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Chlamydomonas reinhardtii is a model alga for studying triacylglycerol (TAG) accumulation in the photosynthetic production
of biofuel. Previous studies were conducted under photoheterotrophic growth conditions in medium supplemented with acetate
and/or ammonium. We wanted to demonstrate TAG accumulation under truly photoautotrophic conditions without reduced
elements. We first reidentified all lipid components and fatty acids by mass spectrometry, because the currently used identifica-
tion knowledge relies on data obtained in the 1980s. Accordingly, various isomers of fatty acids, which are potentially useful in
tracing the flow of fatty acids leading to the accumulation of TAG, were detected. In strain CC1010 grown under photoau-
totrophic conditions, TAG accumulated to about 57.5 mol% of total lipids on a mole fatty acid basis after the transfer to nitro-
gen-deficient conditions. The content of monogalactosyl diacylglycerol, sulfoquinovosyl diacylglycerol, and phosphatidylglyc-
erol decreased drastically. The accumulated TAG contained 16:0 as the major acid and 16:4(4,7,10,13), 18:2(9,12), and 18:
3(9,12,15), which are typically found in chloroplast lipids. Additionally, 18:1(11) and 18:3(5,9,12), which are specific to
extrachloroplast lipids, were also abundant in the accumulated TAG. Photosynthesis and respiration slowed markedly after the
shift to nitrogen-deficient conditions. These results suggest that fatty acids for the production of TAG were supplied not only
from chloroplast lipids but also from other membranes within the cells, although the possibility of de novo synthesis cannot be
excluded. Under nitrogen-replete conditions, supplementation with a high concentration of CO2 promoted TAG production in
the cells grown photoautotrophically, opening up the possibility to the continuous production of TAG using CO2 produced by
industry.

Photosynthetic production of various forms of reduced carbon
is the ultimate source of biological free energy, which enables

biological, social, and industrial human activities. Agricultural
production has been the major source of human nutrition, but
biofuel is now attracting social interest as an alternative to fossil
resources. Algal production of bioresources is a new perspective as
a means to supply both biofuel and chemical materials, avoiding
competition with nutritional resources (1). Among various algal
products, triacylglycerol (TAG), hydrocarbons, and carbohy-
drates are the major targets of bioengineering. In many algae, TAG
is known to accumulate under conditions of nutrient deficiency
(2). A unicellular green alga, Chlamydomonas reinhardtii, is cur-
rently studied as a model organism for elucidating the metabolic
pathway and signaling pathway of TAG accumulation. This alga
has been used in studies of photosynthesis, reproduction, and mo-
tility, mainly because the methodology for genetic analysis is ap-
plicable (3, 4). In addition to classical crossing, molecular genetic
manipulation (5, 6) is becoming useful, especially on the basis of
the genomic information (7). Various genes for the synthesis of
lipids have also been identified (8).

Despite the increasing number of tools for molecular biologi-
cal analysis, one of our concerns was that the chemical analysis of
the lipids in C. reinhardtii is outdated. The chemical composi-
tional data on the lipid classes and fatty acids date from the 1980s,
when Eichenberger’s group (9, 10) and one of us (11, 12) identi-
fied the major lipid and fatty acid components. At that time, the
presence of various C16 and C18 fatty acids was reported, but the
double bond position of the fatty acids was not rigorously estab-
lished (9, 11, 12), except for commonly occurring components.
The chemical structure (13, 14) and biosynthesis (11, 13) of the

strange lipid diacylglyceryl-N,N,N-trimethylhomoserine (DGTS)
have been determined, and the genes involved in the synthesis of
DGTS were later identified (8, 15). An unusual fatty acid, �5,9,12-
octadecatrienoic acid, was first reported by Eichenberger’s group
(9) and then confirmed by one of us (11, 12), but the desaturation
sequence of this fatty acid remained unclear. In addition, the
structures of many fatty acids were determined using the technol-
ogy available at that time. Therefore, we felt the need to thor-
oughly reidentify all of the lipid components of C. reinhardtii us-
ing the currently available tools, and this analysis must be the first
step in analyzing the biosynthetic pathway and metabolic flow of
lipids in Chlamydomonas.

Another concern pertains to the strains and growth conditions
of the organism. Laboratory strains of C. reinhardtii originate
from three lines, namely, the Sager line, the Cambridge line, and
the Ebersold/Levine 137c line (16). The strains of the Ebersold/
Levine 137c line have a mutation in the nitrate reductase gene and
are not able to use nitrate as the sole nitrogen source for growth
(17); however, these strains are used for most studies on TAG
accumulation in C. reinhardtii, in which TAG production is eval-
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uated under photoheterotrophic conditions (18–22) using Tris-
acetate-phosphate (TAP) medium containing ammonium and
acetate. In our view, ammonium and acetate are not suitable nu-
trients for the study of biofuel production because the essential
objective for biofuel production is to produce reduced carbon by
photosynthesis from carbon dioxide (CO2). Acetate is a reduced
form of carbon, and in fact, radioactive acetate has been used as a
substrate for the study of fatty acid synthesis (23). Ammonium ion
is a highly reduced molecule that should be synthesized by con-
suming a large amount of reducing equivalent, which could be
spared and used for the reduction of CO2 and other compounds
within the cell if it is added exogenously. Acetate has been reported
to promote TAG production in C. reinhardtii cw15, a strain of the
Ebersold/Levine 137c line (18, 24). Theoretically, the net produc-
tion of biofuel will have to rely on the net reduction of carbon by
photosynthesis, because no other way of obtaining reduced car-
bon from the biosphere exists (25).

In the present study, we focused on the photosynthetic produc-
tion of TAG from inorganic, nonreduced nutrients. For this pur-
pose, we used C. reinhardtii strain CC1010, a strain of the Cam-
bridge line, which is able to grow photoautotrophically using
nitrate as a nitrogen source. First, we reidentified all of the lipid
components, including lipid classes and fatty acids. Then, we an-
alyzed the composition of lipids and fatty acids in this strain under
normal and nitrogen-deficient conditions. We also monitored the
activity of photosynthesis and respiration under these conditions.
The effects of the supplementation of CO2 on TAG accumulation
were examined under completely photoautotrophic conditions to
show that TAG accumulation can be driven by photoautotrophic
growth.

MATERIALS AND METHODS
Algal strain. The green alga Chlamydomonas reinhardtii strain CC1010
was obtained from the Chlamydomonas Resource Center (St. Paul, MN).

Growth conditions. The algal cells were grown at 25°C in flat culture
flasks (capacity, 500 ml with air space) containing 500 ml of modified
Bristol’s medium (MBM) (26) with continuous aeration by 1% CO2 in
air. In some experiments, aeration was provided by either 5% CO2 in air
or ordinary air. Light (45 �mol m�2 s�1) was provided by a bank of white
fluorescent tubes (color temperature, 6,700 K; model FL20S FR P; Pana-
sonic, Osaka, Japan). MBM contained, per liter, 250 mg KNO3, 7.5 mg
MgSO4·7H2O, 25 mg NaCl, 7.5 mg K2HPO4, 175 mg KH2PO4, 13 mg
Ca(NO3)·4H2O, 2 ml Fe stock solution, and 1 ml A5 solution (the pH was
adjusted to 6.5 with 1 N NaOH). The Fe stock solution contained 0.5 g
liter�1 FeSO4·7H2O, whereas the A5 solution contained, per liter, 2.8 g
H3BO3, 2.5 g MnSO4·7H2O, 0.2 g ZnSO4·7H2O, 0.07 g CuSO4·5H2O, and
0.02 g Na2MoO4·2H2O. KNO3 was not added in the nitrogen-depleted
medium, which we designated MBM-noN; it included 10 mg liter�1

CaCl2·2H2O instead of Ca(NO3)·4H2O.
Counting of cell numbers. To 1 ml of the culture was added 10 �l of

25% glutaraldehyde solution to fix the cells. Cell numbers were counted in
a Fuchs-Rosenthal hemocytometer (Kayagaki, Tokyo, Japan). Experi-
ments were performed in duplicate. Measurements were performed in
duplicate for each experiment.

Nile red staining. To 1 ml of the culture was added 10 �l of 25%
glutaraldehyde solution to fix the cells. To 4 �l of the fixed cell suspension
was added 4 �l of TAN buffer (0.5 M sucrose, 20 mM Tris-HCl [pH 7.5],
1.2 mM spermidine, 0.5 mM EDTA disodium salt (EDTA), 7 mM 2-mer-
captoethanol, 0.4 mM phenylmethylsulfonyl fluoride [PMSF]) contain-
ing 1% glutaraldehyde, 1 �l of TAN buffer containing 0.05 mg ml�1 Nile
red, and 4 �l of TAN buffer containing 1 �g ml�1 4=,6-diamino-2-phe-
nylindole (DAPI). The stained cells were examined with a BX60 fluores-
cence microscope (Olympus, Tokyo, Japan). The fluorescence of the Nile

red bound to nonpolar lipid was detected with a WIG filter unit (excita-
tion, 520 to 550 nm; dichroic mirror, 565 nm; emission, �580 nm). The
fluorescence of DAPI bound to DNA and the autofluorescence of chloro-
phyll were detected with a WU filter unit (excitation, 330 to 380 nm;
dichroic mirror, 400 nm; emission, �420 nm). Under the settings of the
present study, the fluorescence of chlorophyll was removed substantially
with a WIG filter unit, while the fluorescence of Nile red did not interfere
with the observation of the fluorescence of DAPI and chlorophyll.

Measurements of photosynthetic oxygen evolution, respiratory ox-
ygen consumption, and chlorophyll content. Photosynthetic oxygen
evolution and respiratory oxygen consumption were determined using a
Clark-type oxygen electrode (OXY1; Hansatech, Norfolk, United King-
dom). A 2-ml aliquot was removed from the culture and transferred to the
measuring chamber. Cells were kept in the dark at 25°C for 10 min, and
then the oxygen consumption rate (A) was recorded for 2 min. Next, the
cells were illuminated by saturating light of 10,000 �mol m�2 s�1 at 25°C
for 2 min, and the oxygen evolution rate (B) was recorded. Photosynthetic
oxygen evolution was calculated as (A � B). For the determination of the
chlorophyll content in the cells of CC1010, a 200-�l aliquot of the culture
was mixed with 800 �l of acetone. The mixture was kept on ice for 30 min
to extract chlorophyll and then centrifuged at 4°C for 2 min at 15,000 � g.
The absorbance values were measured at 710, 663, and 645 nm using a
spectrophotometer (model UV-160A; Shimadzu, Kyoto, Japan). Total
chlorophyll was determined as described by Porra et al. (27). Experiments
were performed in duplicate. Measurements were performed in duplicate
for each experiment.

PAM fluorescence measurement. Pulse amplitude modulation
(PAM) fluorescence measurement was performed using a fluorescence
monitoring system (model FMS1; Hansatech). A 2-ml aliquot of culture
was transferred to the measuring chamber. Cells were kept in the dark at
25°C for 5 min. A standard sequence of measurement for algal cells was
used (28). The intensity of the actinic light was 90 �mol m�2 s�1. The
intensity of the 0.2-s saturating pulse was 10,000 �mol m�2 s�1. The
standard parameters Fv, Fv=, qP, qN, �II, and NPQ were calculated as
described by Ishikawa et al. (28). Experiments were performed in dupli-
cate, and measurements were performed in duplicate for each experi-
ment.

Extraction of lipids. The algal cells were harvested by centrifugation
(3,000 � g, 10 min, 4°C) at a density of 2 � 106 to 5 � 106 cells ml�1

(about 40 ml). Total lipids were extracted by the method of Bligh and Dyer
(29). The chloroform phase was evaporated under vacuum. The lipids
were dissolved in 0.4 ml of chloroform-methanol (2:1, by volume) and
stored at �20°C until use.

Separation of lipids. Lipid classes were separated by two-dimensional
(2D) thin-layer chromatography (TLC) as described by Sato and Furuya
(30). Lipid solution (180 �l) was spotted on a silica gel plate (20 cm by 20
cm; TLC silica gel 60 plate; catalog number 5721; Merck, Darmstadt,
Germany) at a position 25 mm by 25 mm from one corner. The first
dimension was developed with acetone-benzene-methanol-water (8:3:
2:1, by volume) to the top of the plate. After drying for 30 min, the second
dimension was developed with chloroform-acetone-methanol-acetic ac-
id-water (10:4:2:3:1, by volume) until the solvent front reached a height of
12.5 cm. After drying again, the plate was further developed in the second
dimension with n-hexane– diethyl ether–acetic acid (80:30:1, by volume)
to the top of the plate. After drying, the plate was sprayed with 0.01%
primuline in 80% aqueous acetone. Lipid spots were detected under ul-
traviolet light at 365 nm.

Identification of lipid classes. Each lipid class was scraped off the plate
and extracted with chloroform-methanol (2:1, by volume). After filtra-
tion with a filter paper, the extract was washed with 1/4 volume of phos-
phate-buffered saline, and then, the chloroform phase was evaporated to
dryness. The lipid was dissolved in chloroform-methanol (2:1, by vol-
ume). The lipid solution (5 �l) was mixed with an equal volume of 10 mM
2,5-dihydroxybenzoic acid in acetone. One microliter of this mixture was
spotted on a sample plate and allowed to evaporate. Mass spectra were
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recorded in an AXIMA-CFR Plus matrix-assisted laser desorption ioniza-
tion (MALDI)–time of flight (TOF) mass spectrometer (Shimadzu) at an
irradiation intensity corresponding to the setting at 120 to 125.

Preparation of FAMEs. Each lipid class was scraped off the plate with
a razor blade and transferred to a Pyrex glass tube with a screw cap. Then,
2 ml of 2.5% HCl in anhydrous methanol (Kanto Kagaku, Ltd., Tokyo,
Japan) was added. The tube was placed in a heating block at 85°C for 2.5 h.
After cooling, fatty acid methyl esters (FAMEs) were extracted four times
with 2 ml n-hexane. For the final extraction, 1 ml water was added to
achieve complete extraction of the FAMEs into the n-hexane phase. The
solvent was removed under vacuum, and the resultant FAME was dis-
solved in a small volume of n-hexane and stored at �20°C until analysis.
Pentadecanoic acid (15:0) was added before the methanolysis as an inter-
nal standard for quantification of fatty acid methyl esters by gas chroma-
tography (GC).

Preparation of fatty acid pyrrolidides. An aliquot of FAME solution
was evaporated to dryness and then dissolved in 20 �l of pyrrolidine. After
adding 2 �l of acetic acid, the mixture was placed in a heating block at
100°C for 30 min. The reaction mixture was directly analyzed by GC (31).

Preparation of trimethylsilylated hydroxy derivatives. An aliquot of
FAME solution was evaporated to dryness and then dissolved in 500 �l of
dioxane-pyridine (8:1, by volume). After adding 50 �l of 5% osmium
tetroxide in dioxane, the mixture was kept at ambient temperature for 30
min with continuous stirring. Then, 1.25 ml of methanol and 4.25 ml of
20% aqueous sodium sulfite were added to this mixture. After standing
for 1 h, the mixture was centrifuged at 750 � g for 20 min at 15°C. The
supernatant was clarified by filtration through glass fiber paper (type
GF/F; Whatman International Ltd., Maidstone, Kent, United Kingdom)
and then evaporated under vacuum. The residue (completely hydroxy-
lated FAME) was completely dried in a vacuum desiccator for 15 min. The
final residue was extracted with diethyl ether and then with methanol.
Each of the extracts was dried under vacuum. Trimethylsilylation was
performed by adding 20 �l of the reagent TMS-BA (Tokyo Kasei, Ltd.,
Tokyo, Japan), and the mixture was kept at 80°C for 10 min (32–34).

GC. FAMEs were analyzed with a gas chromatograph (model GC-
2014; Shimadzu) equipped with a flame ionization detector and a capil-
lary column (length, 50 m; internal diameter, 0.25 mm; ULBON HR-SS-
10; Shinwa Chemical Co., Kyoto, Japan). The temperature of the column
was kept at 180°C for 5 min and then elevated to 230°C at a rate of 3°C
min�1. The flow rate of the carrier gas (nitrogen) was 1 ml min�1. Peak
areas on the gas chromatogram were used to calculate the relative molar
amounts of fatty acids. Absolute amounts were calculated using the inter-
nal standard 15:0. The amounts of lipid classes were determined on the
basis of the amounts of fatty acids.

GC-mass spectrometry (MS). FAMEs, fatty acid pyrrolidides, and
trimethylated derivatives of hydroxyl fatty acids were analyzed with a gas
chromatograph-mass spectrometer (model GCMS-QP2010 Ultra; Shi-
madzu). High-grade pure helium (He) was used as the carrier gas. The
ionization voltage was 70 eV, and the ionization temperature was 200°C.
Mass spectra were scanned every 0.2 s.

For the analysis of the FAMEs, a BPX70 column (length,60 m; internal
diameter, 0.22 mm; SGE Analytical Science, Victoria, Australia) was used.
The column temperature was elevated from 170°C to 250°C at a rate of
3°C min�1 and then kept at 250°C for 5 min. The flow rate of the helium
carrier gas was 0.85 ml min�1.

Fatty acid pyrrolidides were also analyzed using the BPX70 column.
The column temperature was first kept at 200°C for 1 min, elevated to
250°C at a rate of 10°C min�1, kept at 250°C for 25 min, elevated to 260°C
at a rate of 2°C min�1, and finally, kept at 260°C for 5 min. The flow rate
of the He carrier was 0.84 ml min�1.

Trimethylsilylated derivatives of hydroxylated fatty acids were ana-
lyzed with a nonpolar column (length, 30 m; internal diameter, 0.25 mm;
Rtx-5MS; Restek, Bellefonte, PA). The column temperature was initially
kept at 150°C for 1 min, elevated to 300°C at a rate of 7°C min�1, kept at

300°C for 10 min, elevated to 330°C at a rate of 7°C min�1, and finally,
kept at 330°C for 5 min. The flow rate of the He gas was 1.40 ml min�1.

All of these analytical procedures and typical data are available in
Document S1 in the supplemental material.

RESULTS
Critical identification of lipids and fatty acids in C. reinhardtii
CC1010. The total lipid of C. reinhardtii CC1010 grown on MBM
was separated by 2D-TLC. Phosphatidylinositol (PI), phospha-
tidylethanolamine (PE), diacylglyceryl-N,N,N-trimethylhomo-
serine (DGTS), phosphatidylglycerol (PG), digalactosyl diacyl-
glycerol (DGDG), sulfoquinovosyl diacylglycerol (SQDG), and
monogalactosyl diacylglycerol (MGDG) were detected as in the case
of C. reinhardtii 137c (9, 10) and UTEX89 (the mating type-minus
variant of UTEX90 is CC1010) (12). In addition, triacylglycerol
(TAG) was detected under the conditions tested. Each lipid class
was recovered from the plate and confirmed by MALDI-TOF MS.
Phosphatidic acid (PA) was detected as a very minor spot. Other
spots that were not further analyzed included putative wax esters
and free fatty acids.

The lipid classes were converted to FAMEs. For critical identi-
fication of fatty acids in C. reinhardtii CC1010, fatty acid pyrroli-
dides and trimethylsilylated hydroxyl derivatives were prepared
from the FAMEs and analyzed by GC-MS. In general, the number
of carbon atoms and the number of double bonds were identified
with the FAMEs, whereas the positions of double bonds were es-
timated with the pyrrolidides. The exact position of double bonds
was determined with trimethylsilylated hydroxyl derivatives (see
File S1 in the supplemental material). Previously, strains 137c and
UTEX89 have been reported to contain 16:1(7), 16:1(3t), and 16:
1(9) (9, 12) as C16 monoenoic acids [note that a fatty acid is rep-
resented by X:Y, where X is the number of carbons and Y is the
number of double bonds, and the position(s) of the double
bond(s) counted from the carboxyl group is shown in parenthe-
ses]. In CC1010, 16:1(11) was also identified (see Document S1 in
the supplemental material). The fatty acids 16:2(7,10), 16:
3(4,7,10), 16:3(7,10,13), and 16:4(4,7,10,13) were identified in
CC1010, as reported in C. reinhardtii 137c (9) and UTEX89 (12).

Previously, 137c and UTEX89 has been reported to have 18:
1(9) and 18:1(11) as C18 monoenoic acids (9, 12). Now, 18:1(13)
was also identified in CC1010 (see Document S1 in the supple-
mental material). Also, 18:2(9,12), 18:3(5,9,12), 18:3(9,12,15),
and 18:4(5,9,12,15) were identified in CC1010, as in the case of
137c and UTEX89 (see Document S1 in the supplemental mate-
rial) (9, 12). The fatty acid 18:3(5,9,12) was reported to be 	-lino-
lenic acid or 18:3(6,9,12) in a previously published paper (10). In
CC1010, 18:3(5,9,12) and 18:3(9,12,15) were unambiguously
identified by the three different GC-MS methods. We did not
detect 18:3(6,9,12) at all. However, the tetraeoic acid fraction
seemed to contain two components, 18:4(5,9,12,15) and 18:
4(6,9,12,15) (see Document S1 in the supplemental material). We
noticed that 18:4 was described in various previous reports (35,
36), but without detailed identification, probably because they
relied on the old identification (9, 12). Because double bonds are
hard to identify in such fatty acids with four double bonds, we still
need to define the structure carefully. The coexistence of 18:
4(5,9,12,15) and 18:4(6,9,12,15) will have to be discussed from the
viewpoint of biosynthesis. Longer-chain fatty acids were reported
to be present in trace amounts only in C. reinhardtii 137c (9).
Now, 20:1(11) and 22:1(13) have been identified in CC1010 (see
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Document S1 in the supplemental material). In addition, a short-
er-chain fatty acid (14:0) and odd-numbered-chain fatty acids
17:0, 17:1(8), 17:1(9), 17:1(10), 17:1(11), 19:0, 19:1(10), and 19:
1(13) were detected in the present study in CC1010 (see Docu-
ment S1 in the supplemental material).

Cell growth and lipid droplet accumulation in photoau-
totrophically grown C. reinhardtii CC1010. C. reinhardtii
CC1010 displayed logarithmic growth when grown photoau-
totrophically on MBM (Fig. 1A). When the cell density of the
culture reached 2 � 106 to 5 � 106 cells ml�1, which corresponded
to the early logarithmic phase, the cells were harvested by centrif-
ugation at 4°C for 10 min at 3,000 � g and washed twice with
MBM-noN (MBM without a nitrogen source). Cooling was nec-
essary to keep the cells immotile during the manipulation but was
kept to a minimum time to avoid adverse effects on the cell phys-
iology. The washed cells were resuspended in MBM-noN. During
the continued growth on MBM-noN, the cell density of the cul-
ture increased by 2-fold and then reached a plateau (Fig. 1A).

Nile red staining was used to monitor the accumulation of lipid

droplets consisting of nonpolar lipids such as TAG in the cells
grown on MBM-noN (Fig. 1B). The cultures were sampled for
Nile red staining at the following time points: prior to the transfer
to MBM-noN medium, immediately after the transfer, and at 15
h, 40 h, 64 h, 92 h, 112 h, 137 h, and 160 h after the transfer.
Representative images are shown. The fluorescence of Nile red
(bound to nonpolar lipid) was detected as a red color with the
WIG filter (Fig. 1B). The red color was faintly detected in the cells
grown on MBM, indicating a low accumulation of lipid droplets
(Fig. 1B, panel 1). In contrast, a marked red color was detected in
the cells grown on MBM-noN, indicating that lipid droplets accu-
mulated to a significant level (Fig. 1B, panels 7 to 9). This finding
indicated that photoautotrophically grown CC1010 produces
nonpolar lipid under conditions of nitrogen deficiency. Appar-
ently, the lipid droplets colocalized with chloroplasts (Fig. 1B,
panels 7 to 9), but upon electron microscopic examination, the
lipid bodies were found in the cytoplasm between the nucleus and
the interior of the cup-shaped chloroplast (results not shown).

Cell viability was checked by observing the cell morphology

FIG 1 Growth and nonpolar lipid accumulation of Chlamydomonas reinhardtii strain CC1010 on MBM and MBM-noN. (A) Growth profiles of the strain. Each
value represents the mean 
 standard error. The arrows labeled 1 to 9 indicate the sampling points for the detection of a nonpolar lipid, as explained in the
Results. (B) Detection of the nonpolar lipids that accumulated in the cells by Nile red staining. Panels 1 and 3 to 9 are images for the cells sampled at time points
identified by arrows 1 and 3 to 9, respectively, in panel A. Images are representative of two independent cultures. BF, bright-field image; WIG, fluorescence image
with WIG filter; WU, fluorescence image with WU filter. With the WIG filter, the fluorescence of Nile red bound to nonpolar lipid was detected as red spots. With
the WU filter, the fluorescence of DAPI bound to DNA was detected as blue-white spots. The red color with the WU filter is the autofluorescence of chlorophyll.
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and measuring the colony-forming efficiency (CFE) (results not
shown). Although the value of CFE decreased with time, as de-
scribed in reference 37, the cells remained healthy, at least until
sampling point 8, under the nitrogen-deficient conditions. Some
cells were enclosed in a large capsule, and this could be the reason
for the lowered CFE. In contrast to the growth in TAP medium
without ammonium (results not shown), the cells retained a green
color for a longer period of time and looked healthy.

Changes in photosynthetic oxygen evolution, respiratory ox-
ygen consumption, and chlorophyll content after the shift to
nitrogen deficiency. Photosynthetic oxygen evolution, respira-
tory oxygen consumption, and the chlorophyll content in the cells
of strain CC1010 were measured (Fig. 2). The sampling points
were identical to those for the Nile red staining. The initial levels of
photosynthetic oxygen evolution, respiratory oxygen consump-
tion, and chlorophyll content in the cells grown on MBM-noN
were similar to or slightly lower than the respective values for the
cells grown on MBM. In the cells grown on MBM-noN, the levels
of photosynthetic oxygen evolution and respiratory oxygen con-
sumption decreased markedly within the first 12 h with respect to
the initial levels (Fig. 2A to C). The chlorophyll content decreased

gradually in a time-dependent manner but did not drop drasti-
cally (Fig. 2D). These results suggest that the activities of both
photosynthesis and respiration significantly decreased following
the removal of combined nitrogen.

Changes in photosynthetic performance after the shift to ni-
trogen deficiency. PAM fluorescence measurement was per-
formed to analyze the photosynthetic performance of the cells
after the transfer to nitrogen-depleted medium. The values of
Fv/Fm and Fv=/Fm= decreased slightly upon transfer to MBN-noN
and then remained at high levels during the 24-h period, indicat-
ing that photosystem II (PSII) was operative (Fig. 3). The initial
rise in qN and NPQ corresponds to the initial decrease in Fv/Fm

and Fv=/Fm= (Fig. 3). The values of qN and NPQ decreased later. In
contrast, the values of �II and qP decreased significantly 6 h after
the transfer to MBM-noN, indicating that electron transport was
disturbed by nitrogen deficiency near PSII and between PSII and
PSI (Fig. 3).

Accumulation of TAG in photoautotrophically grown C. re-
inhardtii CC1010. Aliquots of the culture were collected prior to
the transfer to the MBM-noN condition and at 137 h after the
transfer to determine the contents of lipids in CC1010 cells grown
on MBM or MBM-noN (Fig. 4 and Table 1). The experiments
were performed using four biological replicates for each growth
condition. The content of TAG was 57.5 mol% of the total lipids in
the cells grown on MBM-noN. It was significantly higher than the
content in the cells grown on MBM (P � 0.05). In contrast, the
contents of PI, PG, SQDG, DGDG, and MGDG in the cells grown
on MBM-noN were lower than the respective contents of the cells
grown on MBM at a confidence level of 95% (Table 1). This was
consistent with the high accumulation of lipid droplets in the cells
grown on MBM-noN (Fig. 1B, panels 7 to 9).

Composition of fatty acids in cells of C. reinhardtii CC1010
grown on MBM and MBM-noN. The compositions of fatty acids in
the cells of C. reinhardtii CC1010 grown on MBM and MBM-noN
are shown in Tables 2 and 3, respectively. The specific distribution
of fatty acids among lipid classes was found as reported previously
(9, 12). The 16:4 fatty acid was concentrated in MGDG, the 18:2
fatty acid was typical for DGDG and PG, the 18:1(11) fatty acid
was detected mainly in PI, the 18:3(9,12,15) fatty acid was local-
ized exclusively in MGDG and DGDG, and the 18:3(5,9,12) fatty
acid was specific for DGTS and PE. In the current study, we deter-
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mined that the double bond positions of 16:4 isolated from
MGDG are delta 4, 7, 10, and 13 (Table 2). The double bond
positions of 18:2, which was isolated from DGDG and PG, were
confirmed to be delta 9 and 12 (Table 2). Double bond positions of
18:3(9,12,15) and 18:3(5,9,12), which were isolated from MGDG,
DGDG, DGTS, and PE, were confirmed as such (Table 2). In the
TAG of C. reinhardtii CC1010 grown on MBM-noN, the contents
of 16:4(4,7,10,13), 18:1(11), 18:2(9,12), 18:3(5,9,12), and 18:
3(9,12,15) fatty acids increased with respect to the respective val-
ues in CC1010 grown on MBM at a confidence level of 95% (Table
3). These results suggest that various different classes of lipids
provide fatty acids for the synthesis of TAG.

Effects of supplementation of CO2 on accumulation of TAG.
The TAG contents in the cells of C. reinhardtii CC1010 grown with
air, 1% CO2, and 5% CO2 were compared to examine the effects of
supplementation of CO2 on TAG productivity (Fig. 5). The con-
tent of TAG was higher in the cells grown with 5% CO2 than in
those grown in air or 1% CO2 (Fig. 5A). This result indicated that
supplementation of CO2 can promote TAG accumulation in the
cells grown photosynthetically under nitrogen-replete conditions.
In the cells grown on MBM-noN, the difference in the TAG con-
tent was not significant between the cells grown with air or 1%
CO2 (Fig. 5B). The TAG content was, however, significantly lower
in the cells grown with 5% CO2 (P � 0.05) (Fig. 5B).

We also determined the fatty acid composition of total lipids
and TAG in the cells grown with different concentrations of CO2

(see Tables S1 and S2 in the supplemental material). Saturated
fatty acids were more abundant in the total lipids under condi-
tions of nitrogen deficiency at different concentrations of CO2.
The levels of unsaturated fatty acids were significantly higher with
a higher CO2 supply with or without a nitrogen source (P � 0.05).
These results are consistent with the general tendency of the fatty

acid composition reported previously (12), although TAG was not
analyzed before.

DISCUSSION
Reidentification of the lipid components in C. reinhardtii. We
performed the reidentification of lipid classes and fatty acids. For
lipid classes, all major spots in 2D-TLC were confirmed by TOF
MS. The MS peaks were compatible with the putative molecular
species composition. In our analysis, PA was not detected to a
significant level. We still do not know whether cardiolipin is pres-
ent in C. reinhardtii. Phosphatidylcholine was not detected, as
described in previous reports (9, 10, 12).

With respect to fatty acids, we obtained several new findings.
The double bond positions of the major fatty acids are, in general,
consistent with those reported previously, either from our labora-
tory (12) or from another laboratory (9) (see Document S1 in the
supplemental material). In addition, many fatty acids were iden-
tified as minor components (see Document S1 in the supplemen-
tal material).

The plausible pathways of fatty acid synthesis in C. reinhardtii
CC1010 are depicted in Fig. 6. The genes for the following desatu-
rases are known: stearoyl-ACP �9-desaturase (encoded by FAB2)
(7, 38), chloroplast �12-desaturase (FAD6) (39), �5-desaturase
acting on C18 fatty acids (an endoplasmic reticulum [ER] enzyme)
(40), MGDG palmitate �7-desaturase (FAD5) (7, 38), �4-desatu-
rase acting on MGDG (chloroplast enzyme) (41), �15-desaturase
(chloroplast enzyme, FAD7) (42), and oleate �12-desaturase (ER
enzyme, FAD2) (7, 38). Phosphatidylglycerol palmitate �3t-de-
saturase has not been identified in any plants or algae. The biosyn-
thesis of simple monoenoic acids, such as 16:1(9), 16:1(11), 17:
1(8), and 17:1(9), is not easily explained by the known enzymes.
We must assume that the enzyme specificity might be flexible; for
example, the enzyme acting on C18 acids is capable of acting on C17

or C19 acids. Furthermore, 16:1(9) and 18:1(11) could be pro-
duced by the so-called anaerobic pathway of fatty acid synthesis, as
in bacteria, but no such evidence has been reported in algae or
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FIG 4 Fractionation of total lipids from cells of Chlamydomonas reinhardtii
strain CC1010 grown on MBM-noN by 2D-TLC. Bright fluorescent spots
indicate lipids. Dark spots indicate pigments. Data are representative of four
independent experiments. 1, phosphatidylinositol (PI); 2, phosphatidyletha-
nolamine (PE); 3, diacylglyceryltrimetylhomoserine (DGTS); 4, phosphatidic
acid (PA); 5, phosphatidylglycerol (PG); 6, digalactosyl diacylglycerol
(DGDG); 7, sulfoquinovosyl diacylglycerol (SQDG); 8, monogalactosyl diac-
ylglycerol (MGDG); 9, free fatty acids 10, triacylglycerol (TAG); 11, putative
waxes.

TABLE 1 Composition of lipids in cells of Chlamydomonas reinhardtii
strain CC1010 grown on MBM or MBM-noN

Lipid class

Compositionc (mol%)

MBM MBM-noN

PI 2.7 
 0.2 1.7 
 0.3a

PE 4.5 
 0.4 2.9 
 0.6
DGTS 14.7 
 0.6 13.7 
 4.1
PG 10.7 
 0.1 2.1 
 0.6a

DGDG 16.0 
 0.6 12.2 
 1.5a

SQDG 8.6 
 0.3 1.4 
 0.1a

MGDG 41.3 
 1.7 8.7 
 1.5a

TAG 1.6 
 0.4 57.5 
 8.6b

Total 100 100
a Lipid classes that showed decreases in composition on MBM-noN at a confidence
level of 95%.
b Lipid classes that showed increases in composition on MBM-noN at a confidence level
of 95%.
c Each value represents the mean of the results obtained from four independent
experiments. Composition is indicated as molar percentages of component fatty acids.
The contents of total lipids (expressed as amounts of component fatty acids) in CC1010
cells grown on MBM and MBM-noN were 3.55 
 0.48 pmol cell�1 and 5.12 
 1.05
pmol cell�1, respectively.
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plants. We believe that the detection of 18:4(6,9,12,15) in addition
to 18:4(5,9,12,15) is not an artifact. They were, indeed, separated
as TMS derivatives of hydroxylated FAMEs in the GC-MS analy-
sis. The biosynthetic mechanism for 18:4(6,9,12,15), however, is a
mystery because no �6-desaturase is known to occur in C. rein-
hardtii (see Document S1 in the supplemental material). A possi-
ble explanation is that the �5-desaturase, which originated from
�6-desaturase, according to phylogenetic analysis (N. Sato, un-
published results), can introduce the �6 double bond as well, in
this special case.

Genes involved in the elongation of fatty acids have been de-

scribed (7, 38). Accordingly, 19:1(10), 19:1(13), 18:1(11), 18:
1(13), 20:1(11), and 22:1(13) might be produced by the elonga-
tion of 17:1(8), 17:1(11), 16:1(9), 16:1(11), 18:1(9), and 20:1(11),
respectively. Among these, 20:1(11) and 22:1(13) are likely to be
elongation products because no corresponding saturated acids
were detected. Various pathways are possible for the synthesis of
18:1(11), but the specific localization of 18:1(11) in PI will have to
be explained by a specific mechanism, such as lipid-linked desatu-
ration. This is a new perspective because PI has not been a target of
intense study, although it may be an important signaling mole-
cule.

TABLE 2 Composition of fatty acids in cells of Chlamydomonas reinhardtii strain CC1010 grown on MBM

Fatty acid

Contenta (mol%)

PI PE DGTS PG DGDG SQDG MGDG TAG

14:0 0.6 
 0.0 0.6 
 0.1 0.8 
 0.0 0.2 
 0.1 0.5 
 0.0 1.3 
 0.2 0.1 
 0.0 2.7 
 0.4
16: 0 59.8 
 0.8 4.7 
 0.1 40.9 
 0.4 36.4 
 1.2 37.5 
 0.8 81.5 
 0.7 2.0 
 0.2 49.6 
 1.7
16:1(7) 0.6 
 0.3 0.8 
 0.3 0.7 
 0.1 0.0 
 0.0 1.4 
 0.3 0.6 
 0.0 1.2 
 0.1 2.4 
 0.3
16:1(3t) 0.0 
 0.0 0.0 
 0.0 0.0 
 0.0 27.4 
 0.5 0.0 
 0.0 0.0 
 0.0 0.0 
 0.0 0.0 
 0.0
16:1(9) 0.1 
 0.1 0.2 
 0.1 0.1 
 0.0 0.9 
 0.2 0.2 
 0.0 0.2 
 0.0 0.2 
 0.1 0.3 
 0.1
16:1(11) 0.0 
 0.0 0.0 
 0.0 0.2 
 0.0 0.1 
 0.1 0.1 
 0.0 0.2 
 0.0 0.0 
 0.0 0.7 
 0.1
16:2(7,10) 0.0 
 0.0 0.0 
 0.0 0.4 
 0.2 0.0 
 0.0 4.9 
 0.0 0.4 
 0.1 2.6 
 0.2 0.9 
 0.1
16:3(4,7,10) 0.0 
 0.0 0.0 
 0.0 0.1 
 0.0 0.0 
 0.0 0.2 
 0.0 0.4 
 0.1 2.5 
 0.1 0.6 
 0.1
16:3(7,10,13) 0.0 
 0.0 0.0 
 0.0 0.6 
 0.0 0.0 
 0.0 6.7 
 0.2 0.6 
 0.1 4.3 
 0.1 1.0 
 0.1
16:4(4,7,10,13) 0.0 
 0.0 0.0 
 0.0 0.8 
 0.1 0.0 
 0.0 0.9 
 0.1 1.9 
 0.5 34.4 
 0.4 2.5 
 0.2
17:0 0.1 
 0.1 0.6 
 0.0 0.6 
 0.1 0.1 
 0.0 0.0 
 0.0 0.0 
 0.0 0.0 
 0.0 1.0 
 0.3
18:0 1.4 
 0.1 40.1 
 0.5 2.1 
 0.6 0.5 
 0.0 0.4 
 0.0 0.7 
 0.1 0.0 
 0.0 3.0 
 0.2
18:1(9) 0.0 
 0.0 0.9 
 0.1 1.9 
 0.0 4.6 
 0.6 9.4 
 1.2 1.9 
 0.2 2.3 
 0.6 9.0 
 0.1
18:1(11) 35.7 
 0.5 7.6 
 0.2 2.8 
 0.1 5.8 
 0.1 1.9 
 0.1 1.5 
 0.1 0.5 
 0.2 4.0 
 0.3
18:2(9,12) 1.1 
 0.1 3.1 
 0.2 7.7 
 0.2 16.5 
 0.4 18.0 
 1.0 2.8 
 0.1 7.7 
 0.5 8.4 
 0.4
18:3(5,9,12) 0.2 
 0.1 38.2 
 0.3 24.0 
 0.1 0.1 
 0.1 0.7 
 0.0 0.4 
 0.0 0.7 
 0.0 5.5 
 0.2
18:3(9,12,15) 0.4 
 0.0 0.4 
 0.0 5.6 
 0.3 7.4 
 0.4 16.7 
 0.3 4.7 
 0.4 40.5 
 0.2 6.4 
 0.3
18:4(5,9,12,15) and (6,9,12,15) 0.1 
 0.0 2.8 
 0.2 10.7 
 0.6 0.0 
 0.0 0.3 
 0.0 0.5 
 0.0 0.7 
 0.0 2.1 
 0.2
a Each value represents the mean 
 standard error of the results obtained from four independent experiments. Although 16:1(7) and 16:1(3t) were not completely separated in the
GC analysis, only the latter was assigned to PG on the basis of the results of GC-MS.

TABLE 3 Composition of fatty acids in cells of Chlamydomonas reinhardtii strain CC1010 grown for 6 days in MBM-noN

Fatty acid

Contentc (mol%)

PI PE DGTS PG DGDG SQDG MGDG TAG

14:0 0.4 
 0.1 0.4 
 0.1a 0.8 
 0.0a 0.6 
 0.1b 0.6 
 0.0b 1.2 
 0.2 0.1 
 0.0 0.7 
 0.0a

16: 0 62.5 
 1.0b 8.2 
 0.5b 48.4 
 0.4b 56.1 
 0.7b 61.1 
 2.5b 90.9 
 2.5b 2.0 
 0.1 36.4 
 0.4a

16:1(7) 0.2 
 0.1 0.1 
 0.1 0.6 
 0.1 0.0 
 0.0 0.5 
 0.1a 0.6 
 0.1 0.6 
 0.1a 1.0 
 0.0a

16:1(3t) 0.0 
 0.0 0.0 
 0.0 0.0 
 0.0 15.6 
 0.5a 0.0 
 0.0 0.0 
 0.0 0.0 
 0.0 0.0 
 0.0
16:1(9) 0.1 
 0.1 0.3 
 0.1b 0.1 
 0.0 2.5 
 1.3 0.2 
 0.0 0.2 
 0.1 0.3 
 0.0 0.1 
 0.1
16:1(11) 0.0 
 0.0 0.0 
 0.0 0.1 
 0.0a 0.3 
 0.1 0.0 
 0.0a 0.1 
 0.0 0.0 
 0.0 0.1 
 0.0a

16:2(7,10) 0.0 
 0.0 0.0 
 0.0 0.7 
 0.4 0.0 
 0.0 2.5 
 0.2a 0.5 
 0.3 2.9 
 0.7 1.7 
 0.3b

16:3(4,7,10) 0.0 
 0.0 0.0 
 0.0 0.2 
 0.1b 0.0 
 0.0 0.1 
 0.0 0.0 
 0.0a 2.3 
 0.1a 0.4 
 0.0
16:3(7,10,13) 0.0 
 0.0 0.0 
 0.0 0.4 
 0.2 0.0 
 0.0 3.3 
 0.1a 0.6 
 0.3 4.4 
 0.6 2.4 
 0.1b

16:4(4,7,10,13) 0.0 
 0.0 0.0 
 0.0 0.9 
 0.4 0.0 
 0.0 0.6 
 0.1 0.1 
 0.1a 35.1 
 1.1 6.5 
 0.8b

17:0 0.1 
 0.1 0.3 
 0.0a 0.2 
 0.1a 0.2 
 0.0b 0.0 
 0.0 0.0 
 0.0 0.0 
 0.0 0.0 
 0.0a

18:0 2.3 
 0.3b 48.6 
 0.3b 0.9 
 0.1 2.2 
 0.2b 0.7 
 0.1b 0.6 
 0.1 0.1 
 0.1 2.7 
 0.2a

18:1(9) 0.0 
 0.0 0.1 
 0.1a 0.3 
 0.0a 2.1 
 0.1a 2.3 
 0.2a 0.5 
 0.2a 1.1 
 0.2a 7.4 
 1.3
18:1(11) 33.6 
 0.8a 4.3 
 0.4a 1.7 
 0.3a 9.1 
 0.7b 1.8 
 0.2 1.4 
 0.4 0.3 
 0.1 5.2 
 0.3b

18:2(9,12) 0.4 
 0.1a 1.2 
 0.3a 7.5 
 0.6 8.4 
 0.8a 10.6 
 1.7a 1.2 
 0.5a 8.3 
 0.4 11.7 
 1.1b

18:3(5,9,12) 0.1 
 0.0 35.5 
 0.3a 23.5 
 0.6 0.2 
 0.0 1.0 
 0.2b 0.2 
 0.1 0.7 
 0.2 9.4 
 1.0b

18:3(9,12,15) 0.1 
 0.1a 0.3 
 0.1 8.1 
 1.1 2.6 
 0.2a 14.5 
 1.1a 1.8 
 0.6a 41.3 
 0.4 11.8 
 0.7b

18:4(5,9,12,15) and (6,9,12,15) 0.0 
 0.0 0.7 
 0.1a 5.5 
 0.5a 0.0 
 0.0 0.2 
 0.0a 0.1 
 0.1a 0.3 
 0.1a 2.4 
 0.4
a Fatty acids that showed a decrease in composition in MBM-noN at a confidence of 95%.
b Fatty acids that showed an increase in composition in MBM-noN at a confidence of 95%.
c Each value is the mean 
 standard error of the results obtained from four independent experiments.
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Accumulation of TAG by C. reinhardtii CC1010 under pho-
toautotrophic and nitrogen-deficient conditions. In the present
study, we showed that photoautotrophically grown CC1010 could
indeed accumulate TAG, which amounted to about 57.5 mol% of
total lipid under nitrogen-deficient conditions (Table 1). In the
current study, CC1010 was grown under completely photoau-
totrophic conditions. Therefore, the carbons of accumulated non-
polar lipid in the cells grown on MBM-noN were all derived from
photosynthetically assimilated carbons. This feature of CC1010 is
advantageous for the photosynthetic production of TAG as a re-
newable biofuel. In C. reinhardtii cw15 and BAFJ5 grown on TAP
lacking combined nitrogen, which was used in most studies for

TAG synthesis in C. reinhardtii, the content of TAG was about
50% (18). The content of TAG in the cells of CC1010 grown under
photoautotrophic and nitrogen-deficient conditions was compa-
rable to that in cw15 and BAFJ5 grown under photoheterotrophic
and nitrogen-depleted conditions. The current findings indicate
that the strains of the Sager and Cambridge lines grown under
photoautotrophic growth conditions are suitable in studies of
TAG accumulation in C. reinhardtii for the development of sys-
tems for biofuel production by algae.

The contents of TAG were about 10% or 75% in C. reinhardtii
CC125 grown in high-salt medium or high-salt medium lacking
nitrogen, respectively (43). The TAG content was 1.6 mol% of the
total lipids in CC1010 grown in MBM (Table 1). Chlamydomonas
has been reported to accumulate significant amounts of TAG un-
der stresses of high salinity, low sulfur, low iron, and low oxygen
(44–47). In CC125, nitrogen depletion and high salt may induce a
high accumulation of TAG in cells grown in high-salt medium
lacking nitrogen (43). In cells of C. reinhardtii CC125 grown in
TAP lacking combined nitrogen, TAG is thought to be produced
by the reconstruction of MGDG (18). A mutant with a mutation
of the PGD1 gene encoding galactoglycerolipid lipase showed a
reduced TAG content following nitrogen deprivation in C. rein-
hardtii dw15-1 (37). MGDG, DGDG, and SQDG are known to be
chloroplast lipids (38). In cells of CC1010 grown on MBM-noN,
remodeling of MGDG to TAG might be preferred over de novo
biosynthesis of TAG due to the low activity of photosynthesis.

Sources of fatty acids for TAG production under photoau-
totrophic and nitrogen-deficient conditions. In the present
study, using C. reinhardtii CC1010, specific esterification of cer-
tain fatty acids to certain classes of lipids was evident. Remodeling
of MGDG to TAG has been argued in several papers (18, 37). This
is supported by the increase in 16:4(4,7,10,13), 18:2(9,12), and
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18:3(9,12,15) in TAG (Tables 2 and 3). However, in addition to
MGDG, increases of the contents of 18:1(11) and 18:3(5,9,12) in
the TAG of CC1010 grown on MBM-noN indicated that fatty
acids for the production of TAG were also supplied by DGTS, PE,
and PI (Tables 2 and 3). In other words, both the chloroplast and
other organelles (notably, the ER) contribute to the production of
TAG under conditions of nitrogen deficiency.

However, note that the localization of individual classes of lip-
ids was not seriously studied in Chlamydomonas. An old paper
from Eichenberger’s laboratory (9) simply assumed that MGDG,
DGDG, and SQDG are chloroplast lipids and that DGTS and PE
are ER lipids. Although the procedures for preparing intact chlo-
roplasts were described (48), the localization of lipids in isolated
membranes was not reported. The fractionation of C. reinhardtii
cells is not easy, and isolating large chloroplasts is especially diffi-
cult. In addition, avoiding the folding of isolated chloroplasts
around themselves or other organelles, which is often the case in
isolating large chloroplasts, is also necessary. We will have to de-
velop a suitable procedure for cell fractionation.

Effect of photosynthesis on accumulation of TAG. Immedi-
ately after the shift to nitrogen-deficient conditions, photosyn-
thetic oxygen evolution and respiratory oxygen consumption
were markedly repressed. The decrease in chlorophyll content was
retarded (Fig. 2). The slowing of photosynthesis seemed to pro-
ceed in two steps (Fig. 3). Initially, the light energy was lost as heat
by NPQ, perhaps because electron transport was somehow dis-
turbed. Then, from 6 h onward, the values of both �II and qP
decreased. This second phase of photosynthetic repression could
have been caused by the decrease in carbon assimilation, which is
normally balanced with nitrogen assimilation (49, 50). The PSII
activity, however, was maintained throughout the experiment.

The rapid decrease in respiration rate seemed to be specific to
photoautotrophic growth conditions. Philipps et al. (51) reported
that respiratory activity in TAP medium is maintained at about 1.4
nmol O2 (106 cells)�1 min�1 after an initial small drop upon the
removal of combined nitrogen. The respiratory rate was about 3
times higher than the rate of CC1010 cells on MBM, namely, un-
der normal photosynthetic condition (Fig. 3C). Following nitro-
gen removal, the respiration of CC1010 became about 10 times
lower than the reported value in TAP. Apparently, the high rate of
metabolism is maintained in TAP medium containing acetate
even after the transfer to nitrogen-deficient conditions. An alter-
native explanation could be the difference in strains. However, we
consider that the results of our experiments could be different
from those of previous experiments using TAP medium contain-
ing acetate, which is known to support lipid synthesis and respi-
ration (21).

Even though photosynthesis was reduced significantly under
conditions of nitrogen deficiency, reported evidence has shown
that the contribution of photosynthesis to the production of TAG
under nitrogen-deficient conditions was not negligible. The her-
bicide 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) specif-
ically inhibits photosynthetic electron transport at the acceptor
side of PSII (52). DCMU treatment of cells of C. reinhardtii
dw15-1 is known to result in a decrease in the TAG level (37),
although this experiment used TAP medium.

In C. reinhardtii CC1010, we also have evidence suggesting the
de novo synthesis of lipids. The content of 16:0 in PI, PE, DGTS,
PG, DGDG, and SQDG was higher in cells grown on MBM-noN
than in those grown on MBM. This indicates that the de novo

biosynthesis of fatty acids continued under nitrogen-deficient
conditions (Table 3), which provides a good reason to assume that
reduced photosynthesis might still function to supply carbon for
the de novo biosynthesis of fatty acids in CC1010 cells. We are now
planning to demonstrate the contribution of photosynthesis
through labeling experiments.

In the current study, supplementation of a high concentration
of CO2 promoted TAG production in cells grown on MBM (Fig.
5A). This result was obtained under photoautotrophic conditions.
C. reinhardtii can adapt to a broad range of external CO2 concen-
trations because of its inorganic carbon-concentrating system
(53). Carbon flow through photosynthesis for TAG production
might be supported by supplementation of a high concentration
of CO2 under photoautotrophic conditions. In contrast, supple-
mentation of CO2 did not promote TAG accumulation in cells
grown on MBM-noN (Fig. 5B). Carbon assimilation is known to
be balanced with nitrogen assimilation in cyanobacteria (49). The
same is true for agricultural plants because fertilizers promote
production as a whole. Nitrogen limitation in general shuts down
carbon assimilation. Under nitrogen-deficient conditions with
5% CO2, the photosynthesis rate is most probably drastically lim-
ited by the balance with nitrogen metabolism, and this is the rea-
son for lower TAG accumulation (Fig. 2). In view of the high
variability in the accumulation of TAG and starch in various
strains (44), the observed differences in TAG accumulation with
different concentration of CO2 might be within the natural phys-
iological variation caused by a subtle balance of carbon partition-
ing into TAG and starch.
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