h withu&i [1-1*C]AA and resus- the HZ3 mutant increased from 2 (in the WT) to 10% (of total
pended in label-free control medium. Labeling of lipids arfdtty acids) with MGDG decreasing from 37 to 32% (Table 1).
their fatty acids was determined at various times. The proportion of EPA decreased from 41% (of total fatty
Lipid extraction and analysi.ipids were extracted using acids) in the WT to 30% in the mutant, while the proportions
the procedure of Bligh and Dyer (14). Fatty acid methyl estaf16:0, 18:2, 18:3n-6 and 20:4n-6 increased (Table 1). The
of total and individual lipids were obtained by transmethylanost affected lipids in the mutant were TAG, where the pro-
tion with 2% sulfuric acid in methanol. Fatty acid methyl eportion of EPA decreased from 17 to 5%, and MGDG, with a
ters were separated by reversed-phase high-performance ligeictease from 63 to 47%.Mhcruentumthe molecular species
chromatography (HPLC) on an RP-18,uBn (250 mm, of DGDG and sulfoquinousyl diacylglycerol (SQDG) are al-
Lichrospher 100; Merck, Darmstadt, Germany) column usimgost entirely of prokaryotic structure, i.e., they contajp(Gr
a solvent system of methanol/acetonitrile/water, 76:12:12 (Byg) and G fatty acids in thesn-1 andsn-2 positions, respec-
vol), detected at 205 nm, and identified using authentic stainely, while those of MGDG are partly eukaryotic and contain
dards. Radioactivity of individual peaks was determined byCg,, fatty acids in both positions. Since MGDG was predomi-
Flo-One\Beta series A-100 detector (Radiomatic Instrumemintly affected by the mutation, we suspected that only the syn-
and Chemical Co., Inc., Tampa, FL). Distribution of radioathesis of eukaryotic species was impaired. Therefore, separated
tivity among individual lipids was assessed by thin-layer chri®#fGDG and DGDG into their constituent molecular species.
matography (TLC) on 18 10 cm plates (Silica Gel 60, 0.25Indeed, the proportion of the major eukaryotic molecular
mm thickness, Macherey-Nagel, Duren, Germany). Two-dipecies of MGDG, 20:5/20:5, decreased while that of the
mensional separations of polar lipids were carried out usingrakaryotic species 18:2/16:0, 20:4/16:0, and 20:5/16:0 in-
solvent system of chloroform/methanol/water, 65:25:4 (by valjeased (Table 2). The composition of DGDG, however, was
for the first direction and chloroform/methanol/1-ethylpropyrot significantly changed. We have interpreted this as an indi-
lamine/concentrated ammonia, 65:35:0.5:5 (by vol) for the seation that the mutation affected the eukaryotic pathway.
ond direction. To estimate distribution of label in neutral lipids, Incorporation of exogenously supplied radiolabeled fatty
aliquots of total lipid extracts were separated by TLC usingaeids.Using exogenously supplied radiolabeled fatty acids, we
solvent system of petroleum ether/diethyl ether/acetic acid,
80:20:1 (by vol). Lipids were visualized by brief exposure,to |
vapors. Radioactivity was detected by autoradiography with
ray films (X-OMAT AR; Kodak, Rochester, NY) exposed tc
the TLC plates for 17 h. Lipid spots were scraped directly ir
scintillation vials containing 1 mL of methanol, a scintillatiol
cocktail was added, and radioactivity was measured in a lig
scintillation counter (Rackbeta LKB, model 1217; Wallac O
Turku, Finland). MGDG and digalactosyldiacylglycero
(DGDG) extracted from the silica gel plates were separatec
the constituent molecular species by reverse-phase HPLC (
umn as mentioned above) with a solvent mixture
methanol/water, 95:5 (vol/vol) (15) on a Waters (Millipore
Milford, MA) chromatograph, equipped with ultraviolet anc
radioactivity detectors.

Relative growth (4,/A)

0 1 2 3 4 5
Time (days)

RESULTS

. . _ FIG. 1. Growth (expressed as chlorophyll concentration relative to day
Selection of mutants and growth characteristi&g compar 0) of wild type (filled symbols) and HZ3 mutant (open symbols) of Por-

ing the growth of putative mutants Bf cruentumon agar phyridium cruentum cultivated at 25 (circles) and 15°C (squares) and at
plates at 15 and 25°C to that of the WT, we were able to sea light intensity of 100 pmol quanta m=2 sec™?.
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TABLE 1
Lipid and Fatty Acid Composition of Wild Type and HZ3 Mutant of P. cruentum at 25°C?

Fatty acid composition (% of fatty acids)

% of total 16:0 16:1° 18:0 18:1 18:2 18:3 20:2 20:3 20:4 20:5
Strain Lipid lipids n-9 n-6 n-6 n-6 n-6 n-6 n-3
WT Biomass 100 25.9 7.6 0.3 0.3 4.9 0.8 0.3 0.5 17.9 41.3
HZ3 100 304 7.7 0.4 0.4 7.5 1.2 0.3 0.7 22.3 30.3
WT MGDG 37 26.2 0.8 0.3 0.3 4.1 0.1 — 0.1 55 62.6
Hz3 32 32.0 2.2 0.5 1.0 9.3 0.2 — 0.3 7.2 47.0
WT DGDG 22 45.9 — 0.5 0.5 5.2 0.1 — 0.1 2.1 45.3
HZ3 22 50.1 0.3 0.5 0.5 4.1 0.1 — 0.1 2.9 41.2
WT SQDG 13 49.8 0.7 1.3 0.9 15 — 2.0 0.2 4.4 37.1
HZ3 14 53.5 0.2 1.3 0.9 2.0 — 2.2 0.3 3.7 325
WT pPC 9 26.9 0.6 0.8 1.0 3.6 3.1 0.1 17 56.6 4.6
HZ3 7 185 0.9 0.9 0.8 2.0 3.0 0.1 1.9 67.7 3.7
WT PE 2 35.0 2.3 4.4 2.8 34 34 — 0.2 33.7 134
HZ3 4 45.6 0.4 15 0.8 1.2 5.6 — 1.2 335 8.9
WT PG 9 235 40.3 0.6 0.5 0.7 — — — 25 35.0
HZ3 6 25.4 49.9 0.9 0.3 1.0 0.1 0 0 6.2 30.0
WT Pl 2 54.0 1.7 1.3 15 29.6 1.2 0 0.5 5.8 3.2
Hz3 2 53.4 0.9 2.8 1.6 24.6 1.8 0 0.8 12.5 11
WT PA 5 155 15 3.0 1.7 2.9 2.2 0 14 63.4 7.4
HZ3 3 16.6 0.8 15 1.0 21 2.8 — 15 68.2 3.9
WT TAG 2 21.2 1.6 2.0 11 20.9 1.7 — 0.7 32.7 17.4
HZ3 10 24.6 1.7 1.2 14 24.6 2.2 — 14 37.9 4.8

4The data shown represent mean values with a range of less than 5% for major peaks (over 10% of fatty acids) and 15% for minor peaks, of three indepen-
dent samples, each analyzed in duplicate.

bsum of two isomers. In PG 16:1A3t constituted 36.5 and 35.5% of fatty acids in WT and HZ3, respectively. Abbreviations: WT, wild type; MGDG, mono-
galactosyldiacylglycerol; DGDG, dialactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PG, phosphatidylglycerol; PI, phosphatidylinositol; PA, phosphatidic acid; TAG, triacylglycerol.

recently showed (8) that 18:2 is converted to EPA througlinathe mutant, the decrease was much milder (Fig. 3). Radiola-

major n-6 and a minor n-3 (not shown) pathwak.ioruentum beled 20:4n-6, which appeared after 4 h, accumulated faster in

(Scheme 1). Thus, to obtain more insight into the biosynthetsie mutant than in the WT. In MGDG of the mutant, 18:2 was

of EPA in the mutant, WT and mutant cells were pulse-labeletbre highly labeled, whereas 20:4 and 20:5 were less than in

with [*4C]18:2n-6 or }*C]20:4n-6 and the redistribution ofthe WT (Fig. 4).

label in the lipids and fatty acids was followed. In comparison to the WT the molecular species analysis of
Incorporation of [1¥4C]linoleic acid Immediately after the MGDG of the mutant revealed a delay in the accumulation of

pulse of }4C]18:2, most of the label in both the WT and theadioactivity and eventually a decrease in all eukaryotic

HZ3 mutant was in PC and TAG (Fig. 2A,B). Total counts debecies, (Fig. 5). The proportion of the labeled prokaryotic

not change significantly in both cases. In the WT, the labelspecies 20:4n-6/16:0 and 20:5n-3/16:0 was similar to that of

the lipids decreased with time in favor of chloroplastic lipidhe WT while that of 18:2/16:0 increased.

(Fig. 2C,D). While the label of PC in the mutant decreased inWe also labeled the WT and the mutant witd4t}18:3n-3.

time in a similar pattern to that of the WT, the extent of labelithe label pattern was rather similar to that obtained following

TAG was relatively stable and decreased much more slowye incorporation of radioactive 18:2 (data not shown).

over a period of 22 h (Fig. 2). In TAG of the WT, most of the Incorporation of [1“CJarachidonic acid (AA)At the end

radioactivity coming from 18:2 disappeared after 22 h, wherazghe pulse, PC of the WT was the most highly labeled lipid,

TABLE 2
Molecular Species Composition of Galactolipids of Wild Type and HZ3 Mutant of P. cruentum?

Molecular species composition (% of total)

Culture Lipid 20:5/20:5 20:4/20:5 20:4/20:4 20:5/16:0 20:4/16:0 18:2/16:0
WT MGDG 37.7 25 tr 55.5 0.8 3.5
HZ3 MGDG 22.6 2.2 tr 55.9 2.8 16.5
WT DGDG tr — — 94.2 0.7 5.1
Hz3 DGDG tr — — 94.6 1.6 3.8

4Galactolipids were isolated by 2D thin-layer chromatography. Molecular species of galactolipids were separated by re-
versed phase high-performance liquid chromatography as detailed in the Materials and Methods section and are arranged
in the order of their elution. The data shown represent mean values with a range of less than 10% for major peaks of three
independent samples. See Table 1 for abbreviations.
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FIG. 2. Redistribution of radioactivity in lipids of wild type and HZ3 mu-
tant of P. cruentum after labeling with 25 pCi of [1-14C]linoleic acid.
Lipids were separated by two-dimensional thin-layer chromatography, e,
phosphatidylcholine (PC); [, triacylglycerol (TAG); m, phos-
phatidylethanolamine (PE); A, phosphatidylinositol (Pl); o, monogalacto-
syldiacylglycerol (MGDG); A, digalactosyldiacylglycerol (DGDG); O,
sulfoquinovosyldiacylglycerol (SQDG); O, phosphatidylglycerol (PG).

100
Wild Type
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60

Percentage of total dpm
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FIG. 4. Redistribution of radioactivity in fatty acids of MGDG of wild
type and mutant after labeling with [1-1C]linoleic acid. m, 18:2; [,
20:4n-6, o, 20:5n-3. For abbreviation, see Figure 2.

position of total lipids and MGDG showed a decrease in the
conversion of 20:4n-6 to 20:5 (data not shown).

Recovery from nitrogen starvatiodnder nitrogen starva-
tion, cells ofP. cruentumaccumulate TAG (16). Thus, to eval-
uate the extent of the involvement of TAG in the biosynthesis
of eukaryotic MGDG, we studied growth resumption follow-
ing recovery from nitrogen starvation. When nitrogen is re-
plenished, growth is resumed and chloroplastic lipids, espe-
cially eukaryotic MGDG, are actively produced (16,17). AA
was used for labeling since it is one of the major fatty acids

accounting for 76% of total radioactivity, while TAG constiof TAG, especially under nitrogen starvation. Furthermore,
tuted only 9% (Fig. 7). Gradually, the label in these lipids dite acyl moieties exported from the cytoplasm are predomi-
creased to 15 and 1%, respectively. In the mutant, the labehaftly C,, fatty acids, AA and EPA. We resuspended cultures
PC was slightly less at the end of the pulse, but much highéWT and HZ3P. cruentumin nitrogen-free medium and
after 22 h (22 vs. 15%). The label of mutant TAG was highkept them in this medium for 3 d. Two d after the medium
than that of the WT throughout the time course and showethnge, the cultures were labeled witH{CJAA for 24 h, as
very little decrease. Chloroplastic lipids of the mutant were

more highly labeled in the first 2 h, in comparison to the WT,

but less labeled after 22 h. In the mutant, the fatty acid co

100

75

50

25

Percentage of initial label

1 10

Time (hours—log scale)

FIG. 3. Redistribution of radioactivity in fatty acids of TAG of wild type
(filled symbols) and HZ3 mutant (open symbols) after labeling with [1-
14Cllinoleic acid. Data presented as percentage of initial label. Fatty
acids were determined by radio-high-performance liquid chromatogra-
phy, m, 18:2; O, 20:4n-6. For abbreviation see Figure 2.

Wild Type

Percentage of total dpm

1 10 1 10
Time (hours—log scale)

FIG. 5. Redistribution of radioactivity in molecular species of MGDG of
wild type and HZ3 mutant after labeling with [1-*4C]linoleic acid. O,
18:2/16:0; o, 20:4/16:0; v, 20:4/18:2; A, 20:5/16:0; O, 20:5/18:2; m,
20:4/20:4; o, 20:4/20:5; A, 20:5/20:5. See Figure 2 for abbreviation.
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FIG. 6. Redistribution of radioactivity in lipids of wild type and HZ3
mutant P. cruentum after labeling with 10 pCi [1-14C]20:4n-6. e , PC;
0, TAG; m, PE; o, MGDG; A, DGDG,; 0O, SQDG; 0, PG. See Figure 2
for abbreviations.
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FIG. 7. Transfer of radioactivity from cytoplasmic (TAG and PC) to
chloroplastic (MGDG, DGDG, and PG) lipids in wild type and HZ3 mu-
tant P. cruentum following recovery from nitrogen starvation and label-
ing with 5 pCi [1-14C]20:4n-6. See Figure 2 for abbreviations.
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—@— Prok. mol. sp

0'5 —Bf Prok mol sp HZ3

1
10 15 20 25 30 35
Time after nitrogen replenishment (h)

FIG. 8. Increase in label of prokaryotic (prok.) and eukaryotic (euk.) mo-
lecular species (mol. sp.) of MGDG in wild type and HZ3 mutant P. cru-
entum following recovery from nitrogen starvation and labeling with 5
UCi [1-14C]20:4n-6. See Figure 2 for abbreviation.

preliminary studies have shown that after that period, TAG
were already maximally labeled. Following the pulse, there
were no significant differences between the level of radioac-
tivity incorporated into the WT and the mutant, or in the dis-
tribution of the label between cytoplasmic and chloroplastic
lipids (Figs. 7,8). However, with time, the label in the cyto-
plasmic lipids of the WT declined faster than that of the mu-
tant, while that of the chloroplastic lipids increased to a
greater extent in the WT compared to the mutant. After 36 h,
WT cytoplasmic lipids retained only 15% of total counts in
comparison to 40% in the mutant (data not shown). While PC
of both cultures lost about 70% of their label, WT TAG lost
95% of its original label in comparison to only 59% in
the mutant (Fig. 7). Molecular species analysis of MGDG
showed that, whereas the prokaryotic species (20:4n-6/16:0
and 20:5n-3/16:0) were similarly labeled throughout the time
course, there were large differences in the labeling of the eu-
karyotic species. Labeling of all the eukaryotic species
(20:4n-6/20:4n-6, 20:4n-6/20:5n-3, 20:5n-3/18:2, and mostly
20:5n-3/20:5n-3) of the mutant was about half of the WT
(Fig. 8).

DISCUSSION

C,5 PUFA contribute to chill tolerance in higher plants (18)
and cyanobacteria (19). Il cruentumthe proportion of the
main PUFA, EPA, increases in MGDG, its major depot, from
10% at 30°C to 51% at 20°C (17). This is reflected in an en-
hancement in the proportion of the ultimate eukaryotic mo-
lecular species, 20:5/20:5, from 6 to 40%. Furthermore, we
have shown that the proportion of EPA at each temperature is
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correlated with growth rate (11). We have thus hypothesizexdtumis diverted from the production of chloroplastic lipids,
that the comparison of the growth rates at optimal and low tgamedominantly eukaryotic MGDG, to the accumulation of
peratures would be a tool for the isolation of mutan2 ofu- TAG (16). Replenishing the nitrogen to the algal cells results
entumdeficient in EPA content. Indeed, we were able to selécta quick return to exponential growth. This, in turn, requires
such mutants. One of these mutants, HZ3, displayed the mibstsynthesis of new chloroplastic membranes. The massive
severe growth impairment at reduced temperatures (Fig. 1) tradisfer of label from TAG to eukaryotic MGDG supports our
was selected for further studies. The lipid and fatty acid anahypothesis that £ PUFA deposited in TAG doP. cruentum
sis of the HZ3 mutant indicated a reduced level of eukaryotian be utilized as a reservoir for the swift production of eu-
molecular species of MGDG, which could be the consequerkagyotic MGDG when necessary.
of a deficiency in the eukaryotic pathway. The reduced growthAlgal TAG are generally characterized by saturated and
rate at 15°C (Fig. 1) of the HZ3 mutant and the low level afonounsaturated fatty acids, thought to serve as storage ma-
EPA, suggest that this fatty acid may have a role in the growethial (22). These characteristics seem to be common to most
of microalgae at lower temperatures. However, further studagal species studied for their potential to produgeRUFA.
are required in order to exclude the possibility that the inhilihe TAG of the eustigmatophyiannochloropsisan EPA
tion of growth and the impairment of lipid metabolism are nproducer, contains mainly 14:0, 16:0, and 16:1 (23). Similar
the result of a pleiotropic effect of a single mutation or the éadings were reported for other EPA-producing algae such as
sult of two or more independent mutations. Monodus subterraney®4) andPhaeodactylum tricornutum
The labeling experiments with each of the different radioa@5). Likewise, the TAGs of the DHA-rich cryptomonad
tive fatty acids revealed that mutant TAG accumulated a higl@roomonas saling26) are almost entirely made of Jatty
percentage of the initial label and were severely limited in turaeids. However, certain algae are able to produce TAG rich in
ing over the label in comparison to the WT. One may argue tBERA and AA, e.g.Ectocarpus fasciculatu@7), Pavlova
the higher TAG content of the HZ3 mutant represents a lar§ygheri (28), Nitzschia frigidaandMelosira antartica(29). A
pool size, which is responsible for the delay in the turnovertifih content of AA in TAG appears to be a feature of many,
the label. However, some decrease would have been expeiftadt all, rhodophytes. Thus, the proportion of AA in TAG
in the first h after the pulse, but there was no decrease whatgas reported to be 36% @hondrus crispus49% inPolysi-
ever in the label of mutant TAG for the first 10 h (Figs. 2,6phonia lanosd30), 40 to 64% in variou&racilaria sp. (31),
Under nitrogen starvation, the TAG content was similar in tlaad 33% irP. cruentun{as well as 17% EPA) (11). The abil-
WT and the mutant, and yet the same differences were ip-of P. cruentunto utilize its TAG may explain the unique
served (Fig. 7). That the disappearance of label from PC in tatty acid composition of these lipids. However, it remains to
mutant was similar to that of the WT indicates that any contbe seen whether other microalgae having PUFA-rich TAG are
bution of DAG moieties of PC to the eukaryotic pathway is nable to utilize their TAG for similar purposes.
impaired. We interpret oun vivo radiolabeling studies as At present, we have no data to support any hypothesis con-
showing that, in addition to PC, there is a notable contributioarning the mechanism by which the reutilization of TAG
of TAG to the synthesis of chloroplastic lipidsfofcruentum may take place. Nonetheless, several possibilities can be con-
Possibly, the mutant is deficient in its ability to mobilize DAGidered: i) a transacylation of monoacylglycerol by TAG to
(or acyl) moieties from TAG for the production of eukaryotiproduce two molecules of DAG (21); (ii) a lipase activity that
molecular species of MGDG. In oilseeds, which accumulatgdrolyzes TAG to DAG; and (iii) a DAGAT activity that is
PUFA, TAG share a common DAG pool with phospholipidslso capable of operating in the reverse direction. However,
primarily with PC. The conversion of DAG to TAG in oil-ac4n the case of the latter, one would have expected a lower than
cumulating tissues is generally considered to be unidirectionarmal level of TAG since this enzyme is likely to affect the
(1) and TAGs are regarded metabolically as end-products timabrporation of label into TAG, not just its turnover.
are used only as an energy store. However, Gatcds(20) In higher plants, especially #hrabidopsis mutants defi-
showed that when the growth temperature of developing saient in the production of either the prokaryotic or the eukary-
flower seeds is reduced, the oleate acyl groups of TAG areatic molecular species of chloroplastic lipids demonstrated
perseded by linoleates. Recently, Stoleawdl. (21) obtained normal behavior at normal or low temperatures. Furthermore,
evidence that supports a transacylation mechanism that caritagas shown that these mutants were able to ameliorate the
count for the TAG turnover in microsomal membranes of ddamage to their membranes by adjusting the fatty acid flux
veloping safflower seeds. leading to the prokaryotic and the eukaryotic pathways (32).
Nevertheless, we cannot exclude the possibility that thehigher plants, the ultimate prokaryotic molecular species
genetic lesion occurred in a different site that is responsilbieMGDG, 18:3/16:3, differs from the eukaryotic species,
for the production of a component requiring high levels of eli8:3/18:3, by only two carbon atoms. We speculate that for
karyotic MGDG. In the mutant, lower levels of this compathis reason, prokaryotic and eukaryotic molecular species of
nent would require lower levels of eukaryotic MGDG, resulMGDG of higher plants are, to a certain extent, interchange-
ing in a down regulation of the contribution of TAG to thable. InP. cruentum,however, the eukaryotic molecular
production of these molecular species. species, 20:5/20:5, contain four more carbon atoms and five
Under nitrogen starvation, much of the acyl flulPo€ru- more double bonds than the prokaryotic species, 20:5/16:0.
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P. cruentumis found mainly in shallow marshes where9. Schneider, J.C., Livne, A., Sukenik, A., and Roessler, P.G.
temperature fluctuations are rapid and more pronounced than51995_) AA MdUE‘me“\i?‘r:SﬁCP'0;1095'_'?92‘&%‘; 'gl'i'cosape”'
: : : H : aenoic AcCI rodauctiorg’nytochemistry — .
in deeper water bodies. The increase in the_ propomon of EFOA Wada, H., Gombos, Z.. Sakamoto, T.. and Murata, N. (1992)
in MGDG at low temperatures, and especially in that of the Genetic Manipulation of the Extent of Desaturation of Fatty
eukaryotic component of MGDG, 20:5/20:5, could possibly  Acids in Membrane Lipids in the Cyanobacteri@ynechocys-
be attributed to the organism's attempt to cope with the stresstis PCC6803Plant Cell Physiol. 33535-540.
inflicted by sudden drops in temperature. However,dide 11. Cohen, Z., Vonshak, A., and Richmond, A. (1988) Effect of En-
novosvnthesis of EPA is apparently not fast enouah to ac- vironmental Conditions of Fatty Acid Composition of the Red

y . PP y 9 Alga Porphyridium cruentumCorrelation to Growth Ratd,
commodate the increased demand for EPA. Whemuen- Phycol. 24 328-332.
tumwas labeled with radioactive acetate, labeled EPA afp. Wada, H., and Murata, N. (1983ynechocystiBCC 6803 Mu-
peared only after 10 h (data not shown, see also Fig. 4). Wetants Defective in Desaturation of Fatty Aciéant Cell Phys-
hypothesize that TAG can be utilized as a buffering system iol. 30, 971-978. _
for 20:4- and 20:5-containing DAG, which can be mobilizetf- Jon€s: RE., Speer, L., and Kury, W. (1983) Studies on the
. . . . Growth of the Red AlgRorphyridium cruentupPhysiol. Plant.
relatively rapidly for the production of eukaryotic molecular 1¢ g36_g43.
species of the major chloroplastic lipid MGDG. The role afa. Bligh, E.G., and Dyer, W.J. (1959) A Rapid Method for Total
these PUFA is not just maintenance of membrane fluidity. In Lipid Extraction and PurificationCan. J. Biochem. 37
various algae, enhanced n-3 desaturation was shown to E)e?_ll—glg V. Gund RE. and Th GA (1683)
. o . 5. Lyrch, D.V., Gundersen, R.E., an ompson, G.A.

correla.te(.j with the activity of photosystem I (33). This hyl Separation of Galactolipid Molecular Species by High Perfor-
pothesis is supported by the work of Wanner and Kost (34)

: - mance Liquid Chromatographiylant Physiol. 72903—-905.
who found that rapid formation of cellular membranes frons.

Cohen, Z. (1990) The Production Potential of Eicosapentaenoic
lipid bodies of different intracellular localization (cytoplas- Acid and Arachidonic Acid of the Red Ald@orphyridium cru-

mic oil bodies and chloroplastic plastoglobules) has been ob-
served during regeneration of starved cellB.afruentum
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