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The metabolism of glycerol-3-phosphate (G3P) is important for environmental stress responses by eukaryotic microalgae. G3P is
an essential precursor for glycerolipid synthesis and the accumulation of triacylglycerol (TAG) in response to nutrient starvation.
G3P dehydrogenase (GPDH) mediates G3P synthesis, but the roles of speciﬁc GPDH isoforms are currently poorly understood.
Of the ﬁve GPDH enzymes in the model alga Chlamydomonas reinhardtii, GPD2 and GPD3 were shown to be induced by nutrient
starvation and/or salt stress. Heterologous expression of GPD2, a putative chloroplastic GPDH, and GPD3, a putative cytosolic
GPDH, in a yeast gpd1D mutant demonstrated the functionality of both enzymes. C. reinhardtii knockdown mutants for GPD2
and GPD3 showed no difference in growth but displayed signiﬁcant reduction in TAG concentration compared with the wild
type in response to phosphorus or nitrogen starvation. Overexpression of GPD2 and GPD3 in C. reinhardtii gave distinct
phenotypes. GPD2 overexpression lines showed only subtle metabolic phenotypes and no signiﬁcant alteration in growth. In
contrast, GPD3 overexpression lines displayed signiﬁcantly inhibited growth and chlorophyll concentration, reduced glycerol
concentration, and changes to lipid composition compared with the wild type, including increased abundance of phosphatidic
acids but reduced abundance of diglycerides, triglycerides, and phosphatidylglycerol lipids. This may indicate a block in the
downstream glycerolipid metabolism pathway in GPD3 overexpression lines. Thus, lipid engineering by GPDH modiﬁcation
may depend on the activities of other downstream enzyme steps. These results also suggest that GPD2 and GPD3 GPDH
isoforms are important for nutrient starvation-induced TAG accumulation but have distinct metabolic functions.

Eukaryotic green microalgae species, such as
Chlamydomonas reinhardtii, are excellent models in which
to understand the cellular responses to stress in a photosynthetic organism (Pittman et al., 2009; Bonente et al.,
2012; Urzica et al., 2012; Perrineau et al., 2014). Response
1

This work was supported by the Biotechnology and Biological
Sciences Research Council (DTP PhD studentships to T.D. [grant no.
BB/J014478/1] and O.A.M. [grant no. BB/M011208/1] and funding
to R.G. [grant nos. BB/C519038/1 and BB/M017702/1]).
2
Address correspondence to jon.pittman@manchester.ac.uk.
The author responsible for distribution of materials integral to the
ﬁndings presented in this article in accordance with the policy described in the Instructions for Authors (www.plantphysiol.org) is:
Jon K. Pittman (jon.pittman@manchester.ac.uk).
J.K.P. and T.D. conceived the research; J.K.P. and R.G. supervised
the research; T.D., D.K.T., A.P.D., R.G., and J.K.P. designed the research plans; T.D., D.K.T., O.A.M., and A.P.D. performed the research; T.D., D.K.T., A.P.D., and J.K.P. analyzed data; T.D., D.K.T.,
A.P.D., R.G., and J.K.P. wrote the article.
[CC-BY]
Article free via Creative Commons CC-BY 4.0 license.
www.plantphysiol.org/cgi/doi/10.1104/pp.17.00491

mechanisms to osmotic stress, to oxidative stress, and to
nutrient limitation have been widely studied and elucidated in freshwater and marine microalgae (Gee et al.,
1993; Tanaka et al., 2011; Urzica et al., 2012; Schmollinger
et al., 2014). Many of these responses involve substantial
changes to primary metabolism. For example, saline
stress often induces the accumulation of glycerol for
osmotic adjustment (Ben-Amotz et al., 1982), while
nutrient starvation leads to large induction of carbon
storage metabolism, including the accumulation of
storage lipids, principally triacylglycerol (TAG), and
the storage carbohydrate starch (Siaut et al., 2011;
Schmollinger et al., 2014; Bajhaiya et al., 2016a). There is
also interest in the use of microalgal metabolites as industrial products, such as a feedstock for biofuels or for
nutraceutical application (Driver et al., 2014; Gangl
et al., 2015; Bajhaiya et al., 2017). However, in order
to achieve this biotechnological potential of microalgae, improved understanding of algal metabolism
and the identiﬁcation of potential targets for metabolic
engineering are needed.
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Glycerol-3-phosphate (G3P) biosynthesis and metabolism is an important process that is part of many
responses of microalgae and fungi to environmental
stresses. The accumulation of intracellular glycerol
provides osmotic adjustment to salt stress, such as in
the marine microalgae Dunaliella spp. and in the yeast
Saccharomyces cerevisiae (Ben-Amotz et al., 1982; André
et al., 1991). Dihydroxyacetone phosphate (DHAP) is
reduced using NADH by the NAD+-dependent G3P
dehydrogenase (GPDH) to yield G3P, which is converted to glycerol by the action of a G3P phosphatase
(GPP) or potentially through the reversible reaction of a
glycerol kinase (Fig. 1). GPDH activity is required for
glycerol production to provide salt tolerance in yeast, as
demonstrated by deletion of the GPD1 gene (Ansell
et al., 1997). Likewise, mutation of GPDH from other
fungi, such as Colletotrichum gloesporioides, severely inhibits glycerol biosynthesis (Wei et al., 2004). However,
GPDH activity is not essential for glycerol synthesis in
all fungi, including Aspergillus nidulans, suggesting that
glycerol can be formed via dihydroxyacetone in some
species (Fillinger et al., 2001). In saline-tolerant algae
such as Dunaliella tertiolecta, a chloroplast-localized
GPDH is highly induced by salinity (Gee et al., 1993).
While in vivo characterization of this enzyme has not
been performed, cloning and yeast heterologous expression of two chloroplastic GPDH isoforms from
Dunaliella viridis demonstrated the ability of these enzymes to enhance glycerol production and provide salt
tolerance in yeast (He et al., 2009). Likewise, GPDH
isoforms from C. reinhardtii have been shown to mediate glycerol-dependent salt tolerance in yeast (CasaisMolina et al., 2016).
G3P also is an essential precursor for DAG and TAG
biosynthesis by the Kennedy pathway (Fig. 1) and may
act as a bridge for carbon transfer between carbohydrate and lipid metabolism (Johnson and Alric, 2013).

Figure 1. Simplified pathway of chloroplastic and nonchloroplastic
G3P and lipid metabolism. DAG, Diacyglycerol; GL, galactoglycerolipids; Gly-3P, glyceraldehyde-3-phosphate; lyso-PA, lysophosphatidic
acid; Lyso-PL, lysophospholipids; PA, phosphatidic acid; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PL, phospholipids. Chloroplast and endoplasmic reticulum (ER)
glycerolipid pathways are indicated by fatty acid transfer from acyl-ACP
and acyl-CoA, respectively. Key metabolism genes are indicated by red
italics: DGAT, DAG acyltransferase; GK, glycerol kinase; GPAT, G3P
acyltransferase; GPD, G3P dehydrogenase; GPP, G3P phosphatase;
LPAAT, lyso-PA acyltransferase; PAP, PA phosphatase; PDAT, phospholipid:DAG acyltransferase.

In situations where glycerolipid synthesis is highly induced, such as in response to nitrogen (N) or phosphorus (P) starvation in microalgae (Schmollinger et al.,
2014), utilization of G3P by the Kennedy pathway for
TAG production might be predominant rather than for
glycerol production. Therefore, GPDH activity may be
important for lipid biosynthesis during such lipidinducing stress conditions. As yet, the exact role of
microalgae GPDH enzymes in lipid biosynthesis is
unclear. Transcriptomic analyses have demonstrated
that some of the C. reinhardtii GPDH genes, such as
GPD2, GPD3, and GPD4, are induced under conditions
that correlate with lipid induction (Goodenough et al.,
2014). Overexpression of a GPDH gene in the diatom
Phaeodactylum tricornutum gave increased glycerol alongside a subtle increase in total lipid content, which included higher monounsaturated fatty acids but lower
polyunsaturated fatty acids compared with the wild
type (Yao et al., 2014). There is also compelling evidence for an important role for GPDH in lipid metabolism
from nonalgal studies. For example, the ectopic expression of yeast GPD1 in oilseed rape (Brassica napus) gave a
40% increase in seed lipid content (Vigeolas et al., 2007),
while expression of an Escherichia coli GPDH mutant in
Arabidopsis (Arabidopsis thaliana) altered glycerolipid ratios and changed the fatty acid composition of some of the
glycerolipids (Shen et al., 2010).
This study set out to investigate whether GPDH
function in C. reinhardtii was important for storage lipid
biosynthesis in response to nutrient starvation. A genetic characterization was performed on two GPDH
isoforms that shared extremely high sequence identity,
were both transcriptionally induced by nutrient starvation, but were predicted to have distinct subcellular
localization. Using artiﬁcial microRNA (amiRNA)induced mRNA knockdown of GPD2 and GPD3, it is
demonstrated that glycerolipid accumulation in response to P or N starvation is inhibited signiﬁcantly,
indicating an important role for these GPDH isoforms
in lipid metabolism under both nutrient starvation
conditions. Furthermore, to examine whether overexpression of these isoforms in C. reinhardtii will lead
to an increase in oil accumulation, constitutive GPD2
and GPD3 overexpression lines were generated. Phenotypes of these lines indicate that these GPDH isoforms
have distinct metabolic functions, and although speciﬁc
lipid metabolism alterations were induced, total lipid
content was not enhanced, indicating the importance of
other rate-limiting steps in glycerolipid metabolism.
RESULTS
Sequence Analysis and Expression of C. reinhardtii
GPDH Genes

There are ﬁve genes encoding GPDH enzymes in
C. reinhardtii, which group separately based on phylogenetic analysis of full-length amino acid sequence.
C. reinhardtii GPD1 and GPD5 group together and are
distinct from the other GPDH sequences, while ScGPD1
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and ScGPD2 from S. cerevisiae form another separate
group (Supplemental Fig. S1). C. reinhardtii GPD2,
GPD3, and GPD4 are closely related and group with
DvGPDH1 and DvGPDH2 from D. viridis. GPD2 and
GPD4 are predicted to be chloroplast targeted, like
DvGPDH1 and DvGPDH2, and possess a plastid transit
peptide sequence. This is the main distinguishing feature
between the GPD2 and GPD3 sequences (Supplemental
Fig. S2), which otherwise have very high amino acid sequence identity (89% identity and 91% similarity), while
GPD4 shows much lower sequence identity to GPD2 and
GPD3 (64% and 62% identity, respectively). Subcellular
localization prediction using PredAlgo (Tardif et al., 2012)
also predicted plastidic localization for GPD2 and GPD4
and nonplastidic localization for the other C. reinhardtii
GPDH proteins. GPD2, GPD3, and GPD4 are bidomain
proteins and, in addition to the GPDH domain, contain an
N-terminal domain with unknown function but with
similarity to a haloacid dehalogenase (HAD)-like hydrolase and to a SerB phosphoserine phosphatase (He et al.,
2007). This domain, referred to as the HAD/SerB domain,
also is present in the D. viridis proteins but absent from the
yeast GPDH proteins and from C. reinhardtii GPD1 and
GPD5. It has been suggested that this domain may provide GPP activity (He et al., 2007), but no phosphatase
activity has been detected by the DvGPDH1 and DvGPDH2
enzymes (He et al., 2009), so the function of this domain
is unknown.
The expression of all ﬁve C. reinhardtii GPDH genes
was determined by quantitative real-time PCR (qPCR)
in nonstressed conditions and in response to nutrient
starvation and salt stress. GPD1 and GPD5 were constitutively expressed, with no signiﬁcant changes in
expression between all treatments (Fig. 2). However,
GPD2, GPD3, and GPD4 were expressed at very low
levels under nonstress conditions (Tris-acetate phosphate [TAP] medium) but were induced by stress. All
three of these genes were induced under low-P and
low-N conditions, when high amounts of TAG are accumulated, and only GPD2 was induced under salt stress.
Functional Complementation of the Yeast gpd1 Mutant

When yeast are deleted for the ScGPD1 gene, the
inability to produce sufﬁcient amounts of glycerol
limits the ability to grow under salt stress conditions
(Ansell et al., 1997). To conﬁrm the functionality of selected C. reinhardtii GPDH proteins, the ability of GPD1
(cytosolic isoform without the HAD/SerB domain),
GPD2 (plastidic isoform with the HAD/SerB domain),
and GPD3 (cytosolic isoform with the HAD/SerB domain) to complement the gpd1 salt stress phenotype
was examined. All expression lines grew equally well
on agar medium without salt, but growth on plates
containing 0.7 M NaCl was inhibited for gpd1 expressing
the empty vector and also when transformed with
GPD1 and GPD3 (Fig. 3A), despite both genes being
expressed in the yeast. Only the gpd1 strain transformed
with GPD2 showed clearly increased growth compared

Figure 2. Expression of C. reinhardtii GPDH genes in response to stress.
Gene expression is shown for GPD1 to GPD5 from wild-type cells
grown under nonstressed conditions (TAP medium), P or N starvation
conditions (Low P or Low N), and after a 2-h 200 mM NaCl stress. Expression of the mRNA transcripts as determined by qPCR was calculated
relative to CBLP expression. Each data point represents the mean 6 SE
calculated from biological triplicates each with technical triplicates.
Asterisks indicate significant differences (*, P , 0.05 and **, P , 0.01)
compared with control TAP medium as determined by one-way
ANOVA.

with the gpd1 empty vector. As a key difference between
GPD2 (able to strongly complement gpd1) and GPD3
(unable to strongly complement gpd1) was the presence of
the chloroplast transit peptide, an N-terminal truncated
mutant lacking the transit peptide was generated and
expressed in gpd1. GPD2-tp-trunc yeast grew on salt plates
as strongly as full-length GPD2 yeast (Fig. 3A), indicating
that the strong complementation by GPD2 was not due
simply to the presence of the putative transit peptide.
Growth was also examined in liquid media containing 0.8 and 1 M NaCl. All lines grew equally in medium
with no added NaCl, but in both concentrations of
NaCl, the gpd1 strain grew signiﬁcantly less than the
wild-type line (Fig. 3B). When grown in 0.8 M NaCl, all
four complementation lines restored growth to the level
of the wild type. Under the more severe 1 M NaCl stress,
all complementation lines showed increased tolerance
to salt stress compared with gpd1 but did not grow as
well as wild-type yeast (Fig. 3B). The GPD2 and GPD2tp-trunc strains had the highest levels of salt tolerance,
with 3.4- and 3-fold increases, respectively, in growth
compared with gpd1. The GPD1 and GPD3 transformed
strains showed signiﬁcant 1.9- and 2.3-fold increases in
growth, respectively, compared with gpd1, although
this was much lower salt tolerance compared with
GPD2-expressing strains.
Glycerol content of the gpd1 yeast mutant was signiﬁcantly lower than in the wild type (Fig. 3C), as shown
previously (Ansell et al., 1997); however, glycerol content
was signiﬁcantly increased in GPD2 and GPD2-tp-trunc
strains compared with the gpd1 mutant but was not statistically signiﬁcant in GPD1- or GPD3-expressing strains
(Fig. 3C). Neutral lipids were quantiﬁed by Nile Red
staining in yeast grown under N starvation conditions,
which strongly induces lipid biosynthesis (Li et al., 2015).
Nile Red ﬂuorescence was equivalent in all six strains
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Figure 3. Functional analysis of C. reinhardtii GPD1, GPD2, and GPD3 by heterologous expression in a yeast gpd1 mutant. A and B,
Suppression of salt sensitivity of gpd1 yeast by heterologous expression of GPD1, GPD2, truncated GPD2 lacking the plastid transit
peptide (GPD2-tp-trunc), and GPD3 cDNA in comparison with empty vector-transformed yeast (gpd1 vector) and wild-type yeast
(WT). A, Saturated liquid cultures of yeast strains serially diluted to the indicated cell densities and then spotted onto yeast extractpeptone-dextrose (YPD) medium containing 0.7 M NaCl and synthetic defined medium minus His (SD-His). A representative experiment
of yeast growth at 30°C after 2 d is shown. B, Yeast strains normalized to an identical starting cell density and then grown in liquid YPD
medium without added NaCl or in medium containing 0.8 or 1 M NaCl for 24 h. Cell density was determined by OD600 measurement. In
growth with three different concentrations of NaCl for 24 h, all four complementation lines grew better than the gpd1 knockout in 0.8
and 1 M NaCl, and all lines grew equally well in 0 M NaCl. Each data point represents the mean 6 SE. Strains indicated by different
lowercase letters are significantly different within each salt concentration treatment (P , 0.05) as determined by one-way ANOVA. C
and D, Glycerol content in yeast strains in response to 0.7 M NaCl addition after 4 h (C) and neutral lipid content determined by Nile Red
fluorescence in yeast strains grown under N starvation (D). Each data point represents the mean 6 SE. Strains indicated by different
lowercase letters are significantly different (P , 0.05) as determined by one-way ANOVA.

(Fig. 3D), indicating that neutral lipid content is equal in
all lines and that deletion of ScGPD1 or expression of a
C. reinhardtii GPDH does not inhibit or further enhance
lipid biosynthesis, respectively, in N-starved yeast.
Knockdown of C. reinhardtii GPD2 and GPD3 Reduces
Lipid Yield

As GPD2 and GPD3 were both shown to be induced by
stress conditions that are known to mediate changes in
carbon storage metabolism and were conﬁrmed to be
functional by yeast heterologous expression, these two
genes were examined further by generating amiRNA
knockdown lines. Two independent knockdown lines
against GPD2 (named gpd2-1 and gpd2-2) and two independent lines against GPD3 (named gpd3-1 and gpd3-2)
were characterized further. Transcript abundance in response to P starvation quantiﬁed by qPCR conﬁrmed that
all knockdown lines had signiﬁcantly reduced expression

compared with the wild type (CC-4351; cw15 background;
Fig. 4A). The gpd2-1 line showed a 2.5-fold reduction in
expression, gpd2-2 had a 1.9-fold reduction, gpd3-1 had a
3.4-fold reduction, and gpd3-2 showed a 3.2-fold reduction.
Fourier transform infrared (FT-IR) spectroscopy was
performed on cells grown under nonstressed (P-replete)
conditions (high-P TAP medium) and P starvation conditions (low-P TAP medium) to assess whether there was
any metabolic variation between the wild type and gpd2
and gpd3 knockdown lines (Supplemental Fig. S3). Increases in band peaks assigned to lipids and carbohydrates were observed in the spectra derived from
P-starved cells for all lines in comparison with P-replete
cells, as seen previously in response to P and N starvation
(Dean et al., 2010; Driver et al., 2015). There were obvious
differences among the low-P spectra, speciﬁcally a reduction in peak height for the lipid bands at 2,920, 2,852,
and 1,745 cm21 in each of the knockdown lines in comparison with the control strains, and particularly for the
gpd2-2, gpd3-1, and gpd3-2 lines (Supplemental Fig. S3).
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Figure 4. Lipid and biomass measurement of C. reinhardtii gpd2 and
gpd3 knockdown lines. A, Gene expression of GPD2 and GPD3 in
amiRNA gpd2 and gpd3 lines, respectively, compared with the
CC-4351 cw15 wild type (WT) grown in low-P medium. Expression of
mRNA transcripts by qPCR was calculated relative to CBLP expression.
Each data point represents the mean 6 SE of biological triplicates each
with technical triplicates. B, Lipid content measured from FT-IR spectra
peak height measurement of the ʋCH2 lipid (2,920 cm21) band and
determined as a ratio with the amide I (1,655 cm21) band. C, Neutral
lipid quantified by Nile Red fluorescence normalized to cell density. D,
Fresh weight biomass. In B to D, triplicate cultures of the CC-4351 cw15
wild type, the pChlamiRNA (pCh) empty vector-transformed CC-4351,
and the gpd2 and gpd3 knockdown lines were grown under P-replete
(High P) and P starvation (Low P) conditions and collected after 7 d of
growth. Each data point represents the mean 6 SE. Asterisks indicate
significant differences (*, P , 0.05 and **, P , 0.01) compared with the
wild type as determined by one-way ANOVA.

Measurement of total lipid content from replicate FTIR spectra, calculated as a ratio with the amide I band
peak height, demonstrated that all four gpd2 and gpd3
knockdown lines had signiﬁcantly reduced lipid content

when grown in low-P medium, as determined from the
2,920 cm21 band, but did not have reduced lipid contents
when grown in high-P medium (Fig. 4B). Relative abundance of the 1,745 and 2,852 cm21 bands also conﬁrmed
reduced lipid content in the P starvation-treated knockdown lines (Supplemental Fig. S4). The gpd2-1 and gpd2-2
lines also displayed 1.8- and 2.2-fold reductions in neutral
lipid, respectively, while the gpd3-1 and gpd3-2 lines had
4- and 1.8-fold reductions in neutral lipid, respectively,
as determined using the Nile Red ﬂuorescent neutral
lipid reporter (Fig. 4C). As expected, Nile Red ﬂuorescence was reduced substantially in cells grown under
high-P conditions, but there was no difference between
any of the lines.
Biomass yield was not altered signiﬁcantly between
lines but was decreased equally in all lines under low-P
conditions compared with growth in high-P medium
(Fig. 4D). Furthermore, there was no signiﬁcant difference in the growth rate proﬁle of any of the gpd2 or gpd3
knockdown lines compared with the wild type, as indicated by cell density measurement under P-replete or
P starvation conditions (Supplemental Fig. S5A), and
there were no obvious differences in cell morphology.
Quantiﬁcation of the other major carbon storage product within the algal cells found that there was no
difference in starch accumulation in the four knockdown and the two control lines under low-P conditions, nor was there any difference in background
starch level under high-P conditions (Supplemental
Fig. S5B).
Multivariate analysis of the FT-IR spectra by principal component analysis (PCA) was performed to compare the metabolic proﬁles of the knockdown lines.
PCA of spectra from high-P-grown cells showed no
obvious clustering within the scores plot (Supplemental
Fig. S6A), indicating no substantial metabolic variation
between control lines and gpd2 or gpd3 knockdown
lines. By contrast, under low-P conditions, the wild type
and pChlamiRNA empty vector control lines clustered
together away from all mutant lines, while the two gpd2
knockdown lines clustered from the control lines in the
positive direction of principal component 2 (PC2),
whereas the gpd3 knockdown lines clustered in the
negative direction of principal component 1 (PC1;
Supplemental Fig. S6B). PC1 and PC2 loading plots
conﬁrm that both sets of knockdown lines differ from
controls on the basis of altered lipid content but also indicate that FT-IR spectra from gpd3 lines included a minor
increase in a carbohydrate band at 1,036 cm21, while the
gpd2 lines also had a reduction in the same carbohydrate
band and increases in amide I (1,655 cm21) and amide II
(1,545 cm21) bands (Supplemental Fig. S6, C and D). This
suggests that the gpd2 and gpd3 knockdown lines are
metabolically distinct under P starvation conditions but
are both impaired in lipid content.
To evaluate whether the gpd2 and gpd3 phenotype was
consistent in response to another nutrient starvation
condition, further phenotyping was conducted in response to N starvation, which also induces substantial
storage lipid biosynthesis in C. reinhardtii (Boyle et al.,
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2012). Phenotypic responses by the gpd2 and gpd3
knockdown lines that were equivalent to the P starvation
response were seen in N-starved cells at day 7 of growth,
with signiﬁcantly reduced lipid accumulation in gpd2 and
gpd3 lines compared with the wild type and no difference
in biomass yield, cell density, or starch content (Fig. 5).
GPD2 and GPD3 Overexpression Lines Show Distinct
Growth Phenotypes

The distinct roles of the GPD2 and GPD3 GPDH isoforms were further evaluated by generating overexpression
lines. This approach also would examine whether lipid
yields could be altered by increased abundance of a
GPDH in C. reinhardtii. Both of the GPD2 and GPD3
cDNA constructs were transformed into wild-type
C. reinhardtii (CC-48 background) under the control of
the previously used tandem HSP70A-RBCS2 promoter
(Schroda et al., 2000; Bajhaiya et al., 2016b). Two GPD2
overexpression lines (GPD2-OE1 and GPD2-OE2) and
three GPD3 overexpression lines (GPD3-OE1, GPD3OE2, and GPD3-OE3) were examined further, with
each line showing a signiﬁcant increase in GPD2 or
GPD3 expression relative to the wild type (Fig. 6A). The
GPD2-OE1 and GPD2-OE2 lines showed 46- and 20-fold
increases in GPD2 expression, respectively, which were
in contrast to the very low background expression of
GPD2 in the wild type, while the GPD3-OE1, GPD3OE2, and GPD3-OE3 lines all showed 6-fold increases
in GPD3 expression relative to slightly higher background GPD3 abundance (compared with GPD2) in
the wild type.
Both GPD2-OE lines showed equivalent growth
proﬁles to the wild type in TAP medium over 7 d, with
no signiﬁcant difference in growth in low-P medium
and a subtle but signiﬁcant reduction in growth for
GPD2-OE1 and GPD2-OE2 compared with the wild
type (1.23- to 1.3-fold lower cell density at day 7) in
high-P medium (Fig. 6B). There was no signiﬁcant difference in total chlorophyll concentration between
the wild type and GPD2-OE cultures in both sets of
P-replete and P-limited growth media (Fig. 6C). A signiﬁcant reduction in cell growth rate was observed for
all GPD3-OE lines in comparison with the wild type in
both high-P and low-P media, and so growth measurements were extended up to 11 d (Fig. 6B). In high-P
medium, while wild-type cells reached the stationary
phase by day 5, this was delayed until day 7 in GPD3OE1 and GPD3-OE2 lines, and cell density was always
lower than in the wild type. Growth of the GPD3-OE3
line was greatly reduced compared with the other lines,
with very low cell density until day 11. Similarly,
growth of the GPD3-OE lines was reduced signiﬁcantly
compared with the wild type in low-P medium, with
the GPD3-OE3 line again displaying the lowest growth
(Fig. 6B). Chlorophyll concentration was reduced slightly
in high-P medium in the GPD3-OE2 and GPD3-OE3 lines
compared with the wild type, but there was a considerable reduction in chlorophyll content on a fresh weight

Figure 5. Lipid, starch, and growth phenotypes of C. reinhardtii gpd2
and gpd3 knockdown lines in response to N starvation. A, Neutral lipid
content after 7 d quantified by Nile Red fluorescence normalized by cell
density. B, Starch concentration after 7 d determined on the basis of
fresh weight biomass. C, Cell density of cultures grown over time. D,
Fresh weight biomass after 7 d. Triplicate cultures of the CC-4351 cw15
wild type (WT), the pChlamiRNA (pCh) empty vector-transformed
CC-4351, and the gpd2 and gpd3 knockdown lines were grown under
N starvation conditions. Each data point represents the mean 6 SE.
Asterisks indicate significant differences (*, P , 0.05 and **, P , 0.01)
compared with the wild type as determined by one-way ANOVA.

biomass basis for all three GPD3-OE lines in low-P medium (Fig. 6C).
Metabolic Changes following GPD2 and
GPD3 Overexpression

FT-IR spectroscopy was used for an initial metabolic
characterization of the GPD2-OE and GPD3-OE lines
under the P-replete and P-starved conditions. PCA of
FT-IR spectra from GPD2-OE lines in comparison with
the wild type showed that the most signiﬁcant metabolic variation was caused by P status rather than
genotype; however, there was some clustering of both
GPD2-OE lines away from the wild type on the basis
of PC2 (Supplemental Fig. S7A); however, an explanatory spectral feature could not be clearly resolved
(Supplemental Fig. S7C). PCA comparison of FT-IR
spectra from GPD3-OE lines and the wild type again
showed that the difference between high-P and low-P
conditions was signiﬁcant, but in contrast to the GPD2-OE
lines, under low-P conditions, all of the GPD3-OE lines
clustered separately from the wild type along PC1
(Supplemental Fig. S7B), with the most apparent differences between FT-IR spectra due to peaks assigned
as lipid and carbohydrate (Supplemental Fig. S7D).
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Figure 6. Effects of GPD2 and GPD3 overexpression on cell growth and
chlorophyll. A, Gene expression of GPD2 and GPD3 in GPD2-OE and
GPD3-OE lines, respectively, compared with the CC-48 wild type. The
expression of mRNA transcripts was determined relative to 18S expression. Representative gel images of GPD2 and GPD3 expression are
shown. B and C, Cell density over time (B) and total chlorophyll concentration after 7 d (for GPD2-OE lines) and 11 d (for GPD3-OE lines)
and determined on the basis of fresh weight biomass (C) from triplicate
cultures of the wild-type strain and GPD2-OE and GPD3-OE lines
grown under P-replete (High P) and P starvation (Low P) conditions.
Each data point represents the mean 6 SE. Asterisks indicate significant
differences (*, P , 0.05 and **, P , 0.01) compared with the wild type
within each treatment as determined by one-way ANOVA.

The relative abundance of total lipid and carbohydrate
determined from the FT-IR spectra found minor differences between GPD2-OE lines and the wild type. The
induction of total lipid and carbohydrate in response to

P starvation was equivalent in the GPD2-OE1 and
GPD2-OE2 lines, but with small but signiﬁcant decreases in lipid and carbohydrate induction compared
with the wild type (Fig. 7). In contrast, P starvationinduced lipid induction was attenuated signiﬁcantly
in all of the GPD3-OE lines, but there was no decrease
in lipid under P-replete conditions in these lines. In
particular, total lipid content in the GPD3-OE3 line was
inhibited markedly during low-P treatment at day 11
compared with the wild type (Fig. 7A; Supplemental
Fig. S8). The induction of total carbohydrate content in
response to P starvation also was impaired signiﬁcantly
in all GPD3-OE lines compared with the wild type, with
an approximately 2-fold reduction in total carbohydrate content in the low-P-grown GPD3-OE cells at
day 11 (Fig. 7B).
Glycerol content, determined by gas chromatographymass spectrometry, was inhibited upon P starvation,
particularly by day 11 of P starvation treatment (Fig.
8B). The overexpression of GPD2 had no effect on
glycerol content (Fig. 8A); however, glycerol content
was reduced signiﬁcantly in all three GPD3-OE lines
compared with the wild type grown in low-P medium
and in the GPD3-OE1 line in high-P medium (Fig.
8B). Glycerolipid and phospholipid proﬁles of the
cells were analyzed using ultra-high-performance liquid
chromatography-mass spectrometry (UHPLC-MS). Similar to the fairly subtle total lipid phenotype of the
GPD2-OE lines (Fig. 7A), the GPD2-OE1 and GPD2OE2 lines displayed only minor lipid proﬁle differences
in comparison with the wild type, with no signiﬁcant
differences among phospholipid classes or other lipid
classes except for a signiﬁcant increase in abundance of
total diglycerides (DG) in GPD2-OE1 and GPD2-OE2 in
P-replete conditions (Fig. 9A). There were no signiﬁcant
differences in the abundance of any lipid classes for
GPD2-OE lines in response to P starvation. In contrast to
the GPD2-OE lines, the GPD3-OE lines displayed significant alterations in more lipid fractions in comparison
with the wild type. Most notably, there was a signiﬁcant
increase in abundance of total PA for all three lines under
low-P treatment and for two of the three lines under
high-P treatment (Fig. 9B). This increase was especially
high for the GPD3-OE3 line in response to P starvation
(Fig. 9B). While monoglycerides and triglycerides were
not affected signiﬁcantly, there was a reduction in the
abundance of total DG in lines GPD3-OE1 and GPD3-OE3
compared with the wild type in low-P conditions. The
abundance of phospholipids in wild-type C. reinhardtii
was reduced in response to P starvation, as observed
previously (Riekhof et al., 2003), although this reduction
was less pronounced for total phosphatidylethanolamine in the GPD3-OE lines, yet there were no signiﬁcant
differences in phosphatidylethanolamine abundance in
comparison with the wild type. The phosphatidylinositol
proﬁle also was mostly unchanged between strains, but
there was a reduction in the abundance of total phosphatidylinositol in the GPD3-OE3 line in high-P medium.
A consistent and substantial difference between all three
GPD3-OE lines and the wild type was with regard to total
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Figure 7. Lipid and carbohydrate measurement of GPD2 and GPD3
overexpression lines. A and B, Lipid content determined from triplicate
FT-IR spectra peak height measurement of the ʋCH2 lipid (2,920 cm21)
band (A) and carbohydrate content determined from triplicate FT-IR
spectra peak height measurement of the ʋC-O carbohydrate (1,160,
1,086, 1,050, and 1,036 cm21) bands, both as a ratio with the amide I
band (1,655 cm21), from the CC-48 wild type and GPD2-OE and
GPD3-OE lines grown under P-replete (High P) and P starvation (Low P)
conditions. Samples were measured after 7 d (for GPD2-OE lines) and
11 d (for GPD3-OE lines). Each data point represents the mean 6 SE.
Asterisks indicate significant differences (*, P , 0.05 and **, P , 0.01)
compared with the wild type within each treatment as determined by
one-way ANOVA.

of Dunaliella spp. and C. reinhardtii GPDH enzymes has
focused on glycerol biosynthesis and osmotic stress tolerance (Gee et al., 1993; He et al., 2007, 2009; Cai et al.,
2013; Casais-Molina et al., 2016). However, previous expression data showing the induction of C. reinhardtii
GPD2, GPD3, and GPD4 under nutrient starvation
(Goodenough et al., 2014), which in turn induces TAG
accumulation (Schmollinger et al., 2014), provide indirect
evidence to suggest that these three GPDH isoforms are
involved in the production of G3P for entry into the
Kennedy pathway for DAG and subsequently TAG biosynthesis (Fig. 1). In this study, a genetic characterization
of GPD2 and GPD3 upon P and N starvation conditions
has conﬁrmed the lipid metabolism function of these
genes. Furthermore, through the generation of amiRNA
knockdown lines, we have provided direct evidence for
the roles of GPD2 and GPD3 in lipid synthesis, while
overexpression of these genes indicates that increased
abundance of a single GPDH isoform may require
coregulation with other lipid metabolism enzymes in
order to be a useful target to enhance algal oil yields.
Compared with control strains, all gpd2 and gpd3
knockdown lines had signiﬁcant reductions in lipid
content during N and P starvation, as determined by
FT-IR spectroscopy and Nile Red reporter staining. This
demonstrates that both the putative chloroplastic GPD2
and putative cytosolic GPD3 are vital for the production of G3P under such lipid-inducing conditions, with
the assumption that G3P is converted into lyso-PA by
G3P acyltransferase (GPAT), the ﬁrst enzyme step of
the Kennedy pathway (Fig. 1). The fact that total lipid
yield was not completely abolished in either GPDH
mutant (Fig. 4) is likely due in part to redundancy from
one or more of the other GPDH isoforms but also may
be due to the production of distinct pools of glycerolipid from within the chloroplast and within the ER.

PG abundance, which was reduced signiﬁcantly in all
three lines both in P-replete-grown cultures and in response to P starvation (Fig. 9B). In particular, there was a
substantial reduction in PG abundance in the GPD3-OE3
line under both high-P and low-P conditions. The remaining
unclassiﬁed lipid classes, grouped as total unclassed,
did not change in abundance within the GPD2-OE or
GPD3-OE lines.
DISCUSSION

GPDH activity is important for glycerol production
via the synthesis of G3P to provide osmotic stress tolerance in many organisms, including yeast and halotolerant
marine algae such as Dunaliella spp. (Gee et al., 1993;
Ansell et al., 1997; He et al., 2009). However, G3P also is a
key precursor for the synthesis of glycerolipids within the
chloroplast and the ER of photosynthetic organisms like
microalgae (Johnson and Alric, 2013); thus, GPDH activity would be expected to be important for lipid synthesis
in organisms like C. reinhardtii, as appears to be the case in
higher plants (Shen et al., 2010). To date, all of the analysis

Figure 8. Glycerol quantification of GPD2 and GPD3 overexpression
lines. Glycerol content was normalized to fresh weight biomass and
quantified from triplicate samples from the CC-48 wild type and
GPD2-OE (A) and GPD3-OE (B) lines grown under P-replete (High P)
and P starvation (Low P) conditions. Samples were measured after 7 d
(for GPD2-OE lines) and 11 d (for GPD3-OE lines). Results are plotted
relative to wild-type high-P samples. Each data point represents the
mean 6 SE. Asterisks indicate significant differences (*, P , 0.05 and **,
P , 0.01) compared with the wild type within each treatment as determined by one-way ANOVA.
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Figure 9. Lipid composition of GPD2 and
GPD3 overexpression lines. A and B, Relative changes in lipid classes determined
from positive and negative ionization mode
UHPLC-MS normalized to fresh weight biomass and quantified from triplicate samples from the CC-48 wild type and GPD2-OE
(A) and GPD3-OE (B) lines grown under
P-replete (High P) and P starvation (Low P)
conditions. Samples were measured after 7 d
(for GPD2-OE lines) and 11 d (for GPD3-OE
lines). Results are plotted relative to wildtype high-P samples. The measured lipid
classes are as follows: DG; PE, phosphatidylethanolamines; PI, phosphatidylinositols; MG, monoglycerides; TG, triglycerides;
and unclassed lipids. Each data point represents the mean 6 SE. Asterisks indicate
significant differences (*, P , 0.05 and **,
P , 0.01) compared with the wild type
within each treatment as determined by
one-way ANOVA.

While TAG is produced in the ER (eukaryotic pathway)
and secreted into cytosolic lipid bodies, as observed in
most eukaryotes, C. reinhardtii also can utilize chloroplastderived DAG for the production of TAG (prokaryotic
pathway), yielding both cytosolic and chloroplastic lipid
bodies (Fan et al., 2011; Goodson et al., 2011). Thus, we
propose that GPD2 contributes G3P substrate to the
chloroplast DAG/TAG pool, while GPD3 contributes
G3P to the ER DAG/TAG pool; however, such GPDH
subcellular localization requires future experimental validation. It also remains unknown whether the cytosolic
and chloroplastic pools of G3P are distinct or are in
equilibrium. DHAP but not G3P can be mobilized into
the chloroplast via a triose phosphate/phosphate translocator (Linka et al., 2008; Johnson and Alric, 2013), while
C. reinhardtii has an ortholog, as yet uncharacterized, of
an Arabidopsis nutrient starvation-induced, plastidlocalized G3P transporter (Ramaiah et al., 2011; Kawai
et al., 2014); thus, it is likely that the G3P pools are in
equilibrium. The equivalent phenotypes for both gpd2
and gpd3 knockdown in response to P and N starvation
may suggest that both glycerolipid pools are equally
important for lipid induction in response to both of
these nutrient starvation conditions. However, more

detailed subcellular imaging of cytosolic and chloroplastic lipid bodies may be needed to elucidate this
point further. The ﬁnding that chloroplast lipid bodies
have only been observed in the sta6 starch biosynthesis mutant strain of C. reinhardtii (Goodson et al.,
2011) suggests that future chloroplastic GPDH genetic analysis should be performed in the sta6 background.
Despite the equivalent reduction in total lipid content for the gpd2 and gpd3 lines, FT-IR spectroscopy
analysis demonstrated that the two GPDH knockdowns could be metabolically distinguished from each
other (Supplemental Fig. S6). This metabolic distinction
between the gpd2 and gpd3 lines was due to protein
(amide I and amide II bands) variation and to an increase in a band at wave number 1,036 cm21 in gpd2 and
a decrease of this band in gpd3. This band is usually
attributed to carbohydrate, particularly as polysaccharides (Dean et al., 2010; Driver et al., 2015), but the ʋ
(C-O-C) stretch also might be assigned to various esters
and ethers. With less carbon being used for lipid, the
unused carbon may be reallocated differently in response
to GPD2 and GPD3 inhibition, resulting in the generation of slightly different metabolic proﬁles. Furthermore,

Plant Physiol. Vol. 174, 2017

2091

Downloaded from on August 9, 2018 - Published by www.plantphysiol.org
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

Driver et al.

there was much greater metabolic distinction between
the GPD2 and GPD3 overexpression lines, as determined by FT-IR spectral data (Fig. 7; Supplemental
Fig. S7) and lipid analysis by UHPLC-MS (Fig. 9).
While the overexpression of GPD2 might have been
expected to affect chloroplast metabolism more than
from overexpression of GPD3, GPD2 overexpression
had a minimal inﬂuence on total carbohydrate content
(Fig. 7B), which was perhaps unexpected, since most
P starvation-induced carbohydrate biosynthesis, in the
form of starch (Bajhaiya et al., 2016a), will take place in
the chloroplast. In contrast, there was substantially
reduced carbohydrate in the GPD3-OE lines under
P starvation conditions (Fig. 7B), although this correlates with the reduced growth rate and inhibited chlorophyll content in the low-P-grown GPD3-OE cells (Fig. 6).
Although lipid yield under P starvation conditions
was reduced signiﬁcantly in the GPD3-OE lines
compared with the wild type (Fig. 7A), the concentration of total PA (including lyso-PA and PA) was
increased signiﬁcantly in these lines (Fig. 9B). This
may suggest that enhanced GPD3 abundance provides more G3P substrate for glycerolipid metabolism, which yields lyso-PA and PA via GPAT and
lysophosphatidic acid acyltransferase (LPAAT) activity, respectively, but that the pathway is blocked
subsequently and total storage lipid yield does not
increase. Indeed, in the GPD3-OE lines, total lipid
content, and more speciﬁcally total DG content, is
reduced.
One possible explanation for the accumulation of
total PA might be that downstream rate-limiting enzyme steps are not being activated when GPD3 is
overexpressed. The conversion of PA to DAG and then
TAG in the Kennedy pathway (Fig. 1) is mediated by a
PA phosphatase (PAP) enzyme and then subsequent
conversion of DAG to TAG by a DAG acyltransferase
(DGAT) or by a phospholipid DAG acyltransferase
(Merchant et al., 2012; Li-Beisson et al., 2015). To date,
relatively little is known about C. reinhardtii PAP genes,
and only one of the three known isoforms, PAP2, has
been functionally characterized, whereby it was shown
to be induced by N starvation and can increase lipid
content when overexpressed (Deng et al., 2013). DGAT
is considered as a rate-limiting step (Lung and Weselake,
2006), and DGAT-encoding genes from C. reinhardtii are
important components in TAG biosynthesis, in particular
as part of the eukaryotic pathway of TAG metabolism in
the ER by type 2 DGATs encoded by DGTT1, DGTT2, and
DGTT3 (Boyle et al., 2012; Hung et al., 2013; Liu et al.,
2016). Furthermore, DGATs such as DGTT1 are strongly
up-regulated by N starvation, while P starvation, as examined for the GPD3-OE cells, shows minimal DGTT1
induction (Boyle et al., 2012). Other genetic manipulations
have been performed in microalgae that are expected to
increase lyso-PA and PA synthesis; these include overexpression of a GPAT in P. tricornutum (Niu et al., 2016)
and overexpression of an LPAAT in C. reinhardtii
(Yamaoka et al., 2016). In both cases, there was a signiﬁcant increase in total lipid content with no evidence of PA

overaccumulation, unlike for GPD3 overexpression.
However, both of these enzymes were demonstrated to
be chloroplast localized and, thus, to drive the prokaryotic
TAG biosynthesis pathway. It is possible that the GPD3mediated increase in total PA, which is predicted to be
within the ER pool, is less efﬁciently metabolized due to
the fatty acid composition of these PAs and the fatty acid
preferences of the downstream enzymes. Therefore, future experiments may consider the simultaneous manipulation of GPDH and downstream enzyme steps such as
PAP or DGAT.
The other major lipid phenotype of the GPD3-OE
lines was the substantially reduced abundance of PG
(Fig. 9B). PG is synthesized from PA through the action
of enzymes including phosphatidylglycerophosphate
synthase (PGPS). Two PGPS gene isoforms in C. reinhardtii
are down-regulated during P starvation (Hung et al.,
2015), presumably as part of the strategy to compensate
for low P availability by reducing phospholipid biosynthesis (Riekhof et al., 2003). Thus, in the GPD3-OE cells,
despite increased PA synthesis, if PGPS activity is repressed, PG content will not increase. However, this
does not fully explain the substantial reduction in PG
content during both P starvation and P-replete treatments. PG is a major lipid of chloroplast membranes,
alongside the nonphosphorous glycoglycerolipids monogalactosyldiacylglycerol, diagalactosyldiacylglycerol, and
sulfoquinovosyldiacylglycerol. PG is thought to be mostly
synthesized in the chloroplast from prokaryotic pathway
PA, although additional synthesis in the ER cannot be
discounted (Boudière et al., 2014; Li-Beisson et al.,
2015). Indeed the localization of either PGPS isoform is
unknown, with one predicted to be chloroplastic and
the other nonchloroplastic (Hung et al., 2015; Li-Beisson
et al., 2015). It is unclear whether the PG inhibition
within the GPD3-OE lines is due to reduced chloroplastderived PG, perhaps due to up-regulated and overcompensated eukaryotic pathway activity or reduced
ER-derived PG. Nevertheless, one of these hypotheses is
likely to explain the reduction of carbon that is allocated
to PG and the increased accumulation of lyso-PA and
PA. Additionally, this substantial reduction in PG may
in part explain the inhibited chlorophyll content and
reduced cell growth for the GPD3-OE3 lines (Fig. 6).
C. reinhardtii mutants that have lower PG content
display reduced chlorophyll abundance, chlorophyll
ﬂuorescence, and PSII activity due to the absence of
PSII core proteins, which can lead to reduced cell
growth (Maroc et al., 1987; Pineau et al., 2004; Hung
et al., 2015).
Although we have demonstrated an in vivo role for
GPD2 and GPD3 in G3P biosynthesis for lipid production, heterologous expression of these enzymes in
yeast showed that they are able to provide osmotic
stress tolerance, presumably due to enhanced glycerol
production. GPD2 gave the highest salt tolerance of
the three isoforms tested and correlated with the largest increase in glycerol biosynthesis (Fig. 3). Other
chloroplastic GPDH enzymes such as from D. viridis
have successfully complemented yeast gpd1 knockout
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mutants before (He et al., 2009), but there was no difference between the GPD2- and GPD2-tp-trunc-expressing
strains, showing that the putative plastid transit peptide is not required for GPD2 function in yeast. Interestingly, the GPD2 mutant lacking the transit peptide
was signiﬁcantly more tolerant to salt than GPD3, even
though they are extremely similar at the amino acid
level, with only nine amino acid differences within the
GPDH domain (Supplemental Fig. S2). These discrete
changes probably explain the higher GPDH activity of
GPD2 compared with GPD3 when expressed in yeast
(Casais-Molina et al., 2016), although future studies
will need to validate whether there are signiﬁcant
enzymatic differences between GPDH isoforms in
C. reinhardtii. A further difference between GPD2 and
GPD3 was the observation that GPD2 was the only
isoform induced by salt treatment (Fig. 2), which, in
turn, also can induce oil accumulation (Siaut et al.,
2011). Therefore, while GPD2 may produce G3P for
TAG production, it is also possible that this G3P could
be converted to glycerol to be used as an osmoticum.
Although the freshwater C. reinhardtii is able to produce some glycerol in response to salinity, it is at
much lower concentrations than yeast or halotolerant
marine algae like Dunaliella spp. and is mainly secreted
(Leon and Galvan, 1994). We were unable to determine
any difference in glycerol production between the
wild type and GPDH knockdown lines, possibly due
to the very low levels of glycerol induced by salt in
C. reinhardtii, but differences in glycerol abundance were
observed between the overexpression lines.
Only overexpression of GPD3 affected glycerol content, whereby there was greater P starvation-induced
inhibition of glycerol content compared with the wild
type (Fig. 8). Higher metabolic demand for glycerolipids such as during nutrient starvation may reduce
glycerol synthesis; for example, intracellular glycerol
content was shown to decrease in D. tertiolecta in response to N starvation coincident with increased lipid
and starch accumulation (Tan et al., 2016). Thus, if the
increased abundance of GPD3 enzyme in a GPD3-OE
line is further enhancing ﬂux toward glycerolipid metabolism, as indicated by increased PA synthesis, then
glycerol synthesis, in turn, may decline. This response is
also distinct from the overexpression of GPDH in
P. tricornutum, where glycerol content increased alongside a lipid increase (Yao et al., 2014). In D. tertiolecta, one
GPDH isoform functions as an osmoregulator by producing glycerol, while the other is a glyceride form,
producing TAG (Gee et al., 1993). In contrast, in freshwater C. reinhardtii that does not produce large amounts
of glycerol even under saline treatments, both GPD2
and GPD3 are clearly implicated in lipid biosynthesis
and, thus, can be regarded as glyceride-type GPDH
enzymes. However, yeast complementation did suggest that salt-induced GPD2 also can be a more effective osmoregulator than GPD3, and overexpression
analysis led to the observation of a more considerable
lipid phenotype in the GPD3 overexpression lines
compared with the GPD2 overexpression lines. Thus,

GPD2 may play an additional minor role in glycerol
biosynthesis under certain conditions.
An intriguing feature of GPD2, GPD3, and GPD4 is
the presence of an N-terminal HAD/SerB domain fused
to the GPDH domain (Supplemental Fig. S2). This
HAD/SerB domain is conserved in GPDH isoforms
from other microalgae, including those from Dunaliella
spp. (He et al., 2007, 2009; Cai et al., 2013), but is not
present in all algal GPDH proteins, including C. reinhardtii
GPD1 and GPD5. It has been suggested that the domain
may provide phosphatase activity and allow the coupling
of GPDH and GPP activities for the direct conversion of
DHAP to glycerol (He et al., 2007); however, no evidence of
GPP activity was seen for the HAD/SerB domains from
DvGPDH1 or DvGPDH2 (He et al., 2009). Moreover, the
proposed role of GPD2 and GPD3 in providing G3P for
glycerolipid synthesis argues against a functional GPP
domain; thus, the HAD/SerB domain provides an unknown function, potentially regulatory, that requires
future characterization.
Previous attempts to enhance oil accumulation in
microalgae by genetic engineering have achieved
mixed success (Driver et al., 2014; Scranton et al., 2015).
Some successful approaches have involved the inhibition of lipid catabolism pathways, bypass of carbohydrate synthesis, or modiﬁcation of transcription factors
(Trentacoste et al., 2013; Daboussi et al., 2014; Ngan
et al., 2015), while other approaches, such as the overexpression of speciﬁc Kennedy pathway components
like a DGAT gene, have been less successful in some
instances (La Russa et al., 2012). Previous expression of
a yeast GPDH in oilseed rape (Vigeolas et al., 2007) and
the recent overexpression of a diatom GPDH (Yao et al.,
2014) indicate the potential of GPDH manipulation.
While the knockdown analysis of GPD2 and GPD3
identiﬁed these as potential candidate gene targets to
achieve enhanced oil accumulation in microalgae, the
C. reinhardtii GPDH overexpression phenotypes were
not as expected and were intriguingly different from
the P. tricornutum and oilseed rape examples. This
emphasizes the potential differences in lipid metabolism between these distinct organisms. Furthermore,
this demonstrates that, while this study has provided a better understanding of GPDH function in
C. reinhardtii, many aspects of primary metabolism
in microalgae require detailed characterization if we
are to understand lipid biosynthesis fully and be
successful in developing future high-oil-yielding
microalgal strains.
MATERIALS AND METHODS
Algal Strains and Growth Conditions
The Chlamydomonas reinhardtii strain cw15 (11/32CW15+) was obtained
from the Culture Collection of Algae and Protozoa, and the cw15 arg7-8
(CC-4351) and arg2 (CC-48) strains were obtained from the Chlamydomonas Resource
Center. The gpd2 and gpd3 knockdown lines (in the cw15 arg7-8 background)
and GPD2 and GPD3 overexpression lines (in the arg2 background) were created in this study. Cells were grown photoheterotrophically in batch culture in
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TAP medium (Harris, 1989) and maintained on TAP-agar plates containing
1.5% (w/v) agar. For maintenance of the cw15 arg7-8 and arg2 background
strains, the medium contained 100 mg mL21 Arg. Cultures were grown under
a 16-h-light/8-h-dark cycle with 150 mmol m22 s21 light intensity at 22°C. Liquid
cultures were grown on an orbital shaker rotating at 2 Hz. For some experiments, cells were grown under salt stress by exposing cells grown in TAP
medium to 200 mM NaCl for 2 h, or were exposed to P deﬁciency by growing
cells in low-P TAP medium containing 10 mM P instead of 1 mM P, or were
exposed to N deﬁciency by growing cells in low-N TAP medium containing
0.7 mM N instead of 7 mM N, as described previously (Bajhaiya et al., 2016a). At
regular intervals over time, cultures were sampled to determine cell density
by cell counting using a Nexcelom Cellometer T4 (Nexcelom Biosciences) or
absorbance measurements at OD680 using a ThermoSpectronic Aquamate
UV-visible spectrophotometer. Fresh weight biomass measurements were
taken from 2-mL culture samples after 7 or 11 d of growth using previously
weighed tubes.

RNA Extraction, RT-PCR, and cDNA Cloning
For initial full-length cDNA cloning, C. reinhardtii (cw15 strain) RNA was
extracted from 50 mL of nonstressed exponential phase cells after 5 d of growth
in TAP medium and harvested by centrifugation. Total RNA was extracted
using Trizol reagent (Invitrogen) and quantiﬁed using a Nano-Drop
3300 (Thermo-Scientiﬁc), then 1 mg of RNA was DNase treated (Invitrogen)
and reverse transcribed using Bioscript (Bioline) and an oligo(dT) primer
(Promega). GPD1 cDNA was ampliﬁed by PCR using primers GPD1F and
GPD1R (Supplemental Table S1) and Kapa HiFi polymerase (Kapa Biosystems)
and then cloned into the pGEM-T Easy vector (Promega). GPD2 and GPD3 fulllength cDNAs were obtained by gene synthesis (GenScript) in plasmid pUC57.
For subsequent yeast heterologous expression, GPD2-tp-trunc, engineered to
lack the ﬁrst 44 amino acids, was generated by PCR with primers GPD2tp-truncF and GPD2-tp-truncR using GPD2 cDNA as a template, while GPD2
and GPD3 were reampliﬁed with primers GPD2-YF and GPD2-YR as well as
GPD3-YF and GPD3-YR (Supplemental Table S1). These primers were designed
to add BamHI and XbaI restriction enzyme sites onto the respective 59 and 39 ends
of each cDNA. The PCR products were cloned into pGEM-T Easy vector for
propagation and sequencing (GATC Biotech). Each cDNA was subcloned into
the yeast expression plasmid piHGpd to allow expression under the control of
the constitutive GAPDH promoter and selection in the absence of His. GPD1 was
ligated into the NotI site of piHGpd, while GPD2, GPD3, and GPD2-tp-trunc were
ligated into the BamHI and XbaI sites of piHGpd.
For subsequent C. reinhardtii overexpression, GPD2 and GPD3 were reampliﬁed with primers GPD2-CF and GPD2-CR as well as GPD3-CF and
GPD3-CR (Supplemental Table S1). These primers were designed to add NheI
and EcoRI restriction sites onto the respective 59 and 39 ends of each cDNA. The
PCR products were cloned into pGEM-T Easy vector for propagation and sequencing (GATC Biotech). Each cDNA was ligated into the NheI and EcoRI sites
of pCB740 (Schroda et al., 1999), so that GPD2 and GPD3 were under the control
of the HSP70A-RBCS2 tandem promoter, and selection was performed in the
absence of Arg. Successful generation of the pCB740-GPD2 and pCB740-GPD3
plasmids was conﬁrmed by sequencing.

Generation of Yeast Heterologous Expression Lines
The yeast (Saccharomyces cerevisiae) strain YSH6.142-3B (gpd1 mutant; MATa
gpd1::TRP1; Ansell et al., 1997) was transformed with empty piHGpd plasmid
or GPD-containing plasmids using the lithium acetate/polyethylene glycol
method (Pittman et al., 2004). Transformed yeast strains were grown in SD-His
for selection of the plasmid. C. reinhardtii GPDH cDNA expression in yeast was
conﬁrmed by RT-PCR following RNA extraction using Trizol reagent and
cDNA synthesis as described above. PCR was performed using full-length
GPD1-, GPD2-, and GPD3-speciﬁc primers (Supplemental Table S1). For salt
tolerance assays, serial dilutions of transformed gpd1 strains alongside a wildtype strain (W303-1A; MATa) were grown at 30°C on YPD-agar plates containing 0.7 M NaCl and on SD-His agar plates for 2 d.

Ossowski et al., 2008). Gene-speciﬁc target amiRNA sequences against GPD2
(59-TTAAGGAATAGATGACACCCC-39) within the 39 untranslated region
and against GPD3 (59-TCAAACTCGGCTCAATGACTC-39) within the 59 untranslated region were designed into 90-nucleotide sense and antisense oligonucleotides (Supplemental Table S2) and synthesized (Euroﬁns) for cloning into
pChlamiRNA2 amiRNA plasmids, as described (Molnar et al., 2009). GPD2pChlamiRNA2 and GPD3-pChlamiRNA2 plasmids were transformed into the
cw15 arg7-8 strain by the glass bead method (Kindle, 1990) and selected on
TAP-agar medium lacking Arg. Six independent GPDH knockdown lines
from each transformation event were grown for further analysis, and two
independent gpd2 and two independent gpd3 knockdown lines, referred to as
gpd2-1, gpd2-2, gpd3-1, and gpd3-2, were characterized in further detail in
comparison with nontransformed (CC-4351 cw15 wild type) and empty
plasmid control transformed strains.
The pCB740-GPD2 and pCB740-GPD3 plasmids were introduced into the
arg2 CC-48 strain to generate GPD2 and GPD3 overexpression lines using
biolistic bombardment as described previously (Bajhaiya et al., 2016b) and
selected on TAP-agar medium lacking Arg. A total of 12 pCB740-GPD2 transformants and 12 pCB740-GPD3 transformants were examined further by realtime PCR, performed as described above and using GPD2- and GPD3-speciﬁc
primers (Supplemental Table S1), to screen for lines with increased GPDH
expression. Two independent GPD2 overexpression lines, GPD2-OE1 and
GPD2-OE2, and three independent GPD3 overexpression lines, GPD3-OE1,
GPD3-OE2, and GPD2-OE3, were studied further in comparison with nontransformed (CC-48 arg2 wild type) strains.

Quantitative GPDH Gene Transcript Expression
The abundance of GPD2 and GPD3 mRNA transcript in C. reinhardtii was
determined in each gpd2 and gpd3 knockdown line and in each GPD2 and GPD3
overexpression line, respectively, and in wild-type cells. The knockdown lines
and the wild type were grown for 5 d in low-P TAP medium. The overexpression lines and the wild type were grown for 3 d in standard (nutrientreplete) TAP medium. Expression of GPD1 to GPD5 was assessed in the wild
type (cw15) grown for 5 d in nonstressed TAP, low-P TAP, low-N TAP, and salt
stress by exposing cells grown in TAP medium to 200 mM NaCl for 2 h. RNA
was isolated from 50-mL samples of culture using Trizol reagent, and cDNA
was synthesized as described above. Gene expression was determined by qPCR
using an ABI Prism 7000 machine (Applied Biosystems) with FastStart Universal SYBR Green Master (ROX; Roche). The CBLP (RACK1) gene or the 18S
gene was used as a reference gene to normalize expression. Primer sequences
are listed in Supplemental Table S1. Three biological replicate samples were
each run with technical triplicates. The comparative threshold cycle method
(Schmittgen and Livak, 2008) was used with LinReg software (Ruijter et al.,
2009) to determine PCR efﬁciency. Melting curves were produced for each
experiment to ensure that single products were ampliﬁed. Relative ampliﬁcation efﬁciency obtained by qPCR varied between 98% and 99%, and the
obtained R2 value of all the qPCRs was greater than 0.98.

Yeast Analysis
Salt tolerance in liquid YPD media containing 0.8 and 1 M NaCl concentrations, and in comparison with YPD medium without added salt, was performed
in triplicate with samples grown shaking at 30°C for 24 h on 24-well ﬂatbottomed plates, and cell growth was determined by measuring A600 (OD600).
For quantiﬁcation of glycerol accumulation in response to salt, yeast strains
were grown for 24 h at 30°C in SD-His medium and harvested by centrifugation, and then the pellet was resuspended in SD-His medium containing 0.7 M
NaCl and grown shaking at 30°C for 4 h. The sample was boiled for 10 min and
then centrifuged. Yeast glycerol analysis was performed on the supernatant
using the Total Glycerol Kit (Megazyme). For neutral lipid quantiﬁcation, late
stationary phase yeast cells grown in SD-His medium without N were normalized to an OD600 value of 0.5 before incubation in Nile Red ﬂuorescent dye
solution (Chen et al., 2009) and then measured using a Fluoromax-4 Spectroﬂuorometer (Horiba), with excitation and emission wavelengths of 530 and
575 nm, respectively.

Generation of GPD2 and GPD3 Knockdown and
Overexpression Lines

Chlorophyll, Starch, and Nile Red Lipid Measurement

Oligonucleotide sequences to target GPD2 and GPD3 by amiRNA were
designed using the Web MicroRNA Designer (http://wmd3.weigelworld.org;

Cells grown until day 7 or day 11 for GPD3-OE lines, in standard TAP and
low-P TAP media, were harvested and analyzed for quantiﬁcation of total
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chlorophyll (chlorophyll a and b) and for starch, glycerol, and total neutral lipid.
For total chlorophyll measurement, 5-mL volumes of triplicate samples were
centrifuged (13,000g for 10 min), resuspended, incubated in 80% acetone,
and then vortexed to extract the pigments. Cellular debris was pelleted by
centrifugation, and then chlorophyll a and b concentrations were determined
spectrophotometrically using the method and formula described previously
(Porra et al., 1989). Starch was quantiﬁed using the Total Starch Assay Kit
(Megazyme) from triplicate 2-mL samples, as described previously (Bajhaiya
et al., 2016b). Neutral lipids were measured using the Nile Red ﬂuorescent
dye, essentially as described previously (Dean et al., 2010), except that day-7
algal cells grown in TAP, low-P, or low-N medium were normalized to an
OD680 value of 0.5 before incubation in Nile Red solution and quantiﬁcation
using a spectroﬂuorometer as described above.

Mass Spectrometry Metabolite Analysis
Wild-type (CC-48) C. reinhardtii and GPD2-OE cells were grown until day
7 or day 11 for GPD3-OE cells in standard TAP and low-P TAP media. A sample
of 10 to 35 mg fresh weight of algal material was snap frozen in liquid nitrogen,
ground using a Retsch ball mill (2-mm ball bearings), and then extracted with
1 mL of methanol:chloroform:water (2.5:1:1), shaken at room temperature for
15 min, and centrifuged at 14,000g for 10 min. A 1-mL volume of supernatant
was removed to a clean tube, with 0.5 mL of water added, and then vortexed
thoroughly and centrifuged for 10 min for phase separation. A 1.2-mL volume
of the upper phase was dried down and then resuspended in methanol and
100 mL of an internal standard described previously (Trivedi et al., 2016).
Samples were dried down by overnight speed vacuum concentration. Gas
chromatography-mass spectrometry analysis was performed using an Agilent
6890N GC oven (Wokingham) coupled to a Leco Pegasus III/IV mass spectrometer (St. Joseph), exactly as described previously (Trivedi et al., 2016) for
glycerol analysis. Lipid proﬁles were quantiﬁed by UHPLC-MS from the
nonpolar lower chloroform phase. This was removed and dried at 40°C for 2 h,
and then UHPLC-MS was performed on an Accela UHPLC autosampler system
coupled to an electrospray LTQ-Orbitrap XL hybrid mass spectrometry system
(ThermoFisher) in positive and negative electrospray ionization modes. The
UHPLC-MS procedure, data processing, and collection were exactly as described previously (Bajhaiya et al., 2016a). Data were normalized on the basis of
fresh weight biomass. Identiﬁcation of lipid features and annotation of lipid
classes were performed using an accurate mass match with the LipidMaps
database (http://www.lipidmaps.org) as described by Trivedi et al. (2016).

bootstrap approach to determine tree conﬁdence, using RAxML version 7.1.
For bootstrapping, 1,000 iterations were used. The tree was viewed using the
FigTree program.

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Phylogenetic analysis of GPDH family proteins
from C. reinhardtii, D. viridis, and S. cerevisiae.
Supplemental Figure S2. Amino acid sequence alignment of C. reinhardtii
GPD2 and GPD3.
Supplemental Figure S3. Metabolite proﬁling of gpd2 and gpd3 knockdown lines by FT-IR spectroscopy.
Supplemental Figure S4. Lipid relative abundance of gpd2 and gpd3
knockdown lines by FT-IR spectroscopy.
Supplemental Figure S5. Cell density and starch accumulation in gpd2 and
gpd3 knockdown lines.
Supplemental Figure S6. Multivariate statistical clustering of FT-IR spectra
from gpd2 and gpd3 knockdown lines.
Supplemental Figure S7. Multivariate statistical clustering of FT-IR spectra
from GPD2-OE and GPD3-OE lines.
Supplemental Figure S8. Lipid relative abundance of GPD2 and GPD3
overexpression lines by FT-IR spectroscopy.
Supplemental Table S1. PCR primers used in this study.
Supplemental Table S2. Oligonucleotide sequences used for amiRNA
plasmid generation.
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