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Background: Iron starvation triggers lipid droplet and triacylglycerol (TAG) accumulation inChlamydomonas reinhardtii.
Results: The overall lipid profile shows a decrease in the absolute content of monogalactosyldiacylglycerol (MGDG) and an
increase in saturated and monounsaturated fatty acids.
Conclusion: Iron starvation has an early and distinct effect on membrane lipids, before onset of chlorosis.
Significance: Iron deficiency affects distribution of lipid type as well as fatty acid profile.

Chlamydomonas reinhardtii cells exposed to abiotic stresses
(e.g. nitrogen, zinc, or phosphorus deficiency) accumulate tri-
acylglycerols (TAG), which are stored in lipid droplets. Here, we
report that iron starvation leads to formation of lipid droplets
and accumulation of TAGs. This occurs between 12 and 24 h
after the switch to iron-starvation medium. C. reinhardtii cells
deprived of iron have more saturated fatty acid (FA), possibly
due to the loss of function of FA desaturases, which are iron-
requiring enzymeswith diiron centers. The abundance of a plas-
tid acyl-ACP desaturase (FAB2) is decreased to the same degree
as ferredoxin. Ferredoxin is a substrate of the desaturases and
has been previously shown to be a major target of the iron defi-
ciency response. The increase in saturated FA (C16:0 andC18:0)
is concomitant with the decrease in unsaturated FA (C16:4,
C18:3, or C18:4). This change was gradual for diacylglyceryl-
N,N,N-trimethylhomoserine (DGTS) and digalactosyldiacyl-
glycerol (DGDG), whereas the monogalactosyldiacylglycerol
(MGDG) FA profile remained stable during the first 12 h,
whereas MGDG levels were decreasing over the same period of
time. These changes were detectable after only 2 h of iron star-
vation.On the other hand, DGTS andDGDGcontents gradually
decreased until a minimum was reached after 24–48 h. RNA-
Seq analysis of iron-starvedC. reinhardtii cells revealed notable
changes in many transcripts coding for enzymes involved in FA
metabolism. The mRNA abundances of genes coding for com-
ponents involved in TAG accumulation (diacylglycerol acyl-

transferases or major lipid droplet protein) were increased. A
more dramatic increase at the transcript level has been observed
for many lipases, suggesting that major remodeling of lipid
membranes occurs during iron starvation in C. reinhardtii.

The fatty acid composition of the lipids in biological mem-
branes is specific to the unique functions of individual mem-
branes, and can adapt to changes in the environment. Themost
abundant constituents of chloroplast membranes are the non-
phosphorus galactoglycerolipids, monogalactosyldiacylglycerol
(MGDG)4 anddigalactosyldiacylglycerol (DGDG).Another com-
ponent of plastidic membranes is the sulfolipid sulfoquinovo-
syldiacylglycerol (SQDG). Genes encoding the enzymes
involved in MGDG, DGDG, and SQDG have been found in
Chlamydomonas reinhardtii based on orthology (MGD1,
DGD1) or genetically confirmed (SQD1) (1, 2). A significant
difference between plants and algae is that some algae, includ-
ing C. reinhardtii contain betaine lipids like diacylglyceryl-
N,N,N-trimethylhomoserine (DGTS), which is proposed to
substitute for the phosphatidylcholine found in plants (3). C.
reinhardtii membranes also contain phospholipids such as
phosphatidylglycerol, phosphatidylinositol, and phosphati-
dylethanolamine (4–6).
Plants and algae also synthesize triacylglycerols (TAGs),

non-membrane glycerolipids that can serve as a store of acyl
moieties. The final step in TAG synthesis is catalyzed by diacyl-
glycerol acyltransferases (DGATs). The C. reinhardtii genome
codes for five type 2 DGATs (DGTT1–DGTT5) and one type 1
DGAT (DGAT1) (7). Recently, a cytosolic acyltransferase
(DGAT3) has been shown to be involved in recycling of 18:2
and 18:3 FA into TAG in Arabidopsis thaliana (8). Another
pathway to TAG formation is by an acyl-CoA-independent
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reaction, which is mediated by a phospholipid:DAG acyltrans-
ferase (PDAT) (7, 9). C. reinhardtii cells grown under condi-
tions of macronutrient limitation (e.g. sulfur, phosphorus, and
nitrogen deficiency) (7, 10, 11) or other growth-limiting condi-
tions (high-salt) (12) accumulate TAGs in lipid droplets (7, 13,
14). Recently, it has been shown that limitation of micronutri-
ents (e.g. zinc, iron) can result in formation of lipid droplets as
well, as visualized by Nile Red staining (15–17).
C. reinhardtii cells, like other photosynthetic eukaryotes,

become chlorotic (i.e. chlorophyll deficient) when grown under
iron-deprived conditions. Their plastids are often smaller and
less developed with the photosynthetic membranes strongly
affected (18–20). Chlorosis results from decreased abundance
of the photosynthetic machinery as a result of induced degra-
dation, which is preceded by structural remodeling of photo-
system I (20, 21). Although the transcriptome and proteome
changes in iron-starved C. reinhardtii are well studied (22–24),
the impact of poor iron nutrition on the lipid constituents of the
membrane is under investigated. Studies with sugar beet have
demonstrated that thylakoidmembranes have a decreased ratio
ofMGDG/DGDG, butwe do not knowwhether this is a general
phenomenon or restricted to sugar beet and/or the land plant
lineage (25).
In this study we investigated the impact of iron-starvation on

membrane lipid composition and TAG accumulation in C.
reinhardtii. To get insights into the changes in the transcript
levels of genes coding proteins involved in FA metabolism, we
surveyed the C. reinhardtii transcriptome from cells grown
under iron-starved conditions. Our study indicates significant
and rapid changes in glycerolipid composition, namely a
decrease inMGDG content and an increase in TAG, alongwith
changes in FA desaturation and FA composition of membrane
lipids in C. reinhardtii exposed to iron deprivation.

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions—C. reinhardtii strain
CC-4532 (2137 mt�) was grown in Tris acetate-phosphate
(TAP) with Hutner trace elements (26, 27) at 24 °C and 50–100
�molm�2 s�1 photon flux density. Iron nutritional stages were
achieved by maintaining the strain in standard TAP medium
(20 �M Fe-EDTA) followed by transfer to iron-free TAP sup-
plemented with Fe-EDTA at the indicated concentrations as
described in Refs. 20 and 22. Nitrogen-free medium was pre-
pared by omitting the NH4Cl in TAP (7).
Iron Starvation Time Course—Two different iron-starvation

experiments (0–48-h time course and 0–5-day time course)
were performed to identify changes in lipid profiles in different
stages of iron starvation. To induce iron starvation, cells were
grown to mid-logarithmic phase (�4 � 106 cells ml�1), col-
lected by centrifugation (2,500 � g for 5 min at room tempera-
ture), washed twice in TAP medium lacking Fe-EDTA, and
inoculated into TAP medium supplemented with 0 or 20 �M

Fe-EDTA. For the 0–48-h time course samples were collected
at 0, 0.5, 1, 2, 4, 8, 12, 24, and 48 h after transfer to TAP lacking
iron and for the 0–5-day time course after 0, 1, 2, 3, 4, and 5 days
in TAP medium without any Fe-EDTA for RNA and lipid
analyses.

Nucleic Acid Analysis—Total RNAwas extracted from expo-
nentially grownC. reinhardtii cells as described previously (28).
RNA quality was assessed on an Agilent 2100 Bioanalyzer and
RNA hybridization as described in Ref. 29. The probe used for
detection of CBLP was a 915-bp EcoRI fragment from the
cDNA insert in plasmid pcf8-13 (30). For RNA-Seq, duplicate
cDNA libraries were prepared from 4 �g of total RNA for each of
the samples in the 0–48-h time course by means of the Illumina
TruSeq RNA Sample Preparation kit version 1. Indexed libraries
were pooled and sequenced on the IlluminaHiSeq 2000 platform,
at three libraries per lane, in 100-bp single end reads. Raw and
processed sequence files are available at the NCBI Gene Expres-
sion Omnibus (accession number GSE44611).
Mapping the reads to the C. reinhardtii genome (version

FM4 assembly, Augustus 10.2 annotation), calculation of tran-
script abundances in reads/kilobase of mappable transcript
length/million mapped reads (RPKM), and fold-changes were
performed as described previously (22). Differential expression
analysis was performed using the DESeq package (31). p values
obtained from DESeq were adjusted for multiple testing using
Benjamini-Hochberg correction (32) to control false discovery
rates.
Immunoblot Analysis—Proteins were separated by denatur-

ing PAGE (7.5 to 15% acrylamide monomer), transferred to
PVDF or nitrocellulose, and detected as described in Ref. 33.
Primary antibody dilutionswere: ferroxidase, 1:300; ferredoxin,
1:1,000; FAB2, 1 �g ml�1 of purified IgG; CTH1, 1:1,000; and
CF1, 1:10,000. All antibodies were from Agrisera, except FAB2,
which was obtained from John Shanklin.
Lipid and Fatty Acid Analysis—For quantitative total fatty

acid analysis, lipids were extracted from lyophilized material
and analyzed as previously described (7, 34, 35). The positional
distribution of fatty acids was performed using Rhizopus arrhi-
zus lipase (Sigma) as previously described in Ref. 36, with mod-
ifications according to Ref. 37.
Nile Red Staining andMicroscopy—Cells were grown in trip-

licate to a density of 2 � 106 cells ml�1 in replete TAPmedium
containing a trace element mixture according to Hutner et al.
(38). Each of the triplicates was split into two aliquots, which
werewashed twice in iron-deficient TAPmediumbefore resus-
pension (1 � 106 cells ml�1) in iron-deficient or -replete
medium, respectively. Samples were collected immediately
after resuspension (� 0 h) and 4, 8, 12, 24, 48, 72, 96, and 120 h
thereafter for staining with Nile Red (1 �g/ml final concentra-
tion, Sigma). Staining was performed for 15 min at room tem-
perature under constant gentle agitation and cells were concen-
trated by centrifugation at 500 � g for 3 min. They were
subsequently mixed with 2% low melting-agarose (Invitrogen)
in phosphate buffer and observed by confocal microscopy on a
Leica TCS SPEmicroscopewith anACSAPO�63water objec-
tive lens (numerical aperture 1.15). The Nile Red signal was
captured using a laser excitation line at 488 nm (intensity, 9%);
and emission was collected between 554 and 599 nm (gain, 741;
offset, 0). Chlorophyll autofluorescence was measured by exci-
tation at 635 nm (intensity, 29%) and emission captured
between 650 and 714 nm. Differential interference contrast
images were acquired in the PM Trans channel (gain, 371; off-
set, 0). Images were colored using Leica confocal software.
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RESULTS

Iron-limited C. reinhardtii Cells Accumulate TAG—Previous
studies performed in C. reinhardtii cells acclimated to iron
limitation (22, 23) identified several differences in the abun-
dance of transcript and proteins for enzymes involved in fatty
acid biosynthesis and TAG accumulation. We took advantage
of the availability of antibodies against one of the fatty acid
desaturase enzymes (plastid acyl-ACP desaturase with a di-car-
boxylate diiron active site (FAB2)) and other iron-containing
proteins (ferredoxin, ferredoxin with an Fe2S2 center) and cop-
per target homolog 1, CTH1 (which is a diiron enzyme required
for formation of the 5th ring in the Chl structure), also with a
di-carboxylate diiron active site, to test their abundances as a
function of iron nutrition. Immunoblot analysis confirmed and
validated the previous proteomics results (23) (Table 1) indicat-
ing a lower amount in iron-limited conditions for each of the
iron-containing proteins tested (Fig. 1A). The decrease in FAB2
abundance parallels the decrease in other iron-containing pro-
teins. Because the iron cofactor is critical for activity of the
protein, we wondered about the impact of iron deficiency on
the profile of fatty acids in cellular lipids. In other words, is
FAB2 rate-limiting for plastid fatty acid desaturation? A previ-
ous survey of nutritional stress inC. reinhardtii indicated accu-
mulation of lipid droplets in iron-limited cells (16). A thin layer
chromatogram (TLC) of lipids (Fig. 1B) indeed showed
increased TAG content in iron-limited cells (0.25 �M Fe-
EDTA) but no change in the total FA content (Fig. 1C), con-
sistent with recycling ofmembrane fatty acids into storage neu-
tral lipid. When we monitored the FA composition of the total
lipid content, we observed a significant (p value �0.05, n � 3)
increase in more saturated FAs such as 16:0 and 18:2 (number
of carbons:number of double bonds) and a relative decrease in
16:4 and 18:3�6 (Fig. 1D). Interestingly, the levels of 18:0 were
not increased suggesting a distinct effect on specific FA desatu-
rases. Together, these results indicate that iron limitation in C.
reinhardtii leads to an altered FA profile, a relative increase in
saturated FAs, and accumulation of TAG. This could be
explained by the inactivation of fatty acid desaturases under
these iron-limiting conditions, because they are diiron-con-
taining enzymes (39).
Iron Starvation Leads to TAG Accumulation—Naturally,

iron starvation (0 �M Fe-EDTA) is a more damaging abiotic

stress compared with iron limitation (0.25 �M Fe-EDTA), and
indeed physiological parameters (growth rate) validate this
point (not shown). To address the question of the timing of
TAG accumulation during prolonged periods of iron depriva-
tion, C. reinhardtii cells were grown in iron-replete conditions
(20 �M Fe-EDTA) and then transferred to fresh iron-free
medium (0 supplemental iron) or iron-replete medium (20 �M

iron chelate, as a control) and sampleswere collected at time 0 h
and every 24 h for 5 days. First, we monitored by immunoblot-
ting the abundances of several iron-containing enzymes in C.
reinhardtii cells deprived of iron for 5 days (Fig. 2). As observed
previously (20, 40), iron starvation results in a rapid decrease in
ferredoxin in the first 24 h, whereas CTH1, a diiron-containing
enzyme was more slowly reduced. When the levels of FAB2
were monitored, we detected a similar profile as seen for ferre-
doxin with a dramatic decrease in the enzyme abundance in the
first 24 h of iron starvation (Fig. 2A). The degree of impact of
iron starvation is therefore not dependent on the type of iron
cluster (diiron versus iron-sulfur). In this experiment, chloro-
phyll levels were changed significantly only after 48 h of iron
starvation, chlorosis being visible only after this time. This is
consistent with the slower impact on CTH1 (cyclase in Chl
biosynthesis). Next, we determined the total FA andTAG levels
during the time course of 5 days of iron starvation. Total FA
levels did not change on a per cell basis in cells lacking iron
compared with cells grown under iron-replete conditions (Fig.
2C). Nevertheless, the TAGcontent increasedmore than 5-fold
after day 1 of iron starvation, but then slightly decreased over
the next 4 days of the experiment (Fig. 2D). Next, we asked
whether the increase in TAG after 24 h of iron starvation cor-
relates with lipid droplet formation. C. reinhardtii cells grown
under iron-deprived conditions were stained withNile Red and
lipid droplet formation was monitored by confocal microscopy
(Fig. 2E). Indeed, we observed the accumulation of lipid drop-
lets (yellow) after 24 h of iron starvation, which became rela-
tively more abundant as the C. reinhardtii cells were grown
further in medium lacking iron (Fig. 2E).
These results demonstrate that C. reinhardtii cells grown

under iron-deprived conditions accumulate TAGs and show
increased accumulation of lipid droplets after 24 h, whereas the
total FA content remains relatively stable. This occurs before
chlorosis is apparent. The slightly diminished TAG content

TABLE 1
Anti-correlated changes in protein and transcript abundances of plastid acyl-ACP desaturase (FAB2) in photoheterotrophic iron-limited cells
C. reinhardtiiWT cells were grown in iron-replete, -deficient, or -limited photoheterotrophic conditions.

a Proteins were identified and quantified based on the signal intensity of the three most abundant peptides by MSE (35). Values represent the averages of three biological rep-
licates; standard deviation is indicated.

b Changes in mRNA abundances as analyzed by RNA-Seq (22).
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after several days of iron starvation suggests the carbon stored
in the form of TAGs can be used subsequently as an energy
source to sustain growth during the following days of iron
starvation.
Iron Starvation Results in More Saturated FAs—To more

finely resolve the temporal changes in FA composition and
TAGabundance in iron-starved cells, we sampled cells during a
shorter time course (0, 1, 2, 4, 8, 12, 24, and 48 h) after transfer
from iron-replete to fresh iron-free (0) or iron-replete (20 �M

Fe-EDTA, control) medium. First, the abundance of FAB2,
ferredoxin, and FOX1 were monitored as sentinels of iron sta-
tus. FAB2 and ferredoxin decreased after 12–24 h of iron star-
vation, whereas the ferroxidase (involved in iron uptake)
increased, indicative of selective changes in the proteome. Spe-

cifically, the increased abundance of FOX1 confirms that the
cells were still biosynthetically active. The abundance of FAB2,
ferroxidase, and FOX1 did not change under the control iron-
replete conditions (Fig. 3A).
Because the fatty acid desaturases are diiron enzymes, we

expected that under conditions of complete iron deprivation,
the levels of FA desaturation would be even lower than in the
iron-limited cells. To answer that question, the FA composition
was profiled over a 48-h period. As expected, we observedmore
saturated FAs (C16:0 andC18:0) in iron-deprived cells at 24 and
48 h (Fig. 3B). The increase in saturated FAs after 24–48 h of
iron starvation correlated with the decrease in FA desaturase
enzyme levels (e.g. FAB2). At the same time, we determined the
content of TAG in C. reinhardtii cells during this 48-h iron

FIGURE 1. Impact of iron limitation on TAG accumulation and FA desaturation in C. reinhardtii. A, protein abundances in response to iron nutrition. Twenty
micrograms of total membrane protein were separated by denaturing PAGE and transferred to a PVDF or nitrocellulose membrane, which was probed with
antibodies against several iron-containing proteins: plastid acyl-ACP desaturase (FAB2), ferredoxin (Fd), copper-target homolog 1 (CTH1), ferroxidase (FOX1),
and CF1. B, thin layer chromatography for neutral lipids from iron excess (200 �M), iron (Fe)-replete (20 �M), iron-deficient (1 �M), and iron-limited (0.25 �M) cells
stained with iodine vapor. 20 �g of total lipid were applied per lane. C, FA per cell in different iron nutritional conditions as determined by GC FID of FAMEs.
FAMEs were prepared from lyophilized cells on glass fiber filters directly; cells were collected from iron-excess, -replete, -deficient, and -limited conditions. D,
fatty acid composition in different iron nutritional states (expressed in relative units, r.u.), determined as FAMEs. Error bars represent the S.D. from three
biological replicates. Fatty acids types are indicated as number of carbons: number and positions of double bonds (�). Asterisks indicate the values that are
statistically different from the control (20 �M) (one asterisk, p � 0.05; two asterisks, p � 0.01, and three asterisks, p � 0.001; non-paired two sample Student’s t
test).
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starvation (Fig. 3C). The levels of TAGs increased 3–4-fold
after 24 h of iron starvation compared with other time points.
Interestingly, TAG levels dropped after 48 h by about 50%, but
were still higher than at the 0-h time point. Next, we assayed
lipid droplet formation by confocal microscopy using Nile Red
staining to see if their numbers or size correlate with increased
TAGs. The earliest detection of the accumulation of lipid drop-
lets was noted after 8 h of iron starvation (Fig. 3D). The highest
density of Nile Red-stained lipid droplets was observedwhenC.
reinhardtii cells were iron starved for 24 h. This observation
correlates with the amount of TAGs determined quantitatively

at a similar time point (Fig. 3D), supporting the use of Nile Red
staining as a proxy for measurement of TAG content in this
work. No lipid droplets were detected under iron-replete con-
ditions over the entire 48-h growth period.
Altogether, these results demonstrate that under iron starva-

tion, C. reinhardtii cells accumulate more saturated FAs most
likely due to defects in the enzymatic activities of FA desatu-
rases. At the same time, the cells accumulate TAGs that are
likely stored in the Nile Red-stained lipid droplets. All these
effects appear after 24 h of iron starvation, prior to the onset of
chlorosis and protein degradation.

FIGURE 2. Accumulation of TAG during an extended period of iron starvation. A, abundance of iron-containing proteins during 5 days of iron (Fe)
starvation. Soluble or membrane fractions (20 �g) were separated by denaturing gel electrophoresis, transferred to PVDF or nitrocellulose membranes,
and probed for the indicated proteins. B, chlorophyll content per cell in iron-starved C. reinhardtii cells. C, FA content on a per cell basis in iron-starved
and control cells. D, TAG-FA content per cell during 5 days of iron starvation. E, formation of lipid droplets in C. reinhardtii exposed to 5 days of iron
starvation. We used confocal microscopy with Nile Red� staining (yellow) to observe lipid accumulation and chlorophyll autofluorescence (red). Chl �
NR, chlorophyll autofluorescence merged with Nile Red; DIC, differential interference contrast, scale bar, 10 �M. Error bars represent the S.D. from three
biological replicates.
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Glycerolipid and FA Content Show Early Response to Iron
Starvation—Besides TAGs, C. reinhardtii contains other glyc-
erolipids (MGDG,DGTS, orDGDG) that are themajor constit-
uents of cellularmembranes.We askedwhether iron starvation
would also influence the relative abundance of these glycerolip-
ids and their FA profiles. We measured the FA composition of
betaine-lipid (DGTS), a glycerolipid foundmainly in extra plas-
tidic membranes (Fig. 4A). The FA composition of DGTS
changed progressively during the iron-starvation period, with
an increase in saturated FA (C16:0). Significant changes (p �
0.05) appeared at later time points (12, 24, and 48 h) inC16:1�7,

C18:1�11, C18:3�9,12,15, or C18:4�5,9,12,15. Overall, we
observed an increase in more saturated FAs at the expense of
unsaturated ones (C16:0 versus C16:1�7; C18:1�9 and C18:
2�9, 12 versus C18:3�9,12,15 or C18:4�5,9,12,15) (Fig. 4A).
This decrease in desaturated FA in DGTS composition might
be the result of the loss of functional diiron FA desaturases
during iron starvation.
In contrast to DGTS, the FA composition of MGDG, a plas-

tidic-membrane glycerolipid remained relatively stable for the
first 12 h of iron starvation (Fig. 4B). After 12 h of iron depriva-
tion, we observed a decrease in desaturation of FAs in MGDG

FIGURE 3. Changes in FA saturation and TAG content occur during 12 and 24 h of iron (Fe) starvation. A, abundance of iron-containing proteins during
48 h of iron starvation. B, changes in the saturated versus unsaturated FAs distribution during the first 48 h of iron starvation. C, the fraction of total FAs in TAG
during 48 h of iron starvation. D, formation of lipid droplets under iron starvation up to 48 h. See legend to Fig. 2. r.u., relative units.
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concomitant with the increase in saturated FAs (C16:2�7, 10
versusC16:4�4,7,10,13 andC18:2 versusC18:3�9,12,15). Inter-
estingly, we detected rapid changes in the MGDG content,
which starts to drop even after 2 h of iron starvation. The
MGDG levels continue to decrease being about 3 times lower
compared with 0 h (Fig. 4C). The absolute amounts of DGTS
and DGDG decreased progressively during the 48 h of iron
starvation, with levels around 2 times lower after 12 and 48 h.
The amount of TAGs was considerably higher after 12 h (Fig.
4C).

The Diacylglycerol Moiety for TAG Biosynthesis Is of Chloro-
plast Origin—To investigate the origin of the DAG moiety in
TAG, we performed positional analysis of acyl groups in TAGs
isolated from 24-h iron-starved C. reinhardtii cells with R.
arrhizus lipase. The lipase preferentially cleaves the acyl groups
at sn-1/sn-3 positions of TAG (36). As previously shown (41),
almost 90% of the FAs at the sn-2 position in TAG were C16
species (Fig. 5A). In contrast, all of the C18 acyl groups were
predominately found at sn-1/sn-3 positions. This pattern is very
similar to TAG from nitrogen-starved C. reinhardtii cells,
where the amount of C16 FA at the sn-2 position is almost the
same as in the iron-starved cells (Fig. 5B). Because in plants the
enzyme responsible for attaching the acyl group at the sn-2
position has a preference for C16 FAs, this FA was most likely
attached to the glycerol backbone inside the chloroplast, as
shown for TAGs from nitrogen-deprived C. reinhardtii cells
(41).
We have shown that iron starvation results in an increase in

saturated FAs for all glycerolipids investigated (TAG, DGTS,
and MGDG). This could be a consequence of iron-containing
desaturases being particularly sensitive to iron starvation and
decreased intracellular iron or it may be a stress response.
Therefore, we were interested to investigate whether other
stresses (e.g. nitrogen starvation) will lead to increased levels of
saturated FAs. TAGs isolated from iron- or nitrogen-starvedC.
reinhardtii cells for 24 h were analyzed by FAME or after R.
arrhizus lipase treatment. The analysis showed that the impact
on FA saturation is greater in iron-starved compared with
nitrogen-starved cells. Specifically, we observedmore saturated
FAs and consequently less mono- and polyunsaturated FAs in
TAG from iron-starved compared with TAG from nitrogen-
deprived cells (Fig. 5, B–D).
Impact of Iron Starvation on FA Metabolism-related Genes—

Iron starvation results in changes in FA desaturation levels,
glycerolipid levels, and TAG accumulation. To investigate the
changes in gene expression associated with these observations,
we surveyed the C. reinhardtii transcriptome under iron-
starved conditions. RNAwas isolated from 0 to 48 h after trans-
ferring the cells from iron-replete (20 �M Fe-EDTA) to iron-
deprived (0 �M Fe-EDTA) medium (supplemental Table S1).
Several genes involved in de novo FA biosynthesis (BCX1,
BCC1/2, BCR1, ACP1/2, MCT1, and PAP1/2) encoding �-
carboxyltransferase, acetyl-CoA biotin carboxyl carrier 1/2,
biotin carboxylase, acyl carrier protein 1, malonyl-CoA:ACP
transacylase and phosphatidate phosphatase 1/2) were 2–3-
fold down-regulated after 12 h of iron starvation. In contrast, a
3-ketoacyl-ACP-synthase (KAS2) and two putative �-ketoacyl
synthases (KAS3 andCre10.g438050) seemed to bemore abun-
dant after 0.5–4 h of iron starvation followed by a decrease to
their initial levels (supplemental Table S1). Interestingly,
PGPS3 encoding phosphatidylglycerolphosphate synthase was
induced immediately after the cells were transferred to iron-
deficient medium (0.5 h) and remained up-regulated for the
entire 48-h time course. Our transcriptome analysis of iron-
starvedC. reinhardtii revealed changes in almost all FA desatu-
rases (Table 2). The abundance of FAB2 transcripts was
increasedmore than 2.5-fold after 8 h of iron deprivation and
remained elevated for the entire 48-h time course. This

FIGURE 4. Iron starvation leads not only to changes in the fatty acids
composition but also the types and amounts of membrane lipids. FA
composition of DGTS (A) and MGDG (B). Lipids were isolated at different time
points during the 48-h iron starvation, separated by thin layer chromatogra-
phy, and quantified by GC as FAMEs. Molar ratios of FA composition are
expressed in relative units (r.u.). C, FA content of individual lipids (TAG, MGDG,
DGDG, and DGTS) per cell expressed in femtomole/cell at different time
points during 48 h of iron starvation. Asterisks indicate the values that are
statistically different from the control (0-h time point) (p � 0.05; non-paired
two sample Student’s t test).
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is in contrast to decreased FAB2 polypeptide abundance
observed after 24 h of iron starvation (Fig. 3A). Increased
transcript levels were observed for other FA desaturases (e.g.
FAD5b, FAD5c, FAD5d, DES6, and FAD2a), whereas FAD3,
FAD7, FAD5a, Cre02.g103500 (coding for a putative sterol
desaturase), and Cre16.g663950 (coding for a putative C-5
sterol desaturase) were mostly repressed after 48 h of iron
deprivation (Table 2). In summary, we note that the tran-
script levels of all the FA desaturases, known to encode dii-
ron enzymes, are changed. In contrast, fewer FA desaturases
had changed transcript levels upon nitrogen starvation,
and often they were changed in the opposite direction as
observed upon iron starvation (see supplemental Table S1).
Interestingly, two diacylglycerol kinases (KDG1 and KDG2)
were induced under iron-deprived conditions (supplemental
Table S1) indicating that under these conditions C. reinhardtii

cells try to attenuate the DAG levels by converting it to phos-
phatidic acid.
We have demonstrated that the levels of glycerolipidMGDG

were decreased as early as 2 h of iron starvation. The transcript
levels ofMGD1, coding for the enzyme responsible for the con-
version of DAG to MGDG, were increased after 2 and 48 h of
iron starvation, indicating a negative correlation between
MGD1mRNA levels and plastid MGDG content.
SAS1 (S-adenosylmethionine synthetase) and BTA1 (betaine

lipid synthase) mRNAs coding for the two known enzymes
involved in DGTS biosynthesis were strongly down-regulated
(30- and 10-fold, respectively) (supplemental Table S1). These
changes are consistent with the 2-fold decrease in DGTS levels
observed after 48 h of iron deprivation.
We have shown that C. reinhardtii cells accumulate TAGs

after 24 h of iron deprivation, which are associated with the

FIGURE 5. Positional analysis of esterified fatty acids in TAG isolated from iron-starved C. reinhardtii cells compared with TAG from nitrogen-starved
cells. A, partial digest on the TAG from C. reinhardtii cells after 24 h of iron (Fe) deprivation. The different products (tri-, di-, and monoacylglycerol (TAG, DAG, and
MAG) and free fatty acids (FFA)) were separated by TLC and then analyzed as FAMEs by GC-FID. Direct TAG-FAME shows the results or TAG without lipase
treatment as control. Molar ratio of C16 fatty acids (B), saturated fatty acids (C), monounsaturated fatty acids (D), and polyunsaturated fatty acids (E) at the sn-2
position separated from C. reinhardtii cells deprived for iron or nitrogen for 24 h. r.u., relative units.
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formation of lipid droplets. Therefore, we looked at transcript
levels of DGATs in the 0–48-h iron-starvation experiment.
The most abundant diacylglycerol acyltransferase is DGTT3,
with transcript levels 2-fold higher after 24 h of iron deprivation
compared with the 0-h time point (control). A similar trend of
expression during the 0–48-h iron starvation was observed for
DGAT1, but its overall abundance was lower (2.7 RPKM in 0 h
control, which increased up to 11.5 RPKM at the 12 h time
point) (Fig. 6A).DGTT1, a type 1 diacylglycerol acyltransferase
and PDAT1 coding for a phospholipid diacylglycerol acyltrans-
ferase, showed similar patterns of expression. Both exhibited
increasing transcript levels after 8 h and reached a maximum
after 12 h of iron starvation (Fig. 6B). Noteworthy is that their
overall transcript abundance was rather low and similar to
DGAT1. Two other DGAT-encoding genes (DGTT2 and
DGTT4) showed changes in transcript abundance only in the
first 1–4 h of iron starvation (with a peak in expression at the
1-h time point). After 4 h of iron starvation, DGTT2 and
DGTT4 mRNA levels decreased to almost the levels observed
for the control (0 h) samples (Fig. 6C). DGTT5 was not
expressed under iron starvation, similar to previous studies
performed under nitrogen starvation (7). Moellering and Ben-
ning (42) showed that one major protein (MLDP) is associated
with lipid droplet formation and MLDP mRNA repression
affects lipid droplet size. Our RNA-Seq analysis of iron-de-
prived C. reinhardtii cells indicated an increase inMLDP tran-
script levels under iron deprivation (2.5-fold after 12 h and 6.5-
fold after 48 h, respectively) (Fig. 6D and supplemental Table
S1).
Many putative lipase encoding genes showed an in-

crease in their mRNA abundances, whereas for only 4–5 did
we note decreased abundance (supplemental Table S1).

Among the most highly induced of these are Cre05.g234800,
Cre09.g407300,Cre12.g521650,Cre10.g422150,Cre06.g265850
(all coding for proteins of the esterase/lipase family),
Cre08.g381250 (coding for a putative phospholipase A2),
Cre12.g498750 and Cre07.g350000 (coding for putative triacyl-
glycerol lipases). These putative lipase-encoding mRNAs were
increased in abundance even after 0.5 h of iron starvation (sup-
plemental Table S1). One of the genes most repressed in iron
starvation is LIP1 (Cre02.g126050; 42-fold down-regulated
after 48 h). LIP1 has been shown to be involved in TAG turn-
over in C. reinhardtii via degradation of DAG derived from
TAG hydrolysis (43). The massive down-regulation of LIP1
correlates with the progressive increase in TAG accumulation
and lipid droplet formation under iron deficiency. All these
dramatic changes in the abundance of mRNAs coding for puta-
tive lipases suggest a remodeling of lipid membranes under
conditions of iron deprivation.

DISCUSSION

Iron Starvation Has a Major Impact on Glycerolipid Content
in C. reinhardtii—Previous studies indicated thatC. reinhardtii
accumulates TAGswhen it is grown under conditions ofmacro
(sulfur (11), phosphorus (10), and nitrogen (7, 13, 14)) and
micro (zinc and iron (16, 17)) nutrient limitation or under con-
ditions of abiotic stresses such as high salinity (12). Although
the molecular details of the response to nitrogen starvation
have received considerable attention (7, 14, 44) the biochemis-
try and molecular biology of other TAG-inducing conditions
has not been explored.
Acyltransferases, type 1 DGAT1 or type 2 DGTTs, responsi-

ble for de novo TAG biosynthesis were identified previously in
C. reinhardtii based on homology to A. thaliana (DGAT1 and

TABLE 2
Iron starvation has a major impact on fatty acid desaturases.
C. reinhardtii strainCC-4532was grownphotoheterotrophically under iron deprivation for 48 h. Sampleswere collected at various time points for RNA-Seq analysis. RPKM
values represent the average from two biological replicates. Fold-changes were calculated relative to time point 0 h. Genes without names are indicates by Augustus 10.2
transcript IDs.

a RPKM, reads kilobase of mappable transcript length per million mapped reads.
b Fold-change relative to time 0 h and is derived from dividing the average of the two biological replicates for each time point.
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DGAT2) and yeast (ARE1, ARE2, andDGA1, respectively) (45).
In addition, plant and yeast phospholipid diacylglycerol trans-
ferases (PDAT1 and LRO1, respectively) have an ortholog in
C. reinhardtii (PDAT1) (7, 45). In A. thaliana, PDAT1 and
DGAT1 are both responsible for seed oil accumulation (46),
and herewe noted thatC. reinhardtii PDAT1 andDGAT1 show
a similar pattern of expression upon iron starvation as they do
upon nitrogen starvation, validating the relevance of these
enzymes for TAG accumulation.
The mRNAs encoding two type 2 diacylglycerol acyltrans-

ferases were also increased in abundance in iron-starved C.
reinhardtii, DGTT1 and DGTT3. DGTT1 expression was
increased also in nitrogen deprivation but no change inDGTT3
abundancewas noted in those studies (7, 14). This is not a strain
difference because the same strain was used here as compared
with one of the previous studies. We conclude that there are
clearly different signaling pathways controlling TAG biosyn-
thesis and accumulation. The response to iron starvation is as
fast as the one to nitrogen starvation, with mRNA abundances
of DGAT1, DGTT1, DGTT3, and PDAT1 reaching the highest
levels after 12–24 h of iron deprivation (Fig. 6). We conclude
that the iron starvation-dependent TAG synthesis pathway
relies also on both acyl-CoA-dependent and -independent acyl-
transferases. A recent study (9) has demonstrated that in addi-
tion to TAG synthesis, PDAT1 from C. reinhardtii mediates
lipid turnover via its hydrolase activity using phospholipids,
galactolipids, and TAG as substrates. Overexpression of plant
DGAT1 and PDAT1 results in only a 2-fold increase in TAG
content in A. thaliana (47), whereas overexpression of any one
of three algal type 2DGATs (DGTT1–DGTT3) inC. reinhardtii

(48) did not increase TAG accumulation. However, in the C.
reinhardtii work, it was not possible to ascertain whether the
abundance of the proteins was increased in the overexpressing
strains, because only mRNA levels were documented. Further-
more, the DGAT1 and PDAT1 genes (orthologs of the corre-
sponding A. thaliana genes) were not tested. Nevertheless, it is
likely that other factors, like metabolic regulation or substrate
availability could limit TAG synthesis in C. reinhardtii.

Previous proteomic studies (42, 49) have identified a protein
specific to algae to be associated with lipid droplets (MLDP).
MLDP is induced under nitrogen deficiency in C. reinhardtii
and RNAi-mediated depletion of MLDP increases lipid droplet
size by about 40%, but does not increase the overall TAG con-
tent (42). Thus, MLDP has structural roles, but its specific
molecular and biochemical functions remain to be shown.
MLDP is highly induced in response to iron deprivation, and its
transcript abundance correlates with the number and size of
lipid droplets observed in response to iron starvation, support-
ing a role for this protein in lipid droplet formation (50).
One unforeseen finding was that iron starvation in C. rein-

hardtii leads to overall changes in relative glycerolipid abun-
dance. Themost dramatic impact was observed onMGDG lev-
els that decreased very rapidly in response to iron starvation.
On the other hand, the FA composition of MGDG does not
change significantly, except for 16:2�7,10, 16:3�7,10,13, and
18:2�9,12, which were significantly elevated (p � 0.05). Because
total FA levels remained stable over time upon iron starvation this
suggests (a) comparable rates of synthesis anddegradation and (b)
that themore saturatedMGDG species aremetabolized very rap-
idly before we can detect them. Recently, it has been shown that

FIGURE 6. Pattern of expression of diacylglycerol acyltransferases in response to iron starvation. mRNA transcript abundances are shown as quantified
by RNA-Seq for DGAT1 and DGTT3 (A), DGTT1 and PDAT1 (B), and DGTT2 and DGTT4 (C). RPKM, reads/kilobase of mappable transcript length/million mapped
reads.
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PGD1, a MGDG-specific lipase can act predominantly on more
saturatedMGDG, and specifically on 16:0 and 18:1�9 fromnewly
synthesizedMGDG(51).PGD1mRNAabundance in iron-starved
cells is increased, suggesting that it might be involved in re-shuf-
fling of saturated FA fromMGDG to TAG.
The overall decrease in the MGDG levels correlates with a

transient increase in MGD1 transcript levels after 2 h of iron
starvation. It is likely that the increase in MGD1 mRNA indi-
cates a compensatory change in response to decreased MGDG
levels observed in iron starvation, suggesting a feedback regu-
lation of MGD1 expression by MGDG levels. The more rapid
response of MGDG levels versus chlorophyll-protein accumu-
lation to iron starvation suggests that MGDG content may
serve as a signal for changes in chlorophyll-protein content and
assembly (20, 52).
The overall content of two other glycerolipids, DGDG and

DGTS, decreased progressively over 48 h of iron starvation.
Similar results were observed in iron-deficient pea (53) and
peach (54) leaves, where the levels of the two major galactolip-
ids,MGDG andDGDG, were decreased. Interestingly, this is in
contrast to nitrogen starvation, where the total amount of
membrane lipids was unchanged, except of DGDG, which
increases (41, 51). One explanation for the decrease in the
MGDG content upon iron starvation is that under these condi-
tions photosynthetic membranes are remodeled and even
degraded as previously shown to occur in iron-deficientC. rein-
hardtii (20, 21, 24). The acyl groups released from MGDG
would then be recycled for TAG synthesis. However, TAGs do
not contain considerable equal amounts of FAs typical for
mature species ofMGDG (i.e. 18:3 and 16:4) that would have to
be recycled during degradation of the photosynthetic mem-
brane. Alternatively, because cells are still dividing under these
conditions and require the synthesis of membrane lipids, it
seems possible that synthesis ofMGDG and its modification by
desaturases cannot keep up with demand explaining the lower
levels. In fact, a recent study identified a FA desaturase in C.
reinhardtii that is responsible for introducing the�4double bond
in 16:0 found almost exclusively at the sn-2 position in MGDG
(55). Repression of the respective gene resulted not only in
decreased cellular 16:4 content, but also in the overall reduction of
MGDG, an essential lipid in the photosynthetic membrane.
Although the transcript abundance of this MGDG-specific FA
desaturase (FAD3) is marginally increased in the first 2 h of iron
starvation, its mRNA abundance is 9-fold decreased after 48 h
(Table 2 and supplemental Table S1). Thus, decreased desatu-
ration of MGDG acyl groups due to iron deficiency could
limit the assembly of the photosynthetic membrane.
In contrast to C. reinhardtii, the levels of TAG were dramat-

ically decreased in response to iron deficiency in Saccharomy-
ces cerevisiae (56). However, yeast cells grown under iron-defi-
cient conditions show defects in ergosterol and sphingolipid
biosynthesis, with impaired functions mostly in the steps cata-
lyzed by iron-containing enzymes (Erg3, Erg25, Sur2, and Scs7)
(56). Interestingly, Ole1, a �9-FA desaturase catalyzing the
monodesaturation of C16:0 and C18:0 seems to be resistant to
iron deficiency and correspondingly, no change in the levels of
saturated and unsaturated FA has been observed (56).

C. reinhardtii cells havemore saturated FAwhen completely
deprived of iron. Because, TAG is naturally rich in saturated FA
(16:0, 18:0), accumulation of TAG under iron starvation might
account for the increase in saturated FA. Similarly, 20% more
saturated FA were detected under nitrogen deficiency in C.
reinhardtii. However, the total FA content in C. reinhardtii
remained relatively stable under iron starvation conditions
indicating that there is another mechanism that leads to ele-
vated saturated FA content. The major catalytic step in FA
desaturation is played by diiron enzymes, FA desaturases (57).
Here we show that the amount of one of the most abundant FA
desaturases in C. reinhardtii (FAB2) is reduced in response to
iron starvation. Moreover, this decrease in FAB2 abundance
correlates with the increase in TAG and lipid droplet accumu-
lation, all occurring after 24 h of iron starvation. In contrast,
mRNA abundance of FAB2 is increased in response to iron
deprivation. This pattern of expression is often observed for
iron-containing proteins, when the mRNA level is increased in
an effort tomakemore protein, but the absence of iron prevents
the formation of functional, mature protein (22, 23). However,
the increase in saturated FA observed in iron-limited or
-starved C. reinhardtii cells is more dramatic at the levels of
C16:0, C16:2, and C18:2. Interestingly, the C18:0 content did
not significantly increase upon iron limitation/starvation, sug-
gesting that not all FA desaturases are equally affected under
these conditions. Conversion of 18:2�9,12 to 18:3�9,12,15 is
catalyzed by �-3 desaturases, which are putatively encoded by
FAD7 (plastid) and FAD3 (cytosol). Neither transcript abun-
dance changed significantly under 24 h of iron starvation. Ear-
lier desaturation steps are performedbyDES6 (chloroplast) and
FAD2 (cytosol) and these two mRNAs are increased upon iron
starvation. Based on the RNA-Seq analysis, DES6 is the most
abundant FA desaturase in C. reinhardtii and it could remain
functional under iron starvation conditions by binding iron
released, for example, by photosystem I degradation.
FA desaturation requires electrons from NADPH and

reduced ferredoxin (57–59). Several studies, including the pres-
ent one, demonstrated that under iron limitation and iron dep-
rivation conditions, ferredoxin abundance decreases in C. rein-
hardtii (22, 23, 27, 40), suggesting that combined defects in all
the iron-dependent enzymes required for FA desaturation have
a negative impact on polyunsaturated FA levels.Noticeably, our
study showed that ferredoxin and at least one FA desaturase
(FAB2) have a similar pattern of protein expression and both
have diminished abundance starting at 8–12 h of iron starva-
tion. RNA-Seq analysis of iron-starved cells indicates that there
are changes in the transcript abundance of several FA desatu-
rases, reinforcing the idea that inactivation of FA desaturases in
iron-starvedC. reinhardtii cells is responsible for the decreased
content of mono- and polyunsaturated FA. These observations
indicate that FA desaturases are among the most sensitive tar-
gets of iron starvation and consequently all newly synthesized
lipids will contain more saturated FAs.
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