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Abstract—Two green algae (Chlorella vulgaris and Scenedesmus obliquus) and four blue-green algae (Anacystis
nidulans, Microcystis aeruginosa, Oscillatoria rubescens and Spirulina platensis) were grown in 81 batch cultures at
different nitrogen levels. In all the algae increasing N levels led to an increase in the biomass (from 8 to 450 mg/1), in
protein content (from 8 to 54 9;) and in chlorophyll. At low N levels, the green algae contained a high percentage of total
lipids (45 ¢, of the biomass). More than 70 %/, of these were neutral lipids such as triacylglycerols (containing mainly 16:0
and 18:1 fatty acids) and trace amounts of hydrocarbons. At high N levels, the percentage of total lipids dropped to
about 20 % of the dry weight. In the latter case the predominant lipids were polar lipids containing polyunsaturated C, ¢
and C, ¢ fatty acids. The blue—green algae, however, did not show any significant changes in their fatty acid and lipid
compositions, when the nitrogen concentrations in the nutrient medium were varied. Thus the green but not the
blue—green algae can be manipulated in mass cultures to yield a biomass with desired fatty acid and lipid compositions.

The data may indicate a hitherto unrecognized distinction between prokaryotic and eukaryotic organisms.

INTRODUCTION

Microalgae grown in mass cultures are often considered
as a supplemental source for food or for conversion to
other useful compounds such as alcohol and methane
(biogas, ‘energy conversion’) [1-11]. This is based upon
the fact that various algae (e.g. species of Chlorella,
Scenedesmus and Spirulina) exhibit high yields of about
1040 g dry biomass per m? and per day [1, 6, 9, 12-14],
provided that they are grown in monoculture over a long
period. Furthermore, many microalgae have high protein
contents (ca 30-65°,)[1, 9, 15] and contain a wide variety
of other constituents [ 16-21] of potential pharmaceutical
use.

However, in present day conditions of algal mass
culture, there exist several fundamental problems:
(1) Frequently the algae are grown in open ponds, where
the algae can be attacked and destroyed by parasites [22,
23]; (2) Some of the more widely used algae (Chlorella,
Scenedesmus) are unicellular. These organisms are so
small (4-10 um) that effective filtration is almost im-
possible. The separation of the algae by various other
methods is ‘highly energy-intensive’ [6]; and (3) Chlorella
and Scenedesmus appear to have a rather stable cell wall
with a high cellulose content [24] rendering the cells
difficult to digest [3]. At present, the most promising alga
seems to be Spirulina (Cyanophyceae) which is filamen-
tous (ca 500 um) and easily digestable [3]. This alga,
however, has the disadvantage that it requires an ex-

*Part 1 in the series “Preparatory Experiments for the Axenic
Mass Culture of Microalgae”.

Abbreviations: DGDG, digalactosyl diacylglycerol; MGDG,
monogalactosy!l diacylglycerol; PC, phosphatidy! choline; PE,
phosphatidy! ethanolamine; PG, phosphatidyl glycerol; PI, phos-
phatidy! inositol; SQDG, sulfoquinovosyl diacylglycerol.
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pensive alkaline nutrient medium (pH 8.5-11!) containing
large amounts (ca 18%;) of NaHCO,-Na,CO, [25].

In a research program at our institute experiments are
presently being carried out to grow freshwater and marine
microalgae in mass cultures (8 1.-200 1.). In order to avoid
the above problems the algae are grown under axenic
conditions in closed tanks. The nutrient media are freed
from bacteria either by sterilization or by sterile filtration.
Filamentous algae are preferably employed since they can
be harvested more easily. Wherever possible, those algae
expected to furnish high biomass and protein yields and
also producing pharmaceutically relevant constituents are
used. The most promising algae will later be grown in still
larger cultivation tanks.

This paper deals with the formation of biomass,
proteins, chlorophylls, lipids and fatty acids in several
freshwater green and blue—green microalgae. Chiorella
vulgaris, Scenedesmus obliquus and Spirulina platensis
were included in our studies, because they are presently
the most commonly used algae in mass culture. These
organisms serve as a standard for comparison with the
other algae. According to the literature mass cultures of
Chlorella and Scenedesmus species have daily yields of
about 12-35 g of dry weight per m? and protein contents
as high as 54 and 43 %, respectively. Spirulina species yield
10-12 g/m?/day with protein contents of about 579, [ 1,3,

All the algae investigated here were grown in inorganic
nutrient media containing different concentrations of
nitrogen (NH,Cl, KNQ,). Nitrogen is known to have a
strong influence on the metabolism of lipids and fatty
acids in various algae. As described earlier, nitrogen
deficiency (for example in ageing cultures) leads to an
accumulation of fats in diatoms [27-31]. The com-
positions of these fats (for example, ether-extractable
material) has not always been reported. Variations in the
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nitrogen contents of the nutrient media also cause changes
in the compositions of lipid-like substances such as algal
carotenoids [32-36]. Our recent studies involving various
freshwater and marine algae (microscopic and macro-
scopic algae of the Chloro-, Rhodo-, Phaeo- and Eugleno-
phyceae) [3743] revealed that in all the metabolism of
fatty acids and lipids is influenced by the N contents of the
nutrient medium. It was observed that at low N levels
(< 0.001-0.003 %, NH,CI or KNO;) these algae have a
tendency to synthesize neutral lipids (triacylglycerols, wax
esters) and fatty acids with a low degree of unsaturation
(especially 16:0, 16:1 and 18:1). At higher N levels
(> 0.003%, NH,Cl or KNO;) the algae predominantly
synthesize polar lipids such as monogalactosyl diacylgly-
cerol, diagalactosyl diacylglycerol, sulfoquinovosyl di-
acylglycerol and phosphatidyl glycerol containing poly-
unsaturated C,¢ and C, 5 fatty acids.

RESULTS
Growth phases and biomass production (Tables 1 and 2)

In Tables 1 and 2, the various algae are compared in
biomass production at different growth phases. In all, an
increase in the nitrogen concentrations of the nutrient
medium led to an increase in the biomass (green algae:
20400 mg/I; blue—green algae: 8-450 mg/l). The greatest
increase in biomass production occurred between 0.003
and 0019, KNOj;. The same effect was observed in
Chlorella vulgaris and Scenedesmus obliquus, when they
were grown with NH,Cl instead of KNO;. Because of the
lower molecular weight of NH,CI, the greatest increase
lay between 0.001 and 0.003 5, NH,Cl (Table 2). When the

green algae were grown with NH,CI, the growth phases
were shorter than with KNO,. At low N concentrations
(up to 0.003 9, NH,Cl or KNO,) they grew better with
NH,Cl. At higher N concentrations, however, greater
growth was associated with KNO;.

The blue—green algae, Anacystis nidulans and Spirulina
platensis, had productivities (average daily biomass pro-
duction) similar to those of the green algae when grown
with comparable nitrate concentrations. On the other
hand, Microcystis aeruginosa and Oscillatoria rubescens
were relatively unproductive due to their extremely long
growth phases.

Total protein (Table 3)

In all the algae, the total protein increased with
increasing nitrogen concentrations. At comparable nitro-
gen levels measurements were always higher in the
blue-green algae (18-549/) than in the green algae
(8-34%).

Chlorophyli content (Table 4)

Increasing N concentrations in the nutrient medium led
to a big increase in chlorophyll content ( % of dry weight)
in the green algae. The most significant increases were
observed between 0.001 and 0.003 ¢, NH,Cl or 0.003 and
0.01% KNO;. In contrast to the green algae the
blue-green algae generally produced smaller amounts of
chlorophyll. With increasing N concentrations these
quantities increased more slowly than for the green algae
and reached relatively high values only at very high N
concentrations (= 0.03 %, KNO,).

Table 1. Growth phases (in days) of the algae grown at different concentrations of nitrogen
(NH,CI/KNO,) in the nutrient medium

N-source 0.00039; 0.001% 0003%, 0019 003% 0.1°
Chlorella vulgaris NH,Cl 13 15 16 21 23 —
Scenedesmus obliguus NH,CI 10 14 15 16 17 —
Chlorella vulgaris KNO, 16 29 30 38 59 36
Scenedesmus obliquus KNO, 15 20 40 42 51 72
Anacystis nidulans KNO, 15 15 15 15 29 45
Microcystis aeruginosa KNO, 4] 42 55 76 82 84
Oscillatoria rubescens KNO, * * 79 99 106 134
Spirulina platensis KNO, * 22 29 33 33 35

«, The alga could not be grown at this nitrate concentration.

Table 2. Dry weight (biomass; mg/l) of the algae grown at different concentrations of nitrogen
(NH,C1/KNO,) in the nutrient medium

N-source 0.0003¢;, 00019, 00039, 0019, 003%, 019
Chlorella vulgaris NH,Cl 38 95 160 190 205 —
Scenedesmus obliquus NH,Cl 33 103 165 196 186 —
Chlorella vulgaris KNO, 17 57 77 212 293 287
Scenedesmus obliquus KNO, 18 61 168 243 264 403
Anacystis nidulans KNO, 8 23 32 240 405 453
Microcystis aeruginosa KNO; 11 30 81 208 206 136
Oscillatoria rubescens KNO; * * 50 166 327 289
Spirulina platensis KNO, * 65 154 314 358 235

«, The alga could not be grown at this nitrate concentration.
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Table 3. Total protein (9, dry weight) of the algae grown at different concentrations of nitrogen
(NH,CI/KNO;) in the nutrient medium

N-source 0.00039; 00019, 0.003¢, 0019 0039 019
Chlorella vulgaris NH,Cl 1.79 11.1 19.9 289 31.2 —
Scenedesmus obliquus NH,CI 9.36 943 220 33.2 344 —
Chlorella vulgaris KNO, 12,6 6.75 145 30.7 311 322
Scenedesmus obliquus KNO; 8.19 9.00 8.81 340 321 329
Anacystis nidulans KNO, 21.2 183 334 33.9 39.7 46.3
Microcystis aeruginosa KNO, 28.1 27.6 235 249 46.5 50.1
Oscillatoria rubescens KNO, * * 28.0 356 53.8 48.6
Spirulina platensis KNO, * 25.8 26.6 334 52.1 474

«, The alga could not be grown at this nitrate concentration.

Table 4. Chlorophyll content ( ¢, dry weight) of the algae grown at different concentrations of nitrogen
(NH4CI/KNO,) in the nutrient medium

N-source  0.0003%, 00019, 00039, 0019 0039 019,
Chlorella vulgaris NH,CI 0.29 0.60 1.38 1.29 0.96 —
Scenedesmus obliquus NH,C] 037 0.61 3.27 345 343 —
Chlorella vulgaris KNO; 032 0.53 1.21 3.83 3.65 3.63
Scenedesmus obliquus KNO, 0.67 0.82 0.73 427 4.36 348
Anacystis nidulans KNO, 025 0.27 0.29 0.28 0.90 0.92
Microcystis aeruginosa KNO, 021 0330 0.29 0.40 0.71 0.95
Oscillatoria rubescenes KNO, * * 041 0.50 0.74 0.61
Spirulina platensis KNO, * 0.17 0.33 0.37 0.31 0.50

«,The alga could not be grown at this nitrate concentration.

Total lipids (Table 5)

At low nitrogen concentrations all of the green algae
contained relatively large amounts of total lipids (33-63 %,
of the dry weight). These amounts decreased significantly
with increasing nitrogen concentrations. The largest de-
crease in total lipids was observed between 0.001 and
0.0039, NH,Cl or between 0.003 and 0.019%, KNO;
(higher molecular weight!). Unlike the green algae, the
blue—green algae contained about the same quantities of
total lipis (12-189; of the dry wight), which remained
remarkably constant at all nitrogen concentrations. In
Microcystis aeruginosa and Spirulina platensis, there wasa
slight increase in total lipids at the highest nitrogen
concentration (0.1 9, KNO;).

Neutral and polar lipids (Table 6)

In the green algae neutral lipids (mostly triacylglycerols,
pigments and trace amounts of hydrocabons) predomi-
nated within the total lipids when the algae were grown at
low N levels (0.0003-0.001 %, NH,Cl or 0.0003-0.003 ¢,
KNO,). The triacylglycerols and hydrocarbons were
identified by TLC with reference substances in various
solvent systems. The relation of the neutral and polar lipid
fractions (NLF :PLF; see Table 6) was about 1:0.1 to
1:0.5 at low N levels. This relation changed dramatically
when the nitrogen concentrations increased. More specifi-
cally, at higher N concentrations (and most significantly
between 0.001 and 0.003 %, NH,Cli or 0.003 and 0.01%;
KNO;) the percentage of neutral lipids decreased and that

of the polar lipids increased to a final ratio of about 1:2 or
even 1:3.

The polar lipids were composed of monogalactosyl
diacylglycerol, diagalactosyl diacylgylcerol, sulfoquino-
vosyl diacylglycerol, phosphatidyl glycerol, phosphatidly
ethanolamine, phosphatidyl inositol, and phosphatidyl
choline. TLC of the lipids of Chlorella vulgaris and of
Scenedesmus obliquus grown with NH,Cl or KNO,
yielded the same basic results. It is remarkable that the
decrease in neutral lipids was greater than the concomi-
tant increase in polar lipids. This explains the overall
reduction of total lipid content in the green algae (Table
5). In contrast to the green algae, the lipid compositions of
the blue—green algae remained constant at all nitrogen
concentrations. No changes could be observed by means
of TLC. In Anacystis nidulans, Microcystis aeruginosa and
Oscillatoria rubescens the polar lipids clearly predomi-
nated. In Spirulina platensis the two lipid fractions were
approximately equally distributed. The polar lipids of the
blue—green algae were composed of monogalactosyl di-
acylglycerol, digalactosyl diacylglycerol, sulfoquinovosyl
diacylglycerol and phosphatidyl glycerol. Moreover, the
TLC findings revealed that the neutral fraction of the
lipids in all of the blue-green algae consisted almost
entirely of pigments; triacylglycerols and hydrocarbons
could not be detected.

Fatty acids in the neutral and polar lipids (Table 7)

As was previously mentioned (see Table 6), the neutral
lipids of the blue—green algae were pigments, and there
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Table 5. Total lipids (% dry weight) of the algae grown at different concentrations of nitrogen
(NH,CI/KNQ;) in the nutrient medium

N-source  0.0003%;, 00019 00039 0019 003% ° 019
Chlorella vulgaris NH,Cl 52.8 41.8 20.2 14.1 11.8 —
Scenedesmus obliquus NH,CI 34.6 33.1 21.7 23.0 224 —
Chlorella vulgaris KNO, 579 62.9 42.7 22.0 218 22.6
Scenedesmus obliquus KNO, 45.6 443 50.1 269 29.8 21.2
Anacystis nidulans KNO;, 143 127 13.6 120 154 14.8
Microcystis aeruginosa KNO, 17.7 13.7 137 13.8 18.2 234
Oscillatoria rubescens KNO, * * 12.7 12.0 11.3 12.8
Spirulina platensis KNO, * 11.2 9.1 12.6 155 21.8

«, The alga could not be grown at this nitrate concentration.

Table 6. Neutral and polar lipid fractions (% dry weight) of the algae grown at different concentrations
of nitrogen (NH,CI/KNO;) in the nutrient medium

N-source 0.0003¢;, 00019 0.003%, 0019 0039 019
Chlor. vulg. NH,Cl N 458 28.9 7.6 25 2.8 —
P 7.0 118 12.2 11.2 8.5 —
N:P 1:0.1 1:0.5 1:2 1:4 1:3 —
Scened. oblig. NH,Cl N 24.2 248 5.6 5.5 6.4 —
P 10.1 7.9 156 17.4 15.6 —
N:P 1:05 1:05 1:3 1:3 1:3 —
Chlor. vulg. KNO; N 43.7 51.8 27.6 7.0 6.5 7.2
P 9.6 10.7 144 13.9 149 154
N:P 1:0.2 1:0.2 1:0.5 1:2 1:2 1:2
Scened. oblig. KNO; N 36.2 34.1 399 5.4 10.8 7.7
P 9.3 10.2 10.2 21.5 18.7 13.1
N:P 1:03 1:03 1:03 1:4 1:2 1:2
Anac. nid. KNO; N 29 24 26 1.7 24 2.7
P 114 10.3 11.0 9.6 12.5 11.8
N:P 1:4 1:4 1:4 1:5 1:5 1:4
Micr. aerug. KNO, N 43 29 36 33 38 5.1
P 124 104 10.1 10.5 144 18.3
N:P 1:3 1:4 1:3 1:3 1:4 1:4
Oscill. rub. KNO, N * * 5.2 31 3.1 39
P — — 9.6 7.0 8.2 9.9
’N:P — — 1:2 1:2 1:3 1:3
Spir. plat. KNO,; N * 5.3 43 6.8 6.4 13.1
P — 5.9 48 5.9 5.0 8.7
N:P — 1:1 1:1 1:1 1:1 1:1

+,The alga could not be grown at this nitrate concentration.
N = neutral lipid fraction; P = polar lipid fraction.

were no appreciable amounts of triacylglycerols and hydro-
carbons. The neutral lipid fractions of the green algae,
however, were comprised of pigments, trace amounts of
hydrocarbons, and larger quantities of triacylglycerols not
separable from the pigments by column chromatography.
In order to obtain more precise information about the
actual lipid content, the contents of fatty acids in both
lipid fractions were determined quantitatively (Table 7).
For the green algae at low N concentrations (< 0.001%;
NH,Cl/ < 0.003 % KNO,), most of the fatty acids were
derived from the neutral fractions. At high N levels
(= 0.003 3, NH,Cl/ > 0.01 %, KNO;), however, the major
portion of the fatty acids was found in the polar fractions.
The blue—green algae showed a distinctly different picture:

for all concentrations of nitrogen in the nutrient medium,
the fatty acids were mostly found in the polar fractions
and only a small proportion in the neutral fractions. The
fatty acids in the neutral fractions were possibly derived
from sterol esters, which reportedly occur in blue-green
algae in small quantities [44—47]. Thus the data of Table 7
indicate that the lipid changes recorded in Table 6 are due
to changes within the acyl bound lipids.

Fatty acids compositions of the green algae (Table 8)

These organisms have a great variety of fatty acids
ranging from saturated fatty acids (12:0-18:0) to poly-
unsaturated C,4—C, , fatty acids. The percentage of these
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Table 7. Fatty acids (%, of the neutral and polar lipid fractions) of the algac grown at different
concentrations of nitrogen (NH,CI/KNQO,) in the nutrient medium

N-source 0.0003¢%;, 00019, 0003%, 0019 0035, O0.1%
Chlor. vulg. NH,C1 FAin N 56.3 65.0 442 144 14.6 —
FAin P 9.2 10.8 179 11.8 104 —
Scened. oblig. NH,Cl FAinN 720 67.9 8.0 8.7 74 —
FAin P 20.6 273 29.7 29.1 33.6 —
Chlor. vulg. KNO, FAinN 60.0 53.7 67.1 7.8 10.3 8.1
FAinP 159 14.1 179 26.8 226 240
Scened. oblig. KNO; FainN 64.4 66.1 709 13.5 14.8 179
FAin P 21.8 220 279 30.6 330 21.1
Anac. nid. KNO; FAinN 7.5 5.8 5.3 2.1 25 28
FAin P 15.5 13.1 248 15.6 249 20.6
Micr. aerug. KNO; FAinN 5.8 6.2 23 2.8 14 23
FAin P 134 230 20.7 14.6 9.7 6.4
Oscill. rub. KNO; FAinN * * 45 3.6 49 45
FAin P — — 17.1 21.7 18.6 13.2
Spir. plat. KNO; FAiInN * 5.8 40 22 35 1.5
FAinP —_ 11.5 16.7 26.0 149 9.0

», The alga could not be grown at this nitrate concentration.
FA = fatty acids; N = neutral lipid fraction; P = polar lipid fraction.

fatty acids changed markedly when the N concentrations
were varied. At low N concentrations of NH,CI
(0.0003-0.001%) or KNO; (0.0003-0.003 %,—higher
molecular weight!) the green algae mainly produced the
18:1 and 16:0 fatty acids and only minor portions of
polyunsaturated fatty acids (16:2, 16:3, 18:2 and 18:3).
At high N concentrations (= 0.003 %, NH,Cl/ > 0.01%;
KNO,) the algae produced substantially lower amounts
of 18:1 {(and to some extent 16:0) but larger proportions
of the polyunsaturated fatty acids.

Fatty acid compositions of the blue—green algae (Table 9)

In contrast to the green algae, the fatty acid com-
positions of the blue—green algae did not change signifi-
cantly when the N concentrations in the nutrient medium
varied. The main fatty acids in Microcystis aeruginosa
were 16:0, 18:3 (y) and 18:2; in Oscillatoria rubescens
18:3 () and 16:0; in Spirulina platensis 16:0, 18:2 and
18:3 (y);and in Anacystis nidulans 16:1,16:0and 18:1.1In
the latter alga the contents of 18:1 and 16:1 varied
slightly (about 5-10%/). A decrease of the 16: 1 was always
accompanied by a corresponding equivalent increase of
the 18: 1, and vice versa (see also the next paper).

DISCUSSION

By varying the concentration of nitrogen in the nutrient
medium, all the algae investigated here can be manipu-
lated with respect to their biomass production and protein
content. In our experiments the green algae yielded a
maximum protein content of about 34 %, which is lower
than the high values (up to 559%) reported by other
authors [3, 10, 12, 15]. In order to obtain such high
protein contents the green algae must presumably be
grown at still greater N concentrations than we used
(maximum 0.19, KNO;). According to our results,
blue—green algae appear to be useful for mass culture,
since they have similar yields but higher protein contents

than green algae. Furthermore, they are more easily
digestable [3] than green algae, which is probably attribu-
table to the type of cell wall (peptidoglycan) and lack of
cellulose [48]. Filamentous blue-green algae (Spirulina,
Oscillatoria and numerous other species) have the further
advantage of being easily harvested due to their con-
siderable size (up to 500 um), compared to green algae
(3-12 pm).

Most of the lipids and fatty acids of the algae here
investigated are principally known from previous publi-
cations. In almost all of these reports, however, no special
attention has been paid to the influence of the nitrogen
levels in the nutrient media. The main lipids of Chlorella
are MGDG, DGDG, SQDG, PG, PC, PE and PI1[49, 50].
The alga has also been reported to produce triacyl-
glycerols [51, 52], hydrocarbons [53] and sterols [ 54-58].
The main fatty acids of Chlorella are 16:0-16:3 and
18:1-18:3 [59-63]. Otsuka et al. [52] described small
amounts of 16:4 in a monoacylglycerol fraction of
Chlorella ellipsoidea. Scenedesmus obliquus exhibits quite
smilar lipid and fatty acid patterns, along with the
additional 16:4 and 18:4 fatty acids [51, 53, 58, 60, 64,
65]. Saturated and unsaturated C,, and C,, fatty acids
have been found in small quantities [60].

Blue—green algae have rather simpie lipid and fatty acid
compositions. The major lipids are MGDG, DGDG,
SQDG and PG [49, 66]. Some Oscillatoria strains have
been reported to produce trigalactosyl diacylglycerol
[67]. There is also a report on the presence of triacylgly-
cerols in Spirulina platensis [68], which, however, could
not be confirmed by our investigations. According to the
literature the following fatty acids have been detected:
Anacystis nidulans: 16:0, 16:1 and 18:1 with traces of
17:0,17:1 and 20:0[49, 69-71]; Microcystis aeruginosa:
16:0, 16:1, 18:2 and 1833 (y) (72); Oscillatoria strains:
16:0, 16:1, 18:1, 18:2 and 18:3 (a) [73-75]; Spirulina
strains: 16:0,16:1,18:1,18:2,18: 3 (y)and traces of 18:3
(x [63, 68, 75].

According to the studies by Kenyon et al. [ 72, 75] there
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Table 8. Fatty acid compositions ( %; total fatty acids) or Chlorella vulgaris and Scenedesmus obliquus
grown with varying concentrations of NH,Cl or KNQOj;, respectively

s NH,Cl or KNO, in the nutrient medium

Fatty
Alga acid 0.0003 0.001 0.003 0.01 0.03 0.1
Chlorella vulgaris 12:0 tr tr 0.1 0.3 03
(grown with NH,Cl) 14:0 0.2 0.2 0.2 04 0.5
14:1 tr 0.1 0.1 0.2 0.3
16:0 18.9 18.7 203 21.7 226
16:1 1.2 1.0 13 26 27
16:2 1.3 21 7.8 11.8 11.7
16:3 7.8 9.0 10.6 72 59
18:0 2.1 2.5 tr tr tr
18:1 50.8 448 24.6 11.1 127
18:2 6.5 8.0 133 228 234
18:3 (o) 109 134 212 214 200
Scenedesmus obliquus 12:0 tr tr 0.1 04 0.6
(grown with NH,Cl) 14:0 0.3 0.3 04 03 0.5
14:1 tr 0.1 0.2 0.2 0.2
16:0 239 230 194 16.6 159
16:1 1.6 20 22 5.7 43
16:2 14 1.3 0.9 21 14
16:3 39 42 47 9.2 50
16:4 20 23 15.1 112 12.5
-18:0 31 29 04 0.5 04
18:1 48.5 48.6 12.3 16.4 11.7
18:2 8.1 82 142 15.6 154
18:3(a) 5.5 6.2 226 16.2 219
18:3(y) 03 . 03 2.1 21 35
18:4 08 0.8 25 19 26
Chlorella vulgaris 12:0 0.1 0.1 0.3 27 27 24
(grown with KNO3) 14:0 0.1 0.4 0.2 14 0.6 0.5
14:1 0.1 tr 0.1 04 04 0.5
16:0 17.8 19.1 16.5 16.3 15.2 16.3
16:1 1.3 22 1.2 1.5 32 29
16:2 20 2.5 45 114 149 14.7
16:3 6.6 6.7 85 142 100 9.6
18:0 14 21 1.6 0.1 0.3 0.3
18:1 48.6 444 358 5.6 5.6 6.4
18:2 7.8 9.1 11.6 16.8 19.6 220
18:3(a) 141 13.5 19.6 29.7 275 243
Scenedesmus obliquus 12:0 tr tr 03 tr tr tr
(grown with KNO;) 14:0 0.3 0.2 0.3 0.8 09 1.0
14:1 tr 0.1 tr tr tr 0.6
16:0 23.1 235 250 13.6 135 12.7
16:1 27 33 22 8.7 73 7.6
16:2 2.1 2.1 1.1 32 4.6 38
16:3 1.7 28 22 74 132 15.7
16:4 25 29 25 10.0 17 8.0
18:0 18 20 2.7 tr tr tr
18:1 484 43.6 442 214 11.5 120
18:2 8.2 10.2 104 8.8 18.8 15.3
18:3 () 77 7.8 7.0 194 16.0 17.9
18:3(p) 0.2 0.6 0.8 36 37 31
18:4 09 1.0 1.3 31 26 24

tr, Trace amount.

are often several strains within individual species of  (0.02-0.159; of the dry weight) [46, 76-81] and of sterols
unicellular and filamentous blue-green algae, which differ {44, 46, 47]. Our results concerning the algql lipids and
in their fatty acid compositions. Several blue-green algae  fatty acids are in good agreement with the lit. data.

are reported to contain small amounts of hydrocarbons The effect of nitrogen described in this paper had
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Table 9. Fatty acid compositions (%, total fatty acids) of Anacystis nidulans, Microcystis aeruginosa,
Oscillatoria rubescens and Spirulina platensis, grown with varying concentrations of KNO,

% KNOj in the nutrient medium

Fatty
Alga acid 0.0003 0.001 0.003 0.01 0.03 0.1
Anacystis nidulans 12:0 03 0.2 0.2 0.1 0.1 tr
14:0 1.9 1.4 15 0.7 0.5 0.6
14:1 13 09 1.8 09 14 1.6
16:0 46.9 423 428 377 37.8 332
16:1 39.2 343 432 38.5 45.5 50.6
18:0 19 29 09 19 14 0.6
18:1 8.2 142 8.1 164 114 11.7
20:0 tr 0.7 tr 0.1 0.1 tr
Microcystis aeruginosa 12:0 tr tr tr tr tr tr
14:0 09 04 0.3 04 03 0.5
14:1 0.2 0.2 0.1 0.1 tr 0.1
16:0 472 438.1 50.2 43.0 474 46.5
16:1 3.7 30 36 4.1 5.5 5.8
18:0 13 14 0.8 1.0 0.6 0.7
18:1 33 23 1.5 28 22 20
18:2 8.8 79 8.3 12.8 127 8.8
18:3( 326 332 326 284 294 333
Oscillatoria rubescens 12:0 + + 0.6 0.1 0.1 0.2
14:0 0.3 20 0.1 0.1
14:1 0.1 tr tr tr
16:0 274 26.2 23.2 243
16:1 13.8 152 13.0 143
16:2 0.2 0.2 09 0.3
16:0 25 14 18 12
18:1 24 1.9 31 33
18:2 9.0 11.2 9.2 12.3
18:3(w) 438 43.6 485 439
Spirulina platensis 10:0 + 1.1 39 1.6 1.8 08
12:0 tr tr tr tr tr
14:0 0.5 07 04 03 0.5
14:1 0.6 0.5 04 0.2 1.8
15:0 tr tr tr tr tr
16:0 385 36.0 347 375 36.5
16:1 9.9 9.5 9.0 11.6 8.7
16:2 0.6 04 0.2 02 04
18:0 1.2 0.5 04 03 1.1
18:1 39 5.2 39 34 1.7
18:2 19.5 20.8 242 26.3 230
18:3(y) 242 222 249 18.3 18.7

tr, Trace amount.

+, The alga could not be grown at this nitrate concentration.

already been reported in our previous work on lipids and
fatty acids in freshwater microalgae of the Chlorophyceae
(several species of Chlorella, and Bracteacoccusminor)
[37] and Euglenophyceae (Euglena gracilis) [38-40] as
well as in macroscopic marine algae of the Chlorophyceae
(Enteromorpha linza) [43], Phaeophyceae (Fucus vesicu-
losus) [41, 43] and Rhodophyceae (Phycodrys sinuosa)
[41, 42].

Richardson et al. [82] grew two unicellular algae
(Chlorella sorokiniana and Oocystis polymorpha) at rather
high N concentrations (ca 3000-20000 gmol N/1) and did
not observe modifications in the lipids and fatty acids.
Our investigations indicate that such modifications occur
only at lower N concentrations (ca 300-600 umol N/1).

According to Kanazawa et al. [83, 84] the primary
effect of increased concentrations of nitrogen (ammonia)
on photosynthesizing cells of Chlorella vulgaris appears to
be the increased formation of amino acids at the expense
of sucrose synthesis. Similar results have been obtained
with isolated mesophyll cells of Papaver somniferum [85]
and with leaf discs of Medicago sativa [86).

However, at present there exists no direct explanation
for the nitrogen effect on the metabolism of lipids and
fatty acids in algae. The polar lipids and polyunsaturated
fatty acids, which increase at higher nitrogen concentra-
tions, are mostly located in the chloroplasts. The nitrogen
effect is possibly a secondary one: chloroplasts are fe-
ported to have high protein contents [96, 97]. We recently
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analysed cells of Chlorella vulgaris grown with 0.039,
KNOj; and discovered that the chloroplasts contained
40°¢, protein, while the whole cells had an average of only
279, protein (paper in preparation). If one considers that
chloroplasts lose stromal proteins during the isolation
procedure, the actual chloroplast protein value should be
even greater. With-decreasing nitrogen levels the chloro-
phyll contents of the cells drop, indicating a rapid
reduction or even breakdown of the whole chloroplast
apparatus. During this process the chloroplast lipids and
fatty acids also appear to be catabolized. The mechanisms
of this process are as yet unknown. In contrast to all of the
algae so far examined, the blue—green algae did not reveal
any significant changes in the percentage and composition
of their lipids and fatty acids, when they were grown at
different concentrations of nitrogen. Moreover, they
produced no detectable amounts of triacylglycerols. In
essence, our results indicate that by varying the nitrogen
concentrations of the nutrient media in mass culture
experiments, blue—green algae can be manipulated with
regard to their biomass production and protein contents
but not with respect to the contents and composition of
their lipids and fatty acids.

As described above, the regulation of N concentrations
can control the metabolism of lipids and fatty acids in
various green, red and brown algae. All these algae are
eukaryotes. There was, however, no effect of nitrogen on
the metabolism of lipids and fatty acids in blue-green
algae, which are prokaryotes. Hence, our data may be the
first indication of a hitherto unrecognized distinction
between prokaryotic and eukaryotic organisms in their
lipid and fatty acid metabolism. This will be studied more
thoroughly in further investigations.

EXPERIMENTAL

Organisms. Chlorella vulgaris Beijerinck and Scenedesmus
obliquus (Turp.) Kriiger were obtained from the Pflanzenphysio-
logisches Institut, University of Gottingen, West Germany.
Acquired from the Centre of Algae and Protozoa, Cambridge,
Great Britain were Anacystis nidulans (Richt.) Dr., Microcystis
aeruginosa Kiitzing and Spirulina platensis (Nordstedt) Geitler,
while Oscillatoria rubescens DC. was generously donated by Dr.
E. Meffert, Max Planck-Institut fiir Limnologie, Plon, West
Germany [87]. .

Nutrient media. (a) For Chlorella vulgaris, Scenedesmus
obliquus, Anacystis nidulans and Microcystis aeruginosa the
medium applied was the same as that described previously [88]
with slight modifications and containing varying concns of
NH,Cl or KNOj; NaCl: 03g/l;, MgSO,7H,0: 0.2g/l;
CaCl, -2 H,0:0.04g/1; K, HPO, - 3 H,0: 0.2 g/I; trace elements:
MnCl,-H,O: 15mg/l; H3BO;: 0.1mg/l; ZnSO,:7H,O:
0.1 mg/1; CoSO, -7 H,0O: 0.1 mg/1; Na,MoO, -2 H,0: 0.1 mg/l;
CuSO,-5H,0: 0.01 mg/1; FeCly -6 H,0O: 4.0 mg/l;
Na,EDTA-H,O: 55mg/l;, NH,Cl: 0003-03g/l;, KNOj:
0.003-1 g/1.

(b) Oscillatoria rubescen was grown in a modified medium
according to Staub [89]: CaCl,-2H,0: 45 mg/l; K;HPO,:
31 mg/1; MgSO, -7 H,0: 25 mg/l; Na,CO;: 21 mg/l; trace ele-
ments as for the green algae (see above); KNOj;: 0.03-1 g/l.

(c) Spirulina platenis was grown in the medium prescried by

*Because the solvent system contained benzene, TLC was
conducted under a hood. The separations were somewhat less
distinct when toluene or xylene was substituted for benzene.
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Ogawa and Terui [25] with varying amounts of KNO;
(0.01-1 g/1).

Growth conditons. All allgae were grown under bacteria-free
conditions and continuous aeration in 8 1. batch cultures at light
intensities of about 800 lux and 22°. Growth of the algae was
monitored by spectral measurements of the algal suspensions at
440 nm. After reaching the stationary phase of growth the algae
were centrifuged, freeze-dried, weighed and stored under nit-
rogen at —24°.

Lipid extraction. The dried algae were ground with sea sand
and extraction proceded three times (2hr each with
CHCI;-MeOH, 2:1) under N, and during continual shaking at
room temp. The major portion of the solvent was removed
through evaporation under N, at 40°. The lipids were then
transfered in CHCI, to preweighed test tubes, concd in N, and
dried to a constant weight in a vacuum desiccator. The total lipid
conglomerate was dissolved in CHCl; to obtain a standard lipid
solution of exactly 10 mg total lipid per 1.0 ml solvent.

Thin layer chromatography. Precoated plates (silica gel 60-
Merck) were used for qualitative investigations. For quantitative
analyses the plates (20 x 20 cm) were prepared in the laboratory
(35.0 g TLC-silica gel 60H-Merck/80.0 ml distilled H,O; thick-
ness: 0.25 mm). After activation for 2 hr at 120°, the plates were
stored over P,0O;. Solvent systems: (a) Me,CO-C;H—H,0*
(91:30:8) [90] (TLC of the total lipids and the polar lipids);
(b) CHCl;-MeOH-H,0 (65:25:4; polar lipids); (c) hexane—
CsHg-Et,O (80:20:2; neutral lipids); (d) hexane-Et,O~
HOAc (90:25:2; neutral lipids). The lipids were identified by
cochromatography with reference samples. After the completion
of TLC the lipids were sprayed with an alkaline soln of
Rhodamin 6 G (equal vols of 0.006 9, Rhodamin 6 G in H,0 and
of 8% NaOH) [91] and visualized in UV, .

Column chromatography. Separation of the total lipids into
neutral and polar lipids was achieved through CC [92]. A glass
column (30 cm x 1.5 cm inner diameter) was filled with a suspen-
sion of silica gel 60 (Merck) and Hyflo-supercel (Macherey &
Nagel) (1:1) in CHCIl; [93]. About 50 mg of the total lipid
sample were transferred to the column and elution of the neutral
fraction was first performed with CHCl;. This fraction also
contained all of the pigments. Subsequently, MeOH was used to
obtain the polar fraction.

Preparation of the fatty acid methyl esters. The fatty acid
methyl esters of the total, neutral and polar lipids were obtained
by transmethylation with NaOMe under N, [94]. Free fatty
acids were not present. For GC, 17:0, 19:0 or 20:0 fatty acid
methyl esters were added as internal standards.

Gas chromatography. Flame ionisation detector (FID).
Column: stainless steel capillary column (~ 50 m) with Silar 10C.
Column temp.: 175°, Injector and detector temp.: 250°. Flow rate:
1 mI N, /min. Split ratio: 1:150.

Determination of total protein. The content of total N, in the
freeze-dried algae was determined according to the Kjeldaht
method. Protein content was calculated using a factor of 6.25.

Determination of chlorophylls. The determination of the
chlorophylls content of the total lipids was carried out according
to Arnon [95].

Acknowledgement—The work of K.-H. Baasch was supported by
a grant (Po 80/5-1) from the Deutsche Forschungsgemeinschaft.
We thank Sabine Krautwurst for her skilful technical assistance
and Thomas Noji for reading the manuscript.

REFERENCES

1. Kessler, E. (1980) Arch. Hydrobiol. Suppl. 60, 80.
2. von Witsch, H. (1970) Ber. Dtsch. Bot. Ges. 83, 519.



10.
11.

12,
13.

14,

15.
16.
17.
18.

19.
20.

21.

22,
23,
24,

25.
26.

27.
28.

29.
30.
31.
32,

33.
34.
3s.
36.
37.

38.
39.
. Pohl, P. (1973) Z. Naturforsch. 28¢, 270.
41.

. Soeder, C. J. and Modesta, S. (1972) DECHEM A Monogr.

70, 55. :

. Jaleel, S. A. and Soeder, C. J. (1973) Indian Food Packer 27,

45,

. Becker, E. W.and Venkataraman, L. V. (1978) Algae for Feed

and Food. Alga Project, Central Food Technol. Res. Inst.,
Mysore, India.

. Dubinsky, Z., Berner, T. and Aaronson, S. (1978) Biotechnol.

Bioeng. Symp. 8, 51.

. Grobbelaar, J. U. (1979) S. Afr. J. Sci. 75, 133.
. Durand-Chastel, H. (1980) in Algae Biomass (Shelef, G. and

Soeder, C. J., eds.) p. 53. Biochemical Press, Elsevier/North
Holland.

. Shelef, G. and Soeder, C. J. (1980) Algae Biomass—

Production and Use. Elsevier/North Holland Biomedical
Press.

Aaronson, S. and Dubinsky, Z. (1982) Experientia 38, 36.
Samson, R. and LeDuy, A. (1982) Biotechnol. Bioeng. 24,
1919.

Soeder, C. J. (1976) Naturwissenschaften 63, 131.
Venkataraman, L. V., Becker, W. E.and Shamala, T. R. (1977)
Life Sci. 20, 223.

Yanagimoto, M. and Saitoh, H. (1982) J. Ferment. Technol.
60, 305.

Tipnis, H. P. and Pratt, R. (1960) Nature 188, 1031.

der Marderosian, A. (1969) J. Pharm. Sci. 58, 1.

Gessner, F. (1969) Dtsch. Apoth.-Zeitung 109, 1675.
Stewart, W. D. P. (1974) Algal Physiology and Biochemistry
Vol. 10. University of California Press, Berkeley, California.
Collins, M. (1978) Microbiol. Rev. 42, 725.

Aaronson, S., Berner, T. and Dubinsky, Z. (1980) in Algae
Biomass (Shelef, G. and Soeder, C. J., eds) p. 575.
Elsevier/North Holland, Amsterdam.

Ackman, R. G. (1981) New Sources of Fats and Oils (Pryde,
E. H,, Princen, L. H. and Mukerjee, K. D., eds.) p. 189.
AQCS.

Schnepf, E., Hegewald, E. and Soeder, C. J. (1974) Arch.
Microbiol. 98, 133.

Schnepf, E. (1974) Verdff. Inst. Meeresforsch. Bremerhaven
Suppl. 5, 65.

Domozych, D. S, Stewart, K. D. and Mattox, K. R. (1980) J.
Mol. Evol. 15, 1.

Ogawa, T. and Terui, G. (1970) J. Ferment. Technol. 48, 361.
Clement, G. and Landeghem, H. v. (1970) Ber. Dtsch. Bot.
Ges. 83, 559.

Harder, R. and Witsch, H. v. (1942) Der Forschungsdienst
(Sonderheft) 16, 270.

Harder, R. and Witsch, H. v. (1942) Ber. Dtsch. Bot. Ges. 60,
146.

Denffer, D. v. (1950) Arch. Mikrobiol. 14, 159.

Fogg. G. E. (1956) Ann. Botany 20, 265.

Opute, F. L. (1974) Ann. Botany 38, 889.

Kessler, E. Langner, W., Ludewig, I. and Wiechmann, H.
(1963) Microalgae & Photosynthetic Bacteria, p. 7; (special
issue of Plant and Cell Physiology).

Czygan, F.-C. (1968) Arch. Mikrobiol. 61, 81.

Czygan, F.-C. (1968) Arch. Mikrobiol. 62, 209.

Mayer, F. and Czygan, F.-C. (1969) Planta (Berl.) 86, 175.
Weber, A. (1975) Arch. Microbiol. 102, 45.

Pohl, P., Passig, T. and Wagner, H. (1971) Phytochemistry 10,
1505.

Pohl, P. and Wagner, H. (1972) Z. Naturforsch. 27b, 53.
Pohl, P. (1973) Z. Naturforsch. 28¢, 264.

Pohl, P. and Zurheide, F. (1979) in Advances in the Biochem-
istry and Physiology of Plant Lipids (Appelqvist, L.-A. and

43,

45.
. Paoletti, C., Pushparaj, B., Florenzano, G., Capella, P. and

47.

48,

49.

51.
52.

53.

54.

55.
56.

57.

58.
59.

61.
62.
63.

66.
67.

68.
. Holton, R. W.,, Blecker, H. H. and Onore, M. (1964)

70.
71,

72.
73.

74.
75.

76.

—oreen aleae
green atgae

[
—
th

Liljenberg, C., eds.) p. 427. Elsevier/North Holland, Amster-
dam

. Pohl, P. and Zurheide, F. (1979) in Marine Algae in

Pharmaceutical Science (Hoppe, H. A., Levring, T. and
Tanaka, Y., eds.) p. 473. Walter de Gruyter, Berlin.

Pohl, P. and Zurheide, F. (1965) in Marine Algae in
Pharmaceutical Science (Hoppe, H. A. and Levring, T, eds.)
p. 65. Walter de Gruyter, Berlin.

. Reitz, R. C. and Hamilton, J. G. (1968) Comp. Biochem.

Physiol. 25, 401.
Souza, N. J. de and Nes, W. R. (1968) Science 162, 363.

Lercker, G.(1975) Lipids 11, 258.

Paoletti, C., Pushparaj, B., Florenzano, G., Capella, P. and
Lercker, G. (1975) Lipids 11, 266.

Carr, N. G. and Whitton, B. A. (1973) The Biology of
Blue-Green Algae,Vol. 9, p. 109. University of California
Press, Berkeley, California.

Nichols, B. W., Harris, R. V. and James, A. T. (1965) Biochem.
Biophys. Res. Commun. 20, 256.

. Kabata, K., Sadakane, H., Miyachi, M., Nagata, K., Hatano, S.

and Watanabe, T. (1979) J. Fac. Agr. Kyushi Univ. 23, 155.
James, A. T. amd Nichols, B. W. (1966) Nature 210, 372.
Otsuka, H. and Morimura, Y. (1966) Plant Cell Physiol. 7,
663.

Nichols, B. W. (1973) in The Biology of Blue—Green Algae
(Carr, N. G. and Whitton, B. A, eds.) Vol. 9, p. 144
University of California Press, Berkeley, Californa.
Patterson, G. W. and Krauss, R. W. (1965) Plant Cell Physiol.
6, 211.

Patterson, G. W. (1967) Plant Physiol. 42, 1457.

Patterson, G. W. and Karlander, E. P. (1967) Plant Physiol.
42, 1651.

Patterson, G. W. (1969) Comp. Biochem. Physiol. 31, 391.
Patterson, G. W. (1971) Lipids 6, 120.

Schlenk, H., Mangold, H. K., Gellerman, J. L., Link, W. E.,
Morrisette, A., Holman, R. T. and Hayes, H. (1960) J. Am. Qil
Chem. Soc, 37, 547.

. Klenk, E., Knipprath, W., Eberhagen, D. and Koof, H. P.

(1963) Hoppe Seyler's Z. Physiol. Chem. 334, 44.

Gurr, M. 1. and Brawn, P. (1970) Eur. J. Biochem. 17, 19.
Gurr, M. L. (1971) Lipids 6, 266.

Trubachev, 1. N, Gitelsohn, I. I, Kalachyova, G. S,
Barashkov, V. A,, Belyanin, V. N. and Andreyeva, R. 1. (1976)
Prikl. Biokhim. Mikrobiol. 12, 196.

. Bergmann, W. and Feeney, R. J. (1950) J. Org. Chem. 15, 812.
. Iwata, I, Nakata, H., Mizushima, M. and Sakurai, Y. (1961)

Agric. Biol. Chem. 28, 319.

Déohler, G. and Datz, G. (1980) Z. Pflanzenphysiol. 100, 427.
Zepke, H. D, Heinz, E., Radunz, A, Linscheid, M. and Pesch,
R. (1978) Atch. Microbiol. 119, 157.

Nichols, B. W. and Wood, B. J. B. (1968) Lipids 3, 46.

Phytochemistry 3, 595.

Levin, E., Lennarz, W. J. and Bloch, K. (1964) Biochim.
Biophys. Acta 84, 471.

Parker, P. L., Baalen, C. V. and Maurer, L. (1967) Science
155, 707.

Kenyon, C. N. (1972) J. Bacteriol. 109, 827.

Holton, R. W, Blecker, H. H. and Stevens, T. S. (1968) Science
160, 545.

Kenyon, C. N. and Stainer, R. Y. (1970) Nature 227, 1164.
Kenyon, C. N, Rippka, R. and Stanier, R. Y. (1972) Arch.
Microbiol. 83, 216.

Or6, 1., Tornabene, T. G., Nooner, D. W. and Gelpi, E. (1967)
J. Bacteriol. 93, 1811.



216

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

M. PIORRECK et al.

Han, J., Mc Carthy, E. D, Calvin, M. and Benn, M. H. (1968)
J. Chem. Soc. (C), 2785.

Winters, K., Parker, P. L. and Baalen, C. V. (1969) Science
163, 467.

Gelpi, E., Schneider, H., Mann, J. and Oré, J. (1970)
Phytochemistry 9, 603.

Lee, R. F. and Loeblich III, A. R. (1971) Phytochemistry 10,
593.

Tornabene, T. G. (1981) Trends Biol. Ferment. Fuels Chemi-
cals (Hollaender, A., Rabson, R., Rogers, Pietro, Valentine
and Wolfe, eds.) Plenum, New York.

Richardson, B., Orcutt, D. M., Schwertner, H. A, Martinez,
C. L. and Wickline, H. E. (1969) Appl. Microbiol. 18, 245.
Kanazawa, T., Kirk, M. R. and Bassham, J. A. (1970) Biochim.
Biophys. Acta 208, 401.

Kanazawa, T., Kanazawa, K., Kirk, M. R. and Bassham, J. A.
(1972) Biochim. Biophys. Acta 256, 656.

Paul, J. S., Cornwell, K. L. and Bassham, J. A. (1978) Planta

14% A0
194, 57,

Platt, S. G. (1977) Plant Physiol. 60, 739.

87.
88.
89.
90.
91.
92.
93.
94,
95.
96.

97.

Meffert, M.-E. and Tsang-Pi Chang (1978) Arch. Hydrobiol.
82, 231,

Pohl, P. and Drath, G. (1973) Z. Naturforsch. 28¢c, 285.
Staub, R. (1961) Schweiz. Z. Hydrol. 23, 84.

Pohl, P,, Glasl, H. and Wagner, H. (1970) J. Chromatogr. 49,
488.

Allen, C. F., Good, P, Davies, H. F., Chisum, P. and Fowler,
S. D. (1966) J. Am. Oil Chem. Soc. 43, 223.

Kates, M. (1972) Techniques of Lipidology, North Holland,
Amsterdam.

Thiele, O. W. (1979) Lipide, Isoprenoide mit Steroiden. Georg
Thieme Verlag, Stuttgart.

Zurheide, F. (1979) Dissertation, Kiel.

Arnon, D. 1. (1949) Plant Physiol. 24, 1.

Leech, R. M. (1966) in Biochemistry of Chloroplasts
(Goodwin, T. W,, ed.) Vol. 1. Academic Press, New Yeork.
Bogorad, L. (1967) in Biochemistry of Chloroplasts

(Goodwin, T. W, eds.) Vol. I, p. 614. Academic Press, New
Vark

10Ia.



