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'College of Life Sciences, Hebei Agricultural University, Baoding, China, ?Hebei Key Laboratory of
Plant Physiology and Molecular Pathology, Baoding, China, *Hebei Engineering Research Center for
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Microalgae can effectively accumulate starch by using nutritional limitation
methods in the context of biocalcohol fuel production. However, relatively few
studies have focused on starch accumulation in microalgae and its molecular
basis, especially under sulfur limitation conditions. In this study, the starch
accumulation dynamics and physiological responses of Chlorella sorokiniana
under sulfur starvation (SS) and sulfur replenishment (SR) conditions were
investigated, and the genes involved in the transcriptional regulation were
explored using RNA-seq. The starch content in C. sorokiniana cells significantly
increased from 1.6% to 55.0% of dry weight within 24 h under SS conditions,
and then, it decreased to 3.4% within 12 h after transition to SR conditions.
However, cell growth was inhibited, and pigment content decreased under SS
conditions. Using RNA-seq analysis, a total of 9720 differentially expressed
genes (DEGs) induced by sulfur status were obtained. These genes were
narrowed down to 454 starvation and replenishment cross-validated (SRV)-
DEGs, among which 283 SRV-DEGs were significantly up-regulated and 171
SRV-DEGs were down-regulated under SS conditions, and returned to their
previous state under SR conditions. The SRV-DEGs enriched in the sulfate
metabolism pathway were all up-regulated under SS conditions after 6 h to
speed up the sulfur metabolic cycle, and the transcriptional abundance of a
sulfate transporter (SULTR4), cysteine synthase[O-acetylserine(thiol)-lyase]
(OASTL), serine acetyltransferase (SAT), and methanethiol oxidase (SELENBP1)
increased 8.6-fold, 12.6-fold, 8.7-fold, and 12.4-fold, respectively. Protein
synthesis was correspondingly inhibited, which resulted in the reallocation of
carbon and elevated the starch synthesis pathway, in which the expressions of
glycogen branching enzyme (GBE) and starch synthase (SS) were up-regulated
12.0- and 3.0-fold, respectively. The fatty acid desaturase (FAD) and
phosphatidic acid phosphatase (PAP) in the lipid synthesis pathway were
strongly up-regulated 8.8- and 16.2-fold, respectively, indicating the
competitive synthesis of lipids. The down-regulation of SRV-DEGs associated
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with carbon fixation, such as those in the Calvin cycle, possibly affected cell
growth. The time-resolved transcriptional analysis identified the SRV-DEGs,
revealing the underlying starch accumulation mechanism, as well as the
relationship with cell growth and lipid synthesis.

KEYWORDS

Chlorella sorokiniana, sulfur-starvation, sulfur-replenishment, transcriptomic
dynamics, starch metabolism

Introduction

Microalgae have been recognized as a potential feedstock for
biofuel production, because they can efficiently capture CO, via
photosynthesis and can be continuously cultivated, regardless of
the season or climate (Chen et al., 2013; Su et al., 2017).
Microalgae accumulate lipids, primarily triacylglycerides
(TAGs), which can be used for biodiesel production.
Moreover, in the context of bioalcohol fuel production,
microalgae can accumulate carbohydrates in the form of
starch and cellulose, which can be used for biofuel
fermentation (Chen et al,, 2013). Importantly, the biomass
conversion of microalgae is more effective than that of
lignocellulosic materials because of the absence of lignin and
its low hemicellulose content (Demuez et al., 2015).

The carbohydrates in microalgae are derived from
photosynthesis and carbon fixation metabolism. It has been
reported that the content of starch, which is the main form of
carbohydrate, accumulated in microalgae varies with species and is
dependent on the different culture conditions (Lakatos et al., 2019).
In order to generate microalgae biomass with a high starch content,
various studies have focused on (1) adjusting the environmental
culture conditions, such as irradiance, temperature variation, pH
shift, and CO, supplement (Chen et al, 2013); (2) nutrient
(nitrogen, phosphorus, and sulfur) limitations (Ran et al., 2019);
and (3) metabolic regulation in carbohydrate synthesis and
degradation (Wang et al., 2017).

The manipulation of nitrogen, phosphate, and sulfur
supplies has been the most effective strategy for improving
starch accumulation in several microalgae species, such as
Tetraselmis subcordiformis (Yao et al., 2012; Yao et al., 2018),
Parachlorella kessleri (Mizuno et al., 2013), Chlorella vulgaris
(Fernandes et al., 2013), and Chlamydomonas reinhardtii
(Gardner et al,, 2012), in which the starch content was found
to reach 37.0-69.3% of the dry biomass. The sulfur limitation (S-
limitation) method seemed to be more effective than both the
nitrogen and phosphate limitation methods (Branyikova et al.,
2011; Ran et al., 2019). It is generally acknowledged that a lack of
nutrients can exert stress on microalgae, leading to changes in
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cellular metabolic processes and the accumulation of energy
storage metabolites, such as starch and lipids. However, this also
causes oxidative stress, which leads to a decline in
photosynthetic activity and, consequently, a reduction in the
overall production of storage metabolites (Chen et al., 2013). It
has been suggested that the tradeoff between microalgal growth
and the production of storage metabolites should be carefully
considered in order to optimize the nutrient manipulation
strategy (Ran et al,, 2019).

To further improve the overall starch accumulation for
microalgae-based biofuel production, it is important to
determine the parameters of the stress-induced accumulation
of starch and the growth inhibition of microalgae, and to
elucidate the underlying metabolic mechanisms. In recent
years, the responses of microalgae, such as C. reinhardtii,
Tetraselmis sp., Dunaliella tertiolecta, and Monoraphidium
neglectum, to nutritional stress have been extensively
investigated (Gonzalez-Ballester et al., 2010; Tan et al., 2016;
Jaeger et al., 2017; Lim et al., 2017). The gene expression pattern
and regulatory mechanism triggered by N or S depletion for lipid
production have been investigated, but without focus on the
regulation of starch metabolism (Blaby et al., 2013; Tan et al,,
20165 Jaeger et al, 2017; Mao et al, 2020). The omics data
reported in the literature confirm that most starch biosynthetic
enzymes, such as granule-bound starch synthase, soluble starch
synthase, and branching enzyme, were up-regulated with the
accumulation of starch under nutrient starvation conditions,
and several traditionally recognized starch degradative enzymes,
such as starch phosphorylase and amylase, were up-regulated
(Ran et al., 2019). The studies conducted using RNA-seq analysis
usually obtain a large number of differentially expressed genes
(DEGs), and the background is miscellaneous. Thus, starch
accumulation in microalgae does not receive much research
attention, and the molecular basis for improving starch
accumulation and the growth inhibition of nutrient stress, the
key factors involved in transcriptional regulation, are largely
unclear, especially under sulfur stress conditions.

In this study, Chlorella sorokiniana, a fast-growing,
thermotolerant, and high-yielding microalgae strain (Lizzul
et al,, 2018), was investigated to determine whether it could
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accumulate a high content of starch under sulfur starvation (SS)
conditions. Then, the cells were transferred to sulfur
replenishment (SR) conditions to reversely explore the effect of
sulfur status on starch accumulation dynamics. Meanwhile, the
physiological parameters, namely, cell growth, phenotype,
pigment content, and chemical composition, were examined.
A time-resolved transcriptome analysis was carried out during the
transition of sulfur status, and the sulfur starvation and
replenishment cross-validated (SRV)-DEGs were screened to
elucidate the underlying mechanisms of starch accumulation
and related metabolisms. The potential target genes were
identified for the metabolic engineering of C. sorokiniana to
further improve the capacity of starch production. The expected
results could also provide the research basis for process regulation
of marine Chlorella and related marine biofuel production.

Materials and methods

Strain and culture conditions

C. sorokiniana UTEX1230 was purchased from the Culture
Collection of Algae at the University of Texas at Austin (UTEX).
The cultivation of C. sorokiniana was conducted in 500 mL
triangular flasks on a shaker at 25°C, 100 rpm, and with a
constant illumination of 80 umol m™> s™'. The normal growth
(NG) condition was maintained in Tris-acetate-phosphate (TAP)
medium (Harris, 1989). For sulfur starvation (SS) conditions, the
MgSO, in the TAP medium was replaced by MgCl, at an equal
molar concentration. In the second stage, for sulfur replenishment
(SR) conditions, 1 mM Na,SO, was added into the SS culture.

Measurement of microalgae growth and
pigment content

The cell growth of C. sorokiniana was determined by
measuring the optical density at 750 nm with a
spectrophotometer. The dry biomass yield was calculated
based on the dry weight of C. sorokiniana and culture volume.
For a pigment analysis, fresh samples (2 mL) were centrifuged at
12000 rpm for 3 min, and the pellet was resuspended in 2 mL
dimethyl sulfoxide (DMSO). The mixture was then vortexed,
and the suspension was centrifuged at 4000 rpm for 5 min to
collect the supernatant. The optical densities of the supernatant
were measured, and the contents of chlorophyll (chl) A, chl B,
and carotenoid were calculated according to a method described
in the literature (Wellburn, 1994).

Chemical composition analysis

The carbohydrate content in C. sorokiniana was measured
according to the protocol of the National Renewable Energy
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Laboratory (Wychen and Laurens, 2013). Lyophilized materials
weighing 25 mg in dry weight were treated with 72% (w/w)
sulfuric acid for 1 h at 30°C in a 15 mL centrifuge tube with a
screw cap. The samples were then diluted to 4% sulfuric acid
with deionized water and autoclaved for 1 h at 121°C. After
cooling, the supernatant was collected for glucose analyses using
an SBA 40C bio-sense analyzer (Biology Institute, Shandong
Academy of Sciences, China).

The starch content was determined using the enzymic
method with thermostable o-amylase and amyloglucosidase
(Aladdin, China). Thirty milligrams of lyophilized materials
was mixed with 3 mL Na-acetate buffer (pH 5.0), then 0.125 pl
o-amylase (2100 u/g) was added, and the solution was heated at
100°C for 60 min. After cooling, 0.125 ul amyloglucosidase
(100,000 u/g) was added and heated at 60°C for 60 min. After
hydrolysis, the glucose in the supernatant was analyzed using the
SBA 40C bio-sense analyzer.

The lipid content was measured using the sulfo-phospho-
vanillin (SPV) method (Mishra et al,, 2014). The microalgae
biomass (3 mg) was suspended in 100 puL water, and 2 mL of
concentrated (98%) sulfuric acid was added. The solution was
heated for 10 min at 100°C, and it was cooled for 5 min in an ice
bath. A total of 5 mL of freshly prepared phospho-vanillin
reagent was then added, and the sample was incubated in an
incubator shaker for 15 min at 37°C and 200 rpm. The optical
density at 530 nm was measured to quantify the lipid content.
Corn oil was used to prepare the standard lipid stocks at 50 mg
in 50 mL chloroform.

The protein content was measured using a BCA assay kit
(Beyotime Institute of Biotechnology, China). Lyophilized
microalgal cells were lysed by extraction solution, containing
50 mM Tris (pH 8.1), 1% sodium dodecyl sulfate (SDS), sodium
pyrophosphate, B-glycerophosphate, sodium orthovanadate,
sodium fluoride, EDTA, and phenylmethanesulfonyl fluoride
(PMSE). The supernatant was collected to measure the optical
density at 562 nm with the spectrophotometer.

Transmission electron
microscopy analysis

The microalgal cells were fixed overnight in 2.5%
glutaraldehyde buffer at 4°C. The cells were washed three
times with 0.1 M phosphate buffer (pH7.4). The samples
were post-fixed in 1% osmic acid at room temperature in the
dark for 2 h, and they were dehydrated in gradient ethanol
solutions (30%-50%-70%-80%-95%-100%) and in 100%
acetone twice at room temperature. After osmotic
embedding, polymerization, ultra-thin sectioning, and
dyeing, the cellular structure of the cells was observed using
a transmission electron microscope (HT7800/HT7700,
HITACHLI, Japan).
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RNA extraction and RNA-seq analysis

Total RNA was extracted using the plant RNA extraction kit
(Tiangen Biotech Co., Ltd., Beijing, China). A total of 400 ng
RNA per sample was used as input material for the RNA sample
preparations. Sequencing libraries were generated using
NEBNext® UltraTM RNA Library Prep Kit for Tlumina®
(NEB, USA) following the manufacturer’s recommendations,
and index codes were added to attribute sequences to each
sample. The procedure has been described in detail in the
literature (Zhang et al, 2021). The clustering of the index-
coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina). The
RNA sequencing of each sample was conducted using an
Ilumina Novaseq platform (Novogene Co., Ltd, Tianjin,
China), and 150 bp paired-end reads were generated.

Transcriptome de novo assembly and
differential expression analysis

The data obtained from the sequencing were first spliced
into transcripts and subjected to hierarchical clustering using the
corset program. RSEM software was used to calculate the gene
expression level from the RNA-seq data. R software was used to
perform statistics: Pearson correlation between all samples was
calculated. Finally, differentially expressed genes (DEGs)
between samples were identified, and clustering was carried
out using DEseq2 software. The assembled genes were
annotated using the BLASTx with an E-value threshold of 1.0
E-5 using the following databases: NCBI non-redundant protein
sequences (NR), Clusters of Orthologous Groups of proteins
(COG), Swiss-Prot, euKaryotic Ortholog Groups (KOG), Gene
Ontology (GO), Protein Family (PFAM), and NCBI nucleotide
sequences (NT).

Reverse transcription—polymerase chain
reaction analysis

Nine genes were selected for RT-PCR verification. Gene
encoding B-actin was used as the internal control. Primers were
designed using Primer CE software (Cao et al, 2010). The
primers can be found in Supplementary File 1, Table SI.
TransZol Up RNA Kit was used to extract the total RNA of C.
sorokiniana. The cDNA template was obtained using reverse
transcription and stored at -20°C for PCR analysis. The PCR
reaction system was prepared according to the template, primer
structure, and target fragment size in order to obtain the target
band. The relative gene expression level was quantified using
software Image-Pro Plus 6.0.
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Statistical analysis

All experiments were conducted with at least three biological
replicates. Experimental results were analyzed using one-way
ANOVA with Duncan’s multiple range test (SPPS v. 20).

Results

Sulfur status affected cell growth of
C. sorokiniana

In order to determine the effect of sulfur status on the growth
of C. sorokiniana, the cultures were observed at different time
points under normal growth (NG), sulfur starvation (SS), and
sulfur replenishment (SR) conditions by taking photos, and the
growth rates and pigment content were investigated (Figure 1).
In NG conditions, the culture of C. sorokiniana became green as
the time increased, but it always maintained a lighter color under
SS conditions (Figure 1A). After the transition from SS to SR
status, it returned back to its original color within 48 h. The C.
sorokiniana cells in the TAP medium maintained normal growth
(Figures 1B, C). The OD7s5 pny, value reached 3.2, and a 0.9 g/L
dry biomass of C. sorokiniana was accumulated within 48 h.
Under SS conditions, growth was significantly inhibited
(P<0.01), and the OD value reached 2.7 within 48 h. As
expected, the cell growth and biomass accumulation of
C. sorokiniana recovered to a certain extent after SR.

The accumulation of chl a, chl b, and carotenoid in
C. sorokiniana cells increased gradually under NG conditions
and decreased substantially under SS conditions (P<0.01).
Correspondingly, SR significantly increased the chlorophyll
content (P<0.01) (Figures 1D-F). The changes in pigment
content during the transition of sulfur status are in accordance
with the phenotype alteration.

Sulfur status led to a compositional
change in C. sorokiniana

Next, the composition of the C. sorokiniana biomass,
namely, carbohydrates, starch, lipids, and proteins, was
analyzed (Figure 2). The carbohydrate content slightly
increased within 6 h under NG conditions, and then it
remained stable up until 48 h (Figure 2A). By comparison, the
carbohydrate content under SS conditions was significantly
higher than that under NG conditions after 6 h (P<0.01). It
increased from 4.5 to 58.3% of dry weight within 24 h, and then
it slightly decreased up until 48 h. Under SR conditions, starting
from 24 h, the carbohydrate content significantly decreased
within 30 h (P<0.01), and then it returned to the same level as
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Effect of sulfur nutritional status on phenotype (A); optical density during growth (B); dry biomass accumulation (C); and contents of chl a (D),
chl b (E), and carotenoid (F) of C. sorokiniana. NG, normal growth; SS, sulfur starvation; SR, replenishment.

that under NG conditions by 36 h. The accumulation dynamics
of starch were similar to those of carbohydrates (Figure 2B). The
maximum starch content of 55.0% was obtained under SS
conditions. Starch accounts for approximately 94.3% of the
carbohydrate content.

The lipid content also significantly increased from 10.4 to
23.1% within 24 h under SS conditions (P<0.01) and decreased
to 11.6% after the SR transition (Figure 2C). The protein content
in C. sorokiniana under SS conditions significantly decreased
from 27.3 to 9.3% within 24 h (P<0.01), and it slightly increased
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in up until 48 h. Under SR conditions, after 24 h, the protein
content recovered to 36.5%, which is similar to that under NG
conditions (Figure 2D).

The cellular morphology of C. sorokiniana was examined
under each condition via TEM (Figure 3). It was found that C.
sorokiniana cells became smaller in size under NG conditions,
and a pyrenoid formed with a starch granule around it. Under SS
conditions, the cell size became larger, the pyrenoid disappeared,
and the number of starch granules increased. After the transition
to SR, the cellular morphology of C. sorokiniana resumed
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Effect of sulfur nutritional status on accumulation of carbohydrates (A), starch (B), lipids (C), and proteins (D) in C. sorokiniana cells. NG, normal
growth; SS, sulfur starvation; SR, replenishment. The ** indicate the significant differences of samples under SS compared to NG conditions
from 6 h to 24 h, and the significant differences of samples under SR compared to SS conditions from 30 h to 48 h

similarity with that of sample NG-24h. This confirms the
enhanced accumulation of starch under SS conditions and the
reduction in protein synthesis.

RNA-seq analysis and identification
of DEGs

To investigate the molecular basis of enhanced starch
accumulation, the transcriptomes of C. sorokiniana under NG
(0, 6,12, and 24 h), SS (6, 12, and 24 h), and SR (6, 12, and 24 h)
conditions were analyzed using RNA sequencing (Figure 4A).

For each sample, approximately 22.6 million clean reads
were obtained and mapped onto the reference genome (Table 1).
The transcriptome was assembled de novo using trinity,
obtaining 61527 transcripts. After assembling the clean reads
and eliminating redundancy, 14229 unigenes with an N50 length
of 3973 bp were obtained (Supplementary File 2). Subsequently,
a final total of 11662 unigenes (81.0%) were annotated in at least
one public database, namely, NR, PFAM, GO, Swiss-Prot, NT,
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KO, and KOG. In total, 86% of the annotations were obtained by
alignment with the publicly available data of C. sorokiniana. This
high-quality reference transcriptome could be applied in the
subsequent analysis of genes’ transcriptomic patterns.

According to the Pearson correlation coefficient analysis, the
transcription profiles of the 30 samples at ten time points had
high repeatability among the three biological replicates
(Figure 4B). The changes in transcript abundance relative to
sample NG-0h are expressed as log,FoldChange (FC), and the
genes with log,FC>1 or <- 1 and P,4; < 0.05 were regarded as
DEGs. As can be seen, a significant transcriptional change was
observed between sample NG-0h and SR-6h, followed by SR-
12h, NG-12h, SR-24h, SS-12h, NG-24h, SS-6h, and NG-6h.
However, global transcriptional cascades were also observed
between NG-Oh and NG-6h, -12h, and -24h samples because
of the growth-induced DEGs. Thus, the background influence
should be eliminated. The transcriptional change between the
SR-24h and NG-24h samples showed the least difference, which
indicated that the cells returned to a normal metabolic stage after
transition to SR conditions.
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NG-0h

NG-24h

SR-24h

FIGURE 3

Cellular morphology of C. sorokiniana under different culture conditions observed using transmission electron microscopy. NG, normal growth;

SS, sulfur starvation; SR, replenishment. P, pyrenoid; S, starch granule.

Identification of sulfur starvation
and replenishment cross-validated
(SRV)-DEGs

A total of 9720 DEGs were identified by comparing pairs,
which accounted for 48% of the total unigenes (Figure 5).
Compared to the NG-0h sample, there were 2002 up-regulated
DEGs and 1137 down-regulated DEGs under NG conditions,
and there were 2459 up-regulated DEGs and 1801 down-
regulated DEGs under SS conditions. To further identify the
DEGs associated with sulfur status, the DEGs co-up-regulated
and co-down-regulated in NG and SS conditions were
subtracted (SS ¢ NG), and, accordingly, 1056 up-regulated
and 971 down-regulated DEGs were identified. However,
compared to the SS-24h sample, 842 up-regulated and 1039
down-regulated DEGs were observed under SR conditions.
Thus, the up-regulated DEGs in the SS treatment, which were
simultaneously down-regulated in SR (N SR), were regarded as
sulfur starvation and replenishment cross-validated (SRV)-
DEGs. Consequently, 454 SRV-DEGs were identified, among
which 283 SRV-DEGs were strongly up-regulated under SS
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conditions after from 6 h and down-regulated following the
transition to SR after 6 h, and 171 SRV-DEGs showed the
opposite expression pattern (Supplementary File 2). This
analysis removed the influence of background genes, thus
focusing on the important genes that responded to
sulfur status.

These SRV-DEGs were then analyzed using the KEGG
database (Supplementary File 1, Figure S1). A total of 137
SRV-DEGs were annotated, and 75 SRV-DEGs were enriched
to the KEGG metabolic pathways regarding carbohydrates,
lipids, amino acids, and energy metabolism; genetic
information processing; and signal transduction. It was
speculated that these genes were directly correlated with the
physiological and biochemical responses of C. sorokiniana to
sulfur status. However, the SRV-DEGs enriched to the KEGG
pathway only accounted for 17% of the total SRV-DEGs, and
apparently, many genes were ignored. Thus, the 454 SRV-DEGs
were further analyzed based on seven public databases, namely,
NR, PFAM, GO, Swiss-Prot, NT, KO, and KOG. The results
showed that eight SRV-DEGs were identified in Calvin cycle,
seven were identified in starch synthesis pathway, eleven of these
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Overview of experimental design for RNA-seq analysis. (A) Treatments and time points of samples used for RNA-seq analysis, the red frame
means the same sample used in the two time points; (B) a comparison of all gene expression levels of all samples.

TABLE 1 The de novo transcriptome assembly and annotation of C.
sorokiniana.

Assembly Results Annotation Results
Raw reads 22,683,903 NR 10,405 (73.12%)
Clean reads 22,009,019 PFAM 8,953 (62.92%)
Number of transcripts 61,527 GO 8,953 (62.92%)
Number of unigenes 14,229 Swiss-Prot 6,213 (43.66%)
N50 of transcripts 3,973 NT 5,364 (37.69%)
N50 of genes 3,503 KO 3,710 (26.07%)
KOG 3,498 (24.58%)

All annotated 1,086 (7.6%)

At least one database 11,662 (81%)
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were in sulfate metabolism pathway, and ten of these were in
lipids synthesis pathway.

Finally, to validate the expression levels of the genes, nine
genes were randomly selected for RT-PCR analysis
(Supplementary File 1, Figure S2). Basically, the relative
expression levels of cysteine synthase[O-acetylserine(thiol)-
lyase] (OASTL), fructose-bisphosphate aldolase (FBA), cellulose
synthase (CesA), pyuvafe kinase (PK), and phosphatidic acid
phosphatase (PAP) increased under SS conditions, and decreased
after transition from SS to SR conditions. The relative expression
levels of RuBP carboxylase/oxygenase (Rubisco), glyceraldehyde
3-phosphate dehydrogenase (GAPDH), and glucose-6-phosphate
dehydrogenase (G6PD) decreased under SS conditions, and

frontiersin.org


https://doi.org/10.3389/fmars.2022.986400
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Xu et al.

10.3389/fmars.2022.986400

Total Genes |

14229

v
|

9720 |

-

v

SRV-DEGs

-

H up W down

| |

Calvin cycle

Target
pathways

FIGURE 5

Starch

HEE EHE BED

\ |
Sulfate Lipid

|5

A flow diagram for RNA-seq data analysis. Left side: the set of genes obtained in each step of the analysis; right side: the number of genes in
each set and their expression patterns. NG, normal growth; SS, sulfur starvation; SR, replenishment.

increased after transition from SS to SR conditions. According to
the results, the expression patterns of most of these genes were
consistent with the transcriptome data, indicating the
data reliability.

Discussion
SS attenuated photosynthesis

The growth of C. sorokiniana is susceptible to sulfur
nutritional status. The change in biomass accumulation was
consistent with that of cell density, which consequently altered
its phenotype. This result is in agreement with that of a previous
study of Chromochloris zofingiensis subjected to different sulfur
nutritional statuses (Mao et al., 2020). SS exerts stress on
C. sorokiniana, which probably inhibits cellular metabolic
processes and the normal development of microalgae, as sulfur
is an essential macro-nutrient involved in the synthesis of sulfur-
containing proteins and lipids; furthermore, it is related to the
synthesis of mercaptan compounds (glutathione), vitamins
(thiamine, biotin), thioether and thioester compounds
(coenzyme A), polysaccharides, and electron transfer carriers
(Lakatos et al., 2019).

The photosynthetic system possibly underwent severe
damage during the SS stage, which affected the synthesis of
pigments. As previously reported, nutritional changes can cause
the oxidative stress of microalgae, which leads to a decline in
photosynthetic activity (Chen et al., 2013). The main reason for
the decreased level of photosynthesis is the generation of reactive
oxygen species (ROS) under nutrient depletion conditions,
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which impairs the photosynthetic apparatus (Srinivasan et al,
2018). ROS have been reported to be signaling molecules for
metabolic regulations (Mittler et al., 2011). SS can cause an
apparent rise in ROS levels, thus leading to a decline in
photosynthetic activity (Mao et al., 2020).

In the Calvin cycle (Figure 6), RuBP carboxylase/oxygenase
(Rubisco) catalyzes the fixation of CO, by incorporating
ribulose-1,5-bisphosphate (RuBP), and in this study, its
transcript abundance substantially decreased 4.2-fold under SS
conditions. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) catalyzes the conversion of glyceraldehyde-3-
phosphate (G3P), which is the common precursor for starch
and lipid biosynthesis. G3P is reduced and further converted to
fructose-6-phosphate (F6P) by the catalysis of fructose-
bisphosphate aldolase (FBA) and fructose 1,6-bisphosphatase
(FBPase), and it leaves the Calvin cycle for starch biosynthesis.
In this study, the transcriptional levels of GAPDH and FBPase
decreased 3.8- and 3.9-fold, respectively. The down-regulated
expressions of these enzymes under SS conditions indicate that
photosynthesis in the Calvin cycle was reduced, which resulted
in the decreased accumulation of pigments (Figures 1D-F). This
was probably caused by the oxidative reaction that occurred as
the result of sulfur stress (Chen et al,, 2017). The decline in
photosynthetic activity may be the reason for the inhibition
of growth.

SS elevated starch biosynthetic pathway

The starch and protein accumulation in C. sorokiniana was
susceptible to sulfur nutritional status. The results concerning
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the increased starch accumulation of C. sorokiniana under SS
conditions are in line with those of previous studies where
Chlorella and Parachlorella were subjected to sulfur limitation
conditions (Branyikova et al, 2011; Mizuno et al., 2013;
Takeshita et al., 2014; Ota et al., 2016). The sulfur status
probably led to changes in cellular metabolic processes, which
resulted in redirecting carbon flux from protein biosynthesis
toward the synthesis of energy storage metabolites, such as
starch. The replenishment of sulfate effectively restored the
phenotype and the composition of C. sorokiniana within 12 h,
which demonstrates the reversible nature of SS-induced

metabolic responses.

The starch biosynthesis pathway has been reported in C.
reinhardtii (Ball, 2002). It starts from the formation of glucose-
1-phosphate (Glc-1-P) from Glc-6-P by the catalysis of
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phosphoglucomutase (PGM) (Figure 6). Glc-1-P is then
converted to ADP-glucose (ADP-Glc) under the catalysis of
ADP glucose pyrophosphorylase (AGPase). ADP-Glc serves as
the glucose donor for the elongation of the glucan chain to
amylose catalyzed by starch synthase (SS). The amylopectin is
then formed with the help of repeated branching, elongating,
and trimming processes catalyzed by various starch synthetic
enzymes, such as glycogen branching enzyme (GBE) and starch
branching enzyme (SBE).

In this pathway, the SRV-DEGs encoding SS and GBE were
significantly up-regulated 3.0- and 12.0-fold under SS conditions
and down-regulated under SR conditions, indicating that these
are two key enzymes that contribute to the enhanced formation
of amylose and amylopectin and are potential targets for genetic
engineering. These results are in agreement with those of a study
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that reported that most starch biosynthetic enzymes were up-
regulated with the accumulation of starch (Ran et al., 2019). The
SRV-DEG encoding SBE showed the opposite expression
pattern, indicating the dominant function of GBE in the
formation of amylopectin under SS conditions. The
traditionally recognized starch degradative enzymes, such as
starch phosphorylase (SP) and amylase (AMY), have been
reported to be up-regulated under nutrient starvation
conditions in most microalgae (Ran et al., 2019). A previous
study of C. sorokiniana showed that lipid accumulation is largely
dependent on starch degradation under N-depleted conditions,
and C. sorokiniana cells showed the strategy of rerouting the
carbon skeleton from starch to lipids (Li et al., 2015). However,
in our study, the identified genes encoding starch degradative
enzymes were not included in the SRV-DEGs, which was
probably due to the early SS stage where lipid was not
considerably accumulated. The reason was also possibly
because the different mechanism or DEGs caused by N and
S limitations.

In addition, trehalose phosphatesynthase (TPS), which
catalyzes the formation of trehalose, was down-regulated 3.2-
fold under SS conditions. As previously reported, trehalose levels
in plants act as protectants against various abiotic stresses (Kosar
et al,, 2018). Cellulose synthase (CesA) was up-regulated 2.0-
fold, indicating changes in the cell wall formation of C.
sorokiniana under SS conditions. Great transcriptional changes
in genes in the oxidative pentose phosphate (OPP) pathway were
also observed. Glucose-6-phosphate dehydrogenase (G6PD)
decreased 4.9-fold, and 6-phosphogluconolactonase (PGL)
increased 1.6-fold under SS conditions, indicating the
influence of SS on the starch and lipid biosynthesis pathways.
It has been reported that G6PD catalyzes the NADPH-
producing steps and that the overexpression of G6PD could
elevate NADPH content and, consequently, enhance lipid
biosynthesis in microalgae (Xue et al., 2017; Xue et al., 2018).

SS activated sulfur metabolic pathway

Microalgae require sulfur to produce abundant metabolites,
such as sulfur-containing amino acids cysteine and methionine,
for cell growth and reproduction (Mao et al., 2020). In general,
sulfate is transported by SULTR to plastids and is activated by
ATP sulfurylase (ATPS) to form 5-adenylyl sulfate (APS)
(Leustek et al., 2000) (Figure 7). APS is then converted to 3’-
phosphoadenylyl-sulfate (PAPS) and catalyzed by adenylyl
sulfate kinase (APK). APS is reduced to sulfide in a two-step
reaction catalyzed by APS reductase (APR) and sulfite reductase
(SiR). Cysteine is then synthesized from sulfide and O-acetyl-L-
serine (OAS) by the catalysis of cysteine synthase[O-acetylserine
(thiol)-lyase] (OASTL) and serine acetyltransferase (SAT), and it
is then further converted into methionine and glutathione, in
which methionine-gamma-lyase (MGL), methionine
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aminotransferase (MAT), methanethiol oxidase (SELENBP1),
glutathione synthetase (GSS), and glutathione S-transferase
(GST) are involved.

In this pathway, the transcriptional abundance of SULTR4
increased 8.6-fold, suggesting the enhanced transportation of sulfate
from the cytosol and vacuole to the plastid in C. sorokiniana cells by
inducing the expression of a high-affinity sulfate transporter
(SULTR4). As previously reported, in order to adapt to low-sulfur
conditions, the expression of SULTR4 could retrieve the sulfate
stored in vacuoles and transfer it to the plastids (Nakashita, 2017).
Meanwhile, OASTL and SAT were up-regulated 12.6 and 8.8-fold
under SS conditions, respectively, and MGL, MAT, SELENBPI,
GSS, and GST were up-regulated 5.9, 2.5, 12.4, 3.4, and 1.8-fold,
respectively, which indicate that the cells of C. sorokiniana
responded distinctly to SS, resulting in intensified formations of
cysteine, methionine, and glutathione. These are all likely to be the
sensor-like function genes of C. sorokiniana used to identify the S
status in the growth environment.

Although the expressions of the SRV-DEGs involved in
sulfur metabolism were activated under SS conditions, the
quantity of the sulfur-containing amino acids was possibly
reduced due to the lack of a sulfur source; this is indicated by
the results of protein content in C. sorokiniana biomass
(Figure 2). It is acknowledged that sulfur-containing amino
acids are important components for protein synthesis. The
inhibition of protein synthesis would increase the
accumulation of other amino acids, which can be broken
down into o-ketonic acids, such as pyruvate, shifting to the
starch and lipid metabolism pathway. However, along with
sulfur metabolism, many metabolic pathways, such as
photosynthesis and carbon assimilation, are also affected by
SS. In this study, these influences consequently resulted in a
reduction in production yields, as the growth and biomass
accumulation of C. sorokiniana both declined.

SS elevated lipid biosynthetic pathway

Lipid is another main storage metabolite in microalgal cells.
In order to understand the lipid metabolism of C. sorokiniana at
the stage of high starch accumulation induced by SS status, the
SRV-DEGs encoding the key enzymes in the TAG biosynthesis
pathway were identified (Figure 8).

Lipid biosynthesis includes two steps, namely, de novo fatty
acid synthesis and the subsequent glycerolipid assembly (Ran
et al, 2019). In the first step, glyceraldehyde-3-phosphate
derived from the Calvin cycle or starch metabolism
(degradation) is converted to acetyl-CoA via glycolysis
(Figure 8). Meanwhile, acetyl-CoA can also be synthesized
via the conversion of acetate. The results show that the SRV-
DEGs encoding pyruvate kinase (PK), which catalyzes the
formation of pyruvate, were up-regulated 2.1-fold under SS
conditions. The transcript abundance of SRV-DEGs encoding
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aldehyde dehydrogenase (ALDH) and acetyl-CoA synthetase
(ACS), which catalyzes the conversion of acetate to acetyl-CoA,
decreased -7.0 and -6.7-fold, respectively. The transcriptional
change in these genes suggests that the sulfur status affected the
metabolic flow of acetyl-CoA, which may have contributed to
the increased fatty acid accumulation via the glycolysis
pathway instead of the conversion from acetate. As previously
reported, acetyl-CoA is the precursor for FA synthesis, and the
availability of cellular acetyl-CoA plays an important role in
TAG accumulation.

In the step of glycerolipid conversion from fatty acids, the SRV-
DEGs encoding fatty acid desaturase (FAD), acyl-coenzyme A
thioesterase (ACOT), phosphatidic acid phosphatase (PAP), and
glycerophosphodiester phosphodiesterase (GDE) were identified.
Strong increases in the transcript abundance of FAD (8.9-fold) and
PAP (16.2-fold) were observed under SS conditions. However, the
generally recognized key genes, such as those encoding
glycerol-3-phosphate acyltransferase (GPAT), lysophosphatidate
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acyltransferase (LPAT), and diacylglycerol acyltransferase
(DGAT), were not identified in these SRV-DEGs. As previously
reported, the transcription levels of GPAT and LPAT remained
unchanged throughout the SS conditions of C. zofingiensis, while
the expression of PAP was strongly up-regulated (7.4-fold) (Mao
et al,, 2020). This suggests that PAP in C. sorokiniana is a key rate-
limiting enzyme for TAG synthesis.

The results suggest that lipid synthesis was also affected by
SS status, although not as many genes were observed to undergo
a great change as reported in the literature. The identified genes,
such as those encoding FAD, PAP, ACOT, and PK, may have
contributed to the enhanced lipid accumulation in C.
sorokiniana under SS conditions. The accumulation of lipids
was lower than that of starch (Figure 2), which was probably due
to the preference for starch accumulation of C. sorokiniana as
the main storage metabolites under stress conditions. The low
lipid levels of C. sorokiniana could also be because of the early SS
stage; as previously reported, C. sorokiniana showed a sequential
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accumulation of starch and lipids (Chen et al, 2017). The
competitive relationship between starch and lipid synthesis has
also been demonstrated in C. reinhardtii and S. obliquus
(Li et al., 2010a; Li et al., 2010b; Jaeger et al., 2014). However,
the starch-deficient mutants of C. sorokiniana aberrant in
isoamylase and starch phosphorylase failed to produce
significantly more lipids (Vonlanthen et al., 2015). Thus, there
may be more complicated regulatory steps that underlie the
partitioning of carbon to these two storage metabolites, and this
study provided potential target genes that could be applied in
genetic engineering to investigate the relationship between
starch and lipid accumulation in C. sorokiniana, guiding the
process regulation for biofuels production.

Conclusion

C. sorokiniana accumulated a considerable amount of starch
rather than lipids under SS conditions. For the molecular basis
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investigation, this study developed a strategy to identify the key
SRV-DEGs associated with sulfur responses by cross-validation
under SS and SR conditions. In total, 454 SRV-DEGs were
identified, which accounted for 4.7% of the total DEGs. The
sensor-like SRV-DEGs, such as those encoding SULTR, SAT,
OASTL, and SELENBP, in the sulfate metabolic pathway were
first identified in the SS environment, and then they resulted in
the reallocation of carbon and elevated the starch synthesis
pathway. The SRV-DEGs encoding GBE and starch synthase
(SS) in the starch synthesis pathway serve as the key genes
regulating starch accumulation in C. sorokiniana. However, cell
growth was inhibited, possibly because of the down-regulation of
the genes associated with carbon fixation. An in-depth study of
these SRV-DEGs in related metabolic pathways revealed the
underlying starch accumulation mechanism, as well as the
relationship with cell growth and lipid synthesis. These genes
may be potential target genes that could be applied in metabolic
engineering to further improve the starch production capacity of
C. sorokiniana.
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