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Glucose induces the green alga Chlorella zofingiensis to accumulate high amounts of astaxanthin and triacylglyc-
erol (TAG). Here we used comparative transcriptome analysis to identify the genes and their expressions for the
biosynthesis of the importantmetabolites. Transcriptome data revealed a great number of gene coding sequences
involved in most primary and secondary metabolisms, including full coding sequences of all the genes for
astaxanthin and TAG biosynthesis. The biosynthesis of IPP (isopentenyl diphosphate) by the MEP
(methylerythritol 4-phosphate) pathway was found to be correlated to astaxanthin biosynthesis. The enhanced
astaxanthin synthesis induced by glucose was closely related to the up-regulation of astaxanthin pathway genes
coupledwith the repression of side pathway genes. Most of the genes involved in fatty acid and TAG biosynthesis
consist of more than one copy. Their global up-regulation triggered off the accumulation of fatty acids and TAG in
C. zofingiensis. In addition, glucose up-regulated DGAT2 (diacylglycerol acyltransferase 2) but down-regulated
PDAT (phospholipid: diacylglycerol acyltransferase), suggesting that the acyl-CoA-dependent pathway attribut-
ed to the accumulation of TAG. Astaxanthin and TAG accumulations were found to be coordinated. Our tran-
scriptome datasets can serve as a valuable and informative platform for functional studies on carotenoids,
lipids and other important metabolites.
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1. Introduction

Chlorella zofingiensis Donz, a unicellular microalga, is able to accu-
mulate astaxanthin and lipids under certain environmental stresses or
culture conditions [1–5]. Astaxanthin, a common ketocarotenoid in
aquatic animals, possesses strong antioxidant activity and has been
shown to have many biological functions, and thus has been used as a
nutritional supplement in foods, feeds, nutraceuticals and pharmaceuti-
cals, with over $250 million market per year in the United States [6–8].
Recent studies also showed that C. zofingiensis could be a feedstock for
biodiesel [4,5,9]. The underlining mechanisms of how this green alga
to accumulate astaxanthin and lipids under stress conditions, especially
upon the treatment of glucose, are largely unknown.

Green algae are accepted to follow the same pathway as higher
plants for the biosynthesis of carotenoids, which depends on the C5
building blocks of IPP/DMAPP (isopentenyl pyrophosphate/
dimethylallyl diphosphate) [10,11]. Three IPP and one DMAPP are
catalysed to form a GGPP, which is carried out by a GGPP synthase
(GGPPS). Two GGPPs are then condensed by phytoene synthase (PSY)
to make the first carotenoid phytoene. Subsequent desaturation
(catalysed by phytoene desaturase and z-carotene desaturase, PDS
and ZDS) and isomerization (ζ-carotene isomerase and carotene isom-
erase, Z-ISO andCRTISO) of phytoene produce lycopene. Lycopeneβ-cy-
clase (LYCb) further catalyses lycopene to β-carotene [10]. The further
formation of astaxanthin needs a β-carotene ketolase (BKT) and a β-
carotene hydroxylase (CHYb) to introduce two keto and two hydroxyl
groups into the β-ionone rings [8,12]. Most of the genes involved in
the astaxanthin formation from phytoene to astaxanthin in C.
zofingiensishas been cloned and characterized [13–17]. In contrast, little
is known for the genes encoding the enzymes for the synthesis of the
IPP/DMAPP precursors. Furthermore, whether C. zofingiensis likes
many other green organisms to consist of more than one copy of
genes for the synthesis of carotenoids remains to be investigated.

In addition to astaxanthin, C. zofingiensis can also produce a large
amount of fatty acids and TAG [4,5,9,18]. Feeding with 30 g/L glucose,
C. zofingiensis could accumulate TAG up to 65% of total lipids and fatty
acids up to 45.4% of cell dry weight [5]. TAG and fatty acids can be con-
verted to fatty acid methyl esters, which are the main components of
biodiesel [19]. Interestingly glucose co-induced C. zofingiensis to accu-
mulate lipids and astaxanthin that was esterified as fatty acyl mono-
and diesters, and stored in lipid bodies [8,20]. Great efforts including ge-
netic engineering, culture system optimization and bio-refinery based
production strategies have been carried out to make C. zofingiensis be
a promising source for astaxanthin and TAGwith limited success, main-
ly due to scarce information on the biosynthesis of themetabolites [4,8].
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RNA-seq is a powerful tool for analysing whole transcriptomes. It
has been proven not only to be a useful approach for identifying
stress-induced genes, but also to provide a broad overview of compli-
cated biosynthesis processes. In recent years, there are a growing num-
ber of transcriptome analyses in microalgae focusing on oil and
carotenoid biosynthesis, which have provided a variety of targets and
strategies for rational genetic engineering [21–27]. Thus in order to un-
derstand how glucose induces C. zofingiensis to synthesize astaxanthin
and lipids, here we used de novo transcriptome analysis to identify the
genes and their expressions involved in the biosynthetic pathways of
the important metabolites.

2. Materials and methods

2.1. Microalga strain and growth conditions

C. zofingiensis (ATCC 30412), obtained from American Type Culture
Collection (ATCC, Rockville, MD, USA), was maintained on Kuhl [28]
agar slant at 4 °C. Inoculated from agar slant, cells were first grown in
10 mL liquid Kuhl medium for 4 days at 25 °C under continuous illumi-
nation (30 μmol photons m−2 s−1) with orbital shaking at 150 rpm,
then the cells were inoculated at 10% (v/v) into a 300-mL Erlenmeyer
flask containing 50 mL of the same medium and grown for 4 days, and
these algal cells were then used as seed cells. Seed cells were inoculated
at 10% (v/v) into a 500-mL Erlenmeyer flask containing 100 mL Kuhl
medium and grown to late logarithmic phase. The samples were
allowed to grow for 96 h (h) under the same conditions as those of
seed preparation (control group), or increasing light irradiation to
90 μmol photons m−2 s−1 (high light group), or addition of glucose at
a concentration of 30 g/L (glucose group).

2.2. Pigment analysis

For pigment analysis, 5 mL cells were harvested by centrifugation
and the cell pelletswere used for extraction. Cell dry biomasswas calcu-
lated as Liu et al. [29]. Pigment extraction was carried out with acetone
until cells were almost colourless, then the extracts were filtered
through a 0.22 μm Millipore organic membrane, and those filtrates
were analysed on an Agilent Ultra-Performance liquid chromatography
(UPLC) 1290 Infinity, which equipped with an Agilent Eclipse plus C18
RRHD1.8 μmcolumn (2.1 × 50mm). Themobile phase consisted of elu-
tion A (20% water, 60% acetonitrile, 5% isopropanol and 15% methanol)
and elution B (80% acetonitrile, 5% isopropanol and 15%methanol), and
the extractswere eluted at aflow rate of 0.5mL/minwith followingpro-
cess: 100% A for 1 min, and then a liner gradient from 100% A to 100% B
within 1 min, followed by 100% B for 6 min. Individual pigment was
identified by comparing the retention times and absorption spectra to
standard carotenoids, and the concentrations of pigments were deter-
mined by standard curve and peak areas.

2.3. Lipid extraction and fatty acid analysis from C. zofingiensis

Two hundredmilligram lyophilized cells were used for total lipid ex-
traction according to Liu et al. [5], utilizing chloroform-methanol-water
(2:1:0.75, v:v:v), and the extracts were dried and weighed. To deter-
mine the content of fatty acids, direct transesterificationwas performed
[30], and the fatty acid methyl esters (FAME) were analysed using a gas
chromatography–mass spectrometry (GC–MS) (Agilent Technologies
7890/5975, USA) equipped with a DB-5 (30 m × 250 μm × 0.25 μm,
Agilent, USA) column. Helium (constant flow: 1.2 mL/min) was used
as carrier gas, the injector was kept as 250 °C with an injection volume
of 1 μL under split ratio of 20:1, and the column temperature was first
set at 170 °C, which was progressively raised at 5 °C/min to 250 °C
and kept for 5 min. Identification of individual FAME was based
upon comparing the mass to charge ratio with that of standard
FAME mixtures and NIST database. Individual FAME content was
determined by comparing the peak area of each FAME with that
of methyl pentadecanoate (Sigma), which was used as the internal
standard. TFA was calculated by adding all the individual fatty
acid contents. TAG content was represented by the content of
total lipids, as TAG accounting for most major of total lipids in
C. zofingiensis, especially when under high glucose and high light
conditions [4,5].
2.4. Isolation of RNA and quantitative real-time PCR

Since glucose and/or high light could rapidly induce C. zofingiensis to
synthesize astaxanthin within 24 h as reported in previous studies [2,3,
16,31–33] and 12 h in this study, we sampled 6 h treatment cells for
RNA-Seq analysis considering the lag betweenmRNAs and their protein
functions. Total RNAwas isolated using TRIzol reagent (Invitrogen) fol-
lowing the manufacturer's protocol, and RNA samples were treated
with RNase-free DNase I (TaKaRa Biotech Co., Ltd., Dalian, China) to re-
move contaminating DNA. Agarose gel electrophoresis (1.5%),
Nanodrop 2000 (Thermo Scientific, Wilmington, USA) and Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA) were used
to check the integrity, concentration and quality of RNA.

Total RNA (3 μg) was reverse transcribed to cDNAusing Prime Script
II 1st Strand cDNA Synthesis kit (TaKaRa Biotech Co., Ltd., Dalian, China),
and the cDNA was diluted 20-fold before use. RT-qPCR was performed
on a CFX Connect Real-Time System (Bio-Rad) in a 20 μL reaction vol-
ume, which consisted of 0.25 mM of each primer, 10 μL of iTaq SYBR
Green Supermix (Bio-Rad) and 2 μL of template cDNA. The PCR profile
was as follow: 30 s at 95 °C followed by 40 cycles of 5 s at 95 °C and
15 s at 60 °C. For the Melt Curve analysis, a procedure of 0.5 °C incre-
ment at 5 s/step from 65 °C to 95 °Cwas added after above PCR process.
Actin gene was set as reference gene, and as the expression levels of
those geneswe selected for RT-qPCR experimentswere not significantly
change under normal condition in our prior analysis, gene expression
levels were compared to that of 6 h normal cultivated cells in all RT-
qPCR experiments based on 2−ΔΔCT method [34]. All experiments
were achieved in triplicate and data obtained were analysed using CFX
Manager™ Software v3.1 (Bio-Rad).
2.5. cDNA library preparation and sequencing

cDNA library preparation was performed according to the standard
protocol of Illumina sample preparation method. Briefly, the poly (A)
mRNAs were enriched by oligo (dT) beads, and then fragmented to
small pieces. These smallmRNAwas converted to cDNAby reverse tran-
scription, and after end repair, adapter ligation and agarose gel electro-
phoresis filtration, PCR was carried out on these transcripts and then
sequenced using Illumina HiSeq™ 2500 sequencing platform.
2.6. De novo assembly and gene functional annotation

For quality control, raw reads were processed to obtain high quality
clean reads through removing adaptor sequences, ambiguous reads
(‘N’), and low quality reads (reads with N10% being b20 bases). De
novo assembly was separately performed with these three high quality
clean read datasets by using Trinity software (release-2012-10-05), and
those sequences obtained from the trinity assembly were called
unigenes.

The unigenes were BLASTX against the NCBI non-redundant protein
database (NR), Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes
(KEGG), Clusters of Orthologous Group (COG) and Gene Ontology
(GO) to predict protein function with an E-value threshold of 1.0E−5.
The KEGG pathway annotation, GO and COG functional classification
were also analysis with each sample's unigenes.



Fig. 1. Time course of astaxanthin (a), total lipids (b) and total fatty acid (c) contents in C.
zofingiensis under control and glucose (30 g/L glucose) conditions, data aremean values±
S.D. of three independent measurements.
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2.7. Different expression analysis of unigenes

Separate sequence read dataset was used as inputs into DESeq pack-
age to analysis the unigenes expression based on RPKM (reads per kilo-
base transcriptome per million mapped reads). Fold change between
two samples were considered significant when | log2(RPKMSample/
PRKMControl)| N1 and q b 0.05.

3. Results and discussion

3.1. Quantitative analysis of astaxanthin and lipids

Previous studies found that glucose could induce the accumulation
of astaxanthin and lipids in C. zofingiensis, accompanied with the signif-
icantly upregulation of rate-limiting genes [4,33]. To correlate
astaxanthin and lipids production with mRNA levels, time course of
astaxanthin, TFA and lipid contents in glucose and control group were
studied. As illustrated in Fig. 1a, and Table S1 (in Electronic supplemen-
tary material, ESM), glucose greatly induced C. zofingiensis to synthesize
astaxanthin in that about 30-fold increase of astaxanthin contents oc-
curred (from 0.03 mg/g at 0 h to 0.92 mg/g at 96 h) whereas only 8-
fold increase in control (from 0.03 to 0.24 mg/g). Specifically, within
12 h no significant change of astaxanthin was found in control but 1-
fold increase in high light groups and 4-fold increase in glucose groups
(Fig. 1a, Fig. S1). Similar changes occurred to total lipids and TFA (Fig. 1b,
c, Table S1). Total lipids at 96 h in glucose treatment were 34.6% of dry
weight, which was more than two folds of that in control (16.5% of
dry weight). TFA at 96 h in glucose group was about three fold of that
at 0 h (25.0% vs 8.09% of dry weight), while TFA in control group in-
creased from 8.06% (0 h) to 13.08% (96 h). Small increasing accumula-
tions of the three compounds in control group may result from the
limitation of nutrition in culture medium, as the cases of nitrogen star-
vation led to the enhanced production of astaxanthin and fatty acids in
the same organism [1,5].

3.2. Analysis of RNA-Seq datasets

Three libraries were constructed from samples with different treat-
ments (T1: control, T2: high light treatment, and T3: glucose induce),
and approximately 66.76 million raw reads and 13.48 G bases in total
were yield by Illumina HiSeq™ 2500 sequencing device. After removing
low quality reads and adaptor sequences, a total of 52.62 million clean
reads and 10.63 G bases were obtained (Q30 ≥ 96.14 and GC ~ 51%).
Based on these high quality clean reads, trinity assembly finally pro-
duced 32,931 unigenes with average length of 1374 bases and N50 of
2796 bases. A summary of the sequencing and assemble information
is present in Table 1.

Raw data files are depositing in NCBI Sequence Read Archive
(SRP067324). For functional prediction, all unigenes were BLASTX
against NR, Swiss-Prot, KEGG, GO and COG, and a total of 17,392
unigenes (52.8%, Table S2) showed significant matchwith the expected
value (E-value ≤ 1.0E−5), a similar result to that of Haematococcus
pluvialis (20,234 unique sequences) [26]. About half of the unigenes
could not be annotated to any exist genes, and this may be explained
by the presence of short ORFs (48.37% b 300 bp, Table S3, Fig. S2,
ESM1) and/or short of relevant genes. The GO annotations were per-
formed to categorize the function of predicted unigenes. As many of
the annotated unigenes are hypothetical protein (9908 unigenes,
57.7% of NR predicted), only a total of 8805 unigenes are assigned to
GO classes (Fig. S3, Table S2) with 4791 (54.42%) belonging to the mo-
lecular functions followed by 2179 (24.74%) and 1835 (20.84%) to the
biological processes and cellular components, respectively (ESM). The
COG analysis further clusters 8007 unigenes into 25 functional groups
(Fig. S4), and the largest category is “General function prediction only”
(24.13%, 1932), followed by “Replication, recombination and repair”
(11.3%, 905) and “Translation, ribosomal structure and biogenesis”
(10.8%, 867). In order to reconstruct metabolic pathway in C.
zofingiensis, all the unigenes were searched against KEGG, 4548
unigenes were annotated andmapped into 111 KEGG pathways (ESM).

3.3. Differential gene expression

Differential gene expressions between control and treatment sam-
ples were measured based on RPKM. Between T1 and T2, 580 unigenes
were differentially expressedwhile between T1 and T3 the number was
1489 (Fig. 2). Within these differential expression genes (DEGs), 189
unigenes were up-regulated and 391 unigenes were down-regulated



Table 1
Summary of the sequence assembly in Chlorella zofingiensis.

Samples Assembly
size (n)

Total bases
(bp)

GC% Q30% Mean
length
(bp)

N50
(bp)

Clean
reads

T1 17,887,113 3,612,911,541 51.45 96.16 – –
T2 15,977,396 3,227,239,080 50.98 96.58 – –
T3 18,757,452 3,788,530,812 51.2 96.14 – –

Unigene T1 22,866 28,095,221 – – 1229 2343
T2 22,512 27,356,023 – – 1215 2259
T3 21,969 25,975,563 – – 1182 2215
All 32,931 45,252,074 – – 1374 2796
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in T2 when compared to control; whereas the numbers of unigenes in
T3 were 860 and 629 respectively. DEGs enrichment analysis was also
performed with COG, GO and KEGG based on these DEGs. In both high
light and glucose treatment, functional categories linked to translation,
ribosome, protein processing, stress and carbon fixation were highly
enriched compared to control (Figs. S5, S6). There were also different
enrich groups under each treatment, for example, porphyrin and chlo-
rophyll metabolism and response to light stimulus were enriched in
high light condition (Fig. S7);while induced by glucose, glycolysis, ener-
gy production and conversion, pyruvate metabolism, fatty acid biosyn-
thesis and IPP biosynthetic process were much more enriched, and
Fig. 2. Differentially expressed genes of C. zofingiensis between different conditions (T1: cont
those genes involved in pathways of photosynthesis, ribosome, and pro-
tein export were decreased (Fig. S8). In photosynthetic organisms,
when the carbon sources are abundantly available, sink activities, such
as growth and storage, are upregulated, but source activities like photo-
synthesis are usually down-regulated [35]. For example, the plant Snf1-
related kinase 1 (SnRK1), which can result in an inhibition of biosyn-
thetic processes and growth, is repressed by sugar, especially glucose-
6-phosphate (G6P) and glucose-1-phosphate (G1P) [36,37]. Our RNA-
Seq found that after 6 h glucose treatment, a putative SnRK1
(T2_Unigene_BMK.16036) was significantly down regulated (~3-fold).
At the same time, genes involved in starch (i.e., alpha-glucan phosphor-
ylase, T3_Unigene_BMK.8421) and sucrose (i.e., UDP-glucose pyrophos-
phorylase, CL8907Contig1) formation were upregulated by ~3-fold and
5-fold (Fig. S8), respectively. In contrast, eight genes encoding for pho-
tosystem I and three genes encoding for photosystem IIwere down reg-
ulated by 6- to 25-fold (Table S5). Although different DEGs category
enrichments may reflect the different response upon different stimula-
tions, genes involved in astaxanthin and fatty acids were different
expressed mainly in glucose group (Table S5). The relatively lower
light intensity we used (90 μmol photons m−2 s−1) and/or the lag im-
pact of light might explain the weak inducing effort of light in this
study. Thus, we mainly focused on revealing the biosynthetic pathways
and their regulations of astaxanthin and lipids upon glucose treatment.
A detail information of DEGs can be found in online resource ESM3.
rol; T2: high light and T3: high glucose). Left: Scatter diagram and right: Venn diagram.
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3.4. RT-qPCR validation of RNA-Seq

Ten unigenes, which are mainly involved in astaxanthin and TAG
biosynthesis, were selected for validating RNA-Seq results using RT-
qPCR with the primers listed in Table S4. These selected unigenes are
from different metabolic pathways that showed different expression
levels between the glucose inducing transcriptome dataset and control
one, with some being significantly up-regulated, some down-regulated,
and some no variation. RT-qPCR results demonstrated that 9 of the 10
genes showed similar expression patterns to those of RNA-Seq. Thus,
our results confirm that the RNA-Seq based transcriptome datasets are
generally accuracy and robust. The only discrepancy occurred to PDS
transcripts detected by RNA-Seq and qRT-PCR could be due to a lower
rate of accuracy by RNA-Seq since qRT-PCR results by this (Fig. 3) and
previous [13,38] studies all showed that glucose up-regulated PDS
expression.

3.5. Astaxanthin biosynthesis

Based on transcriptome annotation, all eight genes involved in the
MEP pathway were identified in C. zofingiensis (Table S5; Fig. S9),
amongwhichMDS (2-C-methyl-D-erythritol 2,4-cyclodiphosphate syn-
thase) was up-regulated (~2.6-fold) upon glucose induction. In con-
trast, only ACAT (acetyl-CoA C-acetyltransferase) and HMGS
(hydroxymethylglutaryl-CoA synthase) of the MVA pathway genes
were detected from both of the transcriptome data, indicating very
low expressions of the other genes involved in MVA pathway. Further-
more, HMGS had no significant changes in mRNA abundances while
ACAT was down regulated (~2.2-fold) upon glucose induction. These
results support that it is theMEP pathway that contributes to carotenoid
synthesis by supplying IPP and DMAPP in C. zofingiensis. The same sce-
nario was also found in H. pluvialiswhen it was under high light stress
[26]. Interestingly, three different transcripts encoding isopentenyl di-
phosphate isomerase (IPPI) were identified (Table S5). Protein location
prediction by ProtComp (http://linux1.softberry.com) suggested that
one of these isoforms, namely T1_Unigene_BMK.22394, may located
in cytoplasm and the other two (CL7206Contig1 and CL6134Contig1)
are likely to be chloroplast proteins.

All the genes necessary for astaxanthin biosynthesis from IPP were
identified by our transcriptome analysis, their sequence ID and expres-
sions information were listed in Table S5. In the local blast analysis, we
Fig. 3. Comparison of fold changes detected by RNA-Seq (RPKM) and by qPCR. Bars
represent the log2 of the fold changes when comparing the expressions between
controls and glucose-induced samples, and on the top of the bars are the gene names.
CHYb, PSY, BKT1 and BKT2, PDS, LYCe, SAD, PDAT, PSAL and PK are genes coding for β-
carotene hydroxylase, phytoene synthase, β-carotene ketolase, phytoene desaturase,
lycopene epsilon-cyclase, stearoyl-ACP desaturase, phospholipid:diacylglycerol
acyltransferase, photosystem I subunit XI, and pyruvate kinase.
found a transcript (CL5424Contig1) encoding a putative beta-carotene
ketolase (here named BKT2) sharing only 56% of identical amino acids
with the previously found BKT ([17], here named BKT1). Functional
analysis showed that the BKT2 was able to convert β-carotene to can-
thaxanthin via echinenone with lower efficiency than the BKT1 (data
not shown). The astaxanthin pathway is thus briefly illustrated in Fig. 4.

Under glucose condition, six genes involved in astaxanthin synthesis
were up-regulated (N2-fold), namely farnesyl-diphosphate synthase
gene (FPPS), PSY, LYCb, BKT1, BKT2 and CHYb. Glucose was reported to
induce the accumulation of astaxanthin in C. zofingiensis, accompanied
by significant up-regulation of BKT1, CHYb and PDS within 24 h [3,16,
33]. Carotenoid contents are generally correlated with the transcripts
abundance of the rate-limiting genes involved in the pathway [11,39].
Overexpression of upstream and/or downstream genes of astaxanthin
pathway could enhance the accumulation of carotenoids including
astaxanthin in a number of organisms [38,40–44]. In order to correlate
transcripts levels to product contents, five rate-limiting genes in
astaxanthin pathway, namely BKT1, BKT2, CHYb, PDS and PSY, were se-
lected to study their expression patterns under glucose induction. All
the selected genes were found to be simultaneously up-regulated in
transcriptional expressions upon glucose treatment with maximum
up-regulation at 72 and/or 96 h (up to 13- to 44-fold, Fig. 4), correlating
well with the steady-state accumulation of astaxanthin (maximum at
96 h, ~30 fold of 0 h, Fig. 1a).

Our DEGs analysis also found that some terpenoid backbone and
other carotenoid biosynthesis genes were down-regulated under the
glucose condition. For example, gene encoding geranylgeranyl diphos-
phate reductase (GGPPR), which converts GGPP (a direct precursor of
phytoene) to phytyl pyrophosphate, decreased about 7.7-fold in its
transcript abundance under glucose treatment. Lycopene epsilon-cy-
clase (LYCe), one of the two lycopene cyclase, was also down regulated
(10.0-fold). CYP97C, which catalysed ɑ-carotene into lutein together
with CYP97A, was down regulated (~3.4-fold). ZEP (zeaxanthin
epoxidase), which turns zeaxanthin into violaxanthin, was also down
regulated (~3-fold). Suppression of competing pathways downstream
of branch points would avoid intermediates being diverted, and thus
improve precursors supply for desired target compounds [45]. Suppres-
sion and silencing the LYCe increased β-carotene levels in Arabidopsis
and Solanum tuberosum [46,47]. The down regulation of the above-men-
tioned four genes would led to enhanced productions of β-carotene and
zeaxanthin (the direct precursors of astaxanthin) which could be effi-
ciently converted to astaxanthin by the simultaneously up-regulation
of BKT and CHYb genes.

3.6. TAG biosynthesis

Fatty acids are building blocks for lipids including TAG biosynthesis.
De novo biosynthesis of fatty acids in algae and plants ismainly occurred
in chloroplast [48]. The biosynthetic pathway of fatty acids starting from
acetyl-CoA is shown in Fig. 5. Acetyl-CoA is converted intomalonyl-CoA
by a multi-subunit enzyme, acetyl-CoA carboxylase (ACCase). Malonyl-
CoA is then transferred intomalonyl-acyl carrier protein (malonyl-ACP)
by malonyl-CoA:ACP transferase (MCAT). C16:0- and C18:0-ACP bio-
synthesis from malonyl-ACP are sequentially catalysed by 3-ketoacyl-
ACP-synthase (KAS), 3-ketoacyl-ACP-reductase (KAR), 3-hydroxyacyl-
ACP dehydratase (HAD) and enoyl-ACP reductase (ENR). In plants and
algae, C18:0-ACP is converted to C18:1-ACP by introducing a double
bond to the Δ9 position, which is catalysed by stearoyl-ACP desaturase
(SAD). The formed C16:0-, C18:0- and C18:1-ACP are further catalysed
by acyl-ACP thioesterase (FAT) to yield free fatty acids, which can be
subsequently converted to acyl-CoA by long-chain acyl-CoA synthase
(LACS) for direct glycerolipid synthesis. Based on transcriptome annota-
tion of C. zofingiensis, all the necessary genes for de novo biosynthesis of
fatty acids in plastid have been identified (Table S5, Fig. 5), including
single unigene for MCAT, HAD, ENR and FAT, two unigenes for KAR,
SAD, KASI and KASIII, three unigenes for KASII and six for ACCase. Our

http://linux1.softberry.com


Fig. 4. Genes and their expressions involved in the biosynthetic pathway of astaxanthin in C. zofingiensis. Genes up-regulated by glucose were indicated in red, down-regulated in green,
and no significant changes in black. The bar graph indicates the expression pattern of rate-limiting genes analysed by RT-qPCR, and values in the bar graphs are the mean ± S.D. FPPS,
farnesyl diphosphate synthase; GGPS, geranylgeranyl diphosphate synthase; GGPPR, geranylgeranyl diphosphate reductase; PSY, phytoene synthase; PDS, phytoene desaturase; ZDS,
zeta-carotene desaturase; CRTISO, carotene isomerase; LYCb, lycopene beta-cyclase; LYCe, lycopene ε-cyclase; CHYb, beta carotenoid hydroxylase; BKT, beta-carotene ketolase;
CYP97A and CYP97C, cytochrome P450 β-hydroxylase; VDE, violaxanthin de-epoxidase; ZEP, zeaxanthin epoxidase; ZISO, 15-cis-zeta-carotene isomerase. C6, 6 h control samples; G6,
G24, G48, G72 and G96 represent 6, 24, 48, 72 and 96 h glucose treatment samples, respectively.
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RNA-Seq data revealed that most of the genes involved in the synthetic
pathway of fatty acidswere highly up-regulated upon glucose induction
(N10-fold, i.e., KASII, KAR and KASI). Similar results were reported in
other organisms [22,23,27]. Three different transcripts encoding for BC
(biotin carboxylase), a subunit of the first rate-limiting enzyme ACCase,
were found in C. zofingiensis, and two of themwere highly up-regulated
(T3_Unigene_BMK.10693, 11.6-fold, and CL6411Contig1, 12-fold) by
Fig. 5.Genes and their expressions involved in de novo fatty acid and TAG biosynthetic pathway
changes in black. The bar graph indicates the expression pattern of genes analysed by RT-qPCR, a
carboxylase submit of ACCase; MCAT, malonyl-CoA:ACP transacylase; KAS, 3-ketoacyl-ACP-syn
AC reductase; KAS II, 3-oxoacyl-[acyl-carrier-protein] synthase II; SAD, stearoyl-ACP desatura
GPAT, glycerol-3-phosphate acyltransferases; LPAAT, lysophosphatidic acid acyltransferases; D
C6, 6 h control samples; G6, G24, G48, G72 and G96 represent 6, 24, 48, 72 and 96 h glucose tr
glucose. Significant increasing in expression of BC had also been found
in the oleaginous microalga Neochloris oleoabundans during TAG accu-
mulation [23]. RNA-Seq also identified two different transcripts
encoding for SAD, the only soluble enzyme that catalysed C18:0-ACP
to C18:1-ACP, and one of them (CL8298Contig1) was up-regulated
(~6.7-fold) in response to glucose. The transcriptional level of SAD in
the microalga Nannochloropsis oceanica was also increased during
s of C. zofingiensis. Genes up-regulated by glucose were indicated in red, and no significant
nd values in the bar graphs are themean± S.D. ACCase, acetyl-CoA carboxylase; BC, biotin
thase; KAR, 3-ketoacyl-ACP-reductase; HAD, 3-hydroxyacyl-ACP dehydratase; ENR, enoyl-
se; FAT, acyl-ACP thioesterase; LACS, long-chain acyl-CoA synthase; GK, glycerol kinase;
GAT, diacylglycerol acyltransferases; PDAT, phospholipid: diacylglycerol acyltransferase.
eatment samples, respectively.
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fatty acid accumulation [27]. As SAD and BC are recognized as rate-lim-
iting enzyme in fatty acid synthesis [27,49], time courses of their tran-
script levels were studied. Time course q-PCR analysis of BC and SAD
genes and the content of TFA suggested their tight coordination in
that both BC and SAD were up-regulated from 6 h, and reached maxi-
mum at 72 h, accompanied by the step increasing of TFA from 24 h to
96 h. Thus, the multi-transcripts and their dramatic up-regulation of
fatty acid genes endow C. zofingiensiswith high levels of TFA upon glu-
cose induction.

TAG biosynthesis in plants and algae has two pathways: the Kenne-
dy pathway, an acyl-CoA dependent pathway, and the acyl-CoA inde-
pendent pathway mediated by a PDAT [50]. All the necessary genes
for both pathways were identified from our transcriptome data (Table
S5). A putative TAG biosynthesis pathway in C. zofingiensis is illustrated
in Fig. 5.

C. zofingiensis, as other algae, uses two building blocks for TAG
synthesis: one is glycerol-3-phosphate, which is from glycerol
catalysed by glycerol kinase (GK), and the other is acyl-CoA. Three
acyltransferases (glycerol-3-phosphate acyltransferases, GPAT;
lysophosphatidic acid acyltransferases, LPAAT; DGAT) and one
phosphatidic acid phosphatase (PAP) are needed for Kennedy
pathway. Totally, our transcriptome analysis identified a single
unigene for LPAAT and DGAT1, two unigenes for GK and PAP, three
unigenes for GPAT and PDAT, and five unigenes for DGAT2. Upon
glucose induction, one unigene for GPAT (T3_Unigene_BMK.11553,
2.6-fold) and PAP (CL8712Contig1, 4.6-fold) and two unigenes
for DGAT2 (CL2445Contig1 and T3_Unigene_BMK.6128, 2.2- and
2.3-fold, respectively) were significantly up regulated, whereas
DGAT1 (T2_Unigene_BMK.16136) and PAP (T3_Unigene_BMK.6836
and CL8712Contig1) were down regulated (2.4- and 4.4-fold).
GPAT is a rate-limiting enzyme of TAG biosynthesis, initiating the
synthetic step for the formation of TAG. Two putative genes for
GPAT have been found in N. oceanica and H. pluvialis, but their
expression levels were similar or even down regulated during TAG
accumulation [26,27]. DGAT, which catalysed the final step of the TAG
synthesis in the conventional Kennedy pathway, plays a key role in
determining the carbon flux into TAG [51]. Although many genes are
reported to have DGAT activities (i.e., DGAT1, DGAT2, PDAT and
MGAT), two major types of DGAT (DGAT1 and DGAT2) are mostly
studied in plants and algae. Similar to plants, green algae have many
genes encoding DGAT, for example at least six DGAT genes were
found in Chlamydomonas [52], thirteen and three DGATswere identified
inN. oceanica andH. pluvialis respectively [26,27]. Up-regulation ofDGAT
was also found in other algae under stress conditions, accompanied by
the accumulation of TAG [26,53]. Over-expression of DGAT2 was
reported to strongly enhanced TAG accumulation in both algae and
plants [54–56]. In our transcriptome data, three putative PDAT were
identified, yet none of them were remarkably up regulated. PDATs
have been found and confirmed to have DGAT activity in yeast, plants
and algae [53,57,58]. In order to evaluate the contribution of PDAT and
DGAT in TAG and more broadly total lipids synthesis, time course
expressions of these two genes were studied in response to glucose in-
duction (Fig. 5). Transcriptional levels of PDAT were about 2-fold of
that in control at 6 h but then decreased to one half of the control.Whilst
DGAT2was up-regulated in a steady state with its transcripts increasing
from 1.9-fold at 48 h to 23-fold at 72 h. The steady-state increase of total
lipids correlated well with the expression pattern of DGAT2, but not
PDAT. Thus, it is possible that under glucose induction, DGAT rather
than PDAT, contributes to the accumulation of TAG in C. zofingiensis.

C. zofingiensis could uptake and assimilate exogenous glucose [33].
Previously we found that phosphorylation of glucose (glucose sensing)
up-regulated BKT and CHYb genes in C. zofingiensis [16]. In addition, a
high concentration of glucose (50 g/L) also upregulated biotin carboxyl-
ase (BC) and stearoyl ACP desaturase (SAD), the rate-limiting enzymes
in fatty acid biosynthesis [4]. Our transcriptome analysis showed that
most genes involved in the pathway of glycolysis were significantly
up-regulated upon glucose treatment (Fig. S10). Specifically, the sub-
units of the pyruvate dehydrogenase complex, which catalyse the for-
mation of acetyl-CoA, the very precursor of both lipids and carotene
biosynthesis, were drastically up-regulated upon 6 h glucose treatment.
Glycolysis produces pyruvate as well as the high-energy compounds
ATP and NADH [59], which are essential for the synthesis of carotenoid
and TAG. Thus, the enhanced supply of ATP, NADH and acetyl-CoA by
glycolysis, coupled with the upregulation of the rate-limiting enzymes
involved in the pathways stimulated the biosynthesis of lipids and
astaxanthin in C. zofingiensis.

4. Conclusions

Comparative transcriptome analysis of C. zofingiensis identified a
large number of genes and their differential expressions, including
those involved in the biosynthesis of astaxanthin, fatty acids and triacyl-
glycerol. This study provides valuable information for functional studies
on carotenoids, lipids and other important metabolites.
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