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metabolism, translation and pre-mRNA splicing process, were inhibited, while the lipid ac-
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cumulation pathway was significantly activated. Further analysis revealed that the tran-
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scription factors (TFs) and genes related to lipid accumulation were also activated. Analysis

Transcription factors

of the TF interaction sites showed that ABI5, MYB_rel and NF-YB could further regulate the
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expression of diacylglycerol acyltransferase through glutathionylation/deglutathionylation,
which led to increase of the triacylglycerol (TAG) content. Lipidomes analysis showed that
TAG could help maintain lipid homeostasis by adjusting its saturation/unsaturation levels.
This study for the first time indicated that glutathione could activate TAG synthesis in microalga A. protothecoides, leading to TAG accumulation and glutathione accumulation under
Cd stress. Therefore, the accumulation of TAG and glutathione can confer resistance to high
Cd stress. This study provided insights into a new operation mode of TAG accumulation
under heavy metal stress.
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Introduction
Cadmium (Cd) is a highly toxic heavy metal and is listed
as a high-risk carcinogenic toxic substance worldwide
(Masahiko et al., 2002; Rani et al., 2014; Zwolak, 2020). To date,
there have been many studies about Cd bioremediation techniques (Chellaiah, 2018; de Abreu et al., 2014; Deng et al.,
2020). Among them, the use of microalgae to remove Cd2+ has
gained increasing attention because it is economical and efficient. More importantly, the removal of Cd2+ using microalgae
can be combined with biofuel production (Raikova et al., 2019;
Son et al., 2018; Yin et al., 2019). Previous studies have shown
that many algae, such as Neochloris aquatica, Chlorella species,
Microchlorella species, and Chlamydomonas rheinata, accumulate lipids while removing Cd (Sharma et al., 2020; Tamil Selvan et al., 2020). In Auxenochlorella protothecoides UTEX 2341,
the maximum Cd adsorption capacity was 303.03 mg/L. Under 3 mM Cd stress, the maximum adsorption concentration
was 48.29 g/kg DW, which was nearly 500 times higher than
the standard concentration of 100 mg/kg DW in Cd hyperaccumulator plants (Li et al., 2018; Yang et al., 2015). Moreover,
under Cd stress, the oil content increased to 2.73 times that
of the control, and the sixteen alkane value and biofuel yield
and quality also improved (Lu et al., 2019). Current studies on
microalgae under heavy metal stress mainly focused on the
resistance mechanism (Leong and Chang, 2020; Li et al., 2006;
Pereira et al., 2013). Our previous study showed that the intracellular detoxification system could help microalgae relieve
oxidative damage caused by Cd stress (Lu et al., 2019). However, the reason for high lipid accumulation under Cd stress
had not been reported. Therefore, to improve the efficiency of
Cd removal and promote lipid production at the same time,
it was necessary to explore the role of lipid accumulation in
response to Cd stress.
Glutathione took the way of complexation to remove
Cd2+ , which was considered to be the first line of defense
against oxidation (Jacquart et al., 2017; Jumarie et al., 2001;
Sandbichler and Hockner, 2016). Under 80 nM Cd stress, the
GSH content of Chlorella vulgaris increased by 450%, and large
amounts of GSH were used for complexation with intracellular Cd2+ (Zhang et al., 2014). Under 3 mM Cd stress,
the presence of GSH balanced intracellular redox homeostasis in A. protothecoides UTEX2341 (Lu et al., 2019). In addition to its antioxidant properties, GSH also played a signal
transduction role in regulating carbon allocation, energy flux,
stress responses and other cellular biological processes (DalleDonne et al., 2009; May et al., 1998; Noctor et al., 2012). In Arabidopsis, it was reported that the activity of both cytosolic isocitrate dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase were affected by glutathione, mainly through protein glutathionylation (Niazi et al., 2019; Zaffagnini et al., 2019).
Protein glutathionylation is a kind of post translation modification. This reaction can form a stable mixed disulphide
bond between GSH and specific protein cysteine residues,
thus changing the conformation, stability and activity of the
target proteins. Glutaredoxins from class I were responsible
for catalyzing protein glutathionylation/deglutathionylation.
(Chardonnet et al., 2015; Dalle-Donne et al., 2009; Martins
et al., 2020). Till now, there was only one report about glutathionylation in the microalga Chlamydomonas reinhardtii. Pro-
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tein glutathionylation analysis was completed by using biotinylated glutathione and streptavidin affinity chromatography. A total of 225 glutathionylated proteins involved in the
CBC, TCA, EMP, starch and sucrose metabolism and fatty acid
metabolism were identified (Zaffagnini et al., 2012). In Arabidopsis thaliana, the midpoint redox potential of the bZIP16
cysteine residues Cys358 was determined, indicating that it
could play a redox regulatory role possibly through gluthionylation (Shaikhali et al., 2012). However, there was still a lack
of systematic research on the transcription factors of glutathionylation.
Transcription factors are regarded as important regulatory
elements. They are widely used in the genetic modification of
microalgae to produce biofuel (Ajjawi et al., 2017; Kang et al.,
2019; Kwon et al., 2018). Both knockout of Zn(II) 2 Cys6 in Nannochloropsis gaditana and overexpression of NobZIP1 in Nannochloropsis oceanica increased the oil content (Ajjawi et al.,
2017; Li et al., 2019). Recent researches on the oleaginous microalgae Nannochloropsis spp. and Tisochrysis lutea suggested
that some TFs, such as MYB, bZIP, MYB_related, NF-YC, NF-YB,
HB-other, AP2 and GATA, were related to carbon flow and lipid
metabolism. These TFs could be regarded as potential targets
for genetic modification (Hu et al., 2014; Thiriet-Rupert et al.,
2018). ABI5 belongs to the bZIP TF family. It could regulate seed
germination via feedback regulation of the expression of ABA
receptor genes (Zhao et al., 2020). In addition to responding to
hormonal functions, ABI5 could also help plants adapt to abiotic stress. In Arabidopsis, overexpression of ABI5 could help
seedlings adapt to drought and salinity stress (Skubacz et al.,
2016). However, whether ABI5 was involved in the resistance
to Cd stress was not clear.
TAG acted as a storage lipid and energy reservoir. It was responsible for the storage of excess free fatty acids (FFA) and
was a key lipid that is present in all cells, especially under
stress conditions (Maity et al., 2014). A recent research on the
resistance mechanism of a desert alga under extreme illumination showed that storage TAG was a major cellular redox sink and target for redox signalling (Treves et al., 2020).
Moreover, TAG could be regarded as a sanctuary for polyunsaturated fatty acids under stress. It was used for membrane
lipid reconstruction after the cells returned to a normal state
(Bailey et al., 2015). TAG could also regulate dopamine-related
behaviours through DRD2 neurons (Berland et al., 2020). These
studies showed that TAG played important roles in many key
biological processes, such as stress response and signal transduction. However, the effects of TAG accumulation on cellular stress were still unknown, especially in microalgae. In this
study, integration of transcriptomes and lipidomes analyses
was conducted to characterize how TAG accumulation played
a role under Cd stress. This study provided insights into a new
operation mode of TAG accumulation and into the detoxification mechanism of the heavy metal Cd.

1.

Materials and methods

1.1.

Algal culture

Cells of A. protothecoides UTEX 2341 were heterotrophically incubated according to Xing et al. (2018). To analyze the effects
of Cd stress on algal growth and lipid accumulation, the cells

60

journal of environmental sciences 108 (2021) 58–69

(1 × 108 cells/mL) were then inoculated at a ratio of 10% (V/V)
into 500-ml Erlenmeyer flasks with 200 mL of medium containing 3 mmol/L Cd at 25 °C and a shaking speed of 140 r/min
without light illumination. During the 168 hr of cultivation, the
cultures were sampled at 0, 48, 96 and 168 hr. 10 millilitres of
heterotrophically grown cells was pelleted by centrifugation
(8000 r/min, 5 min). All tests were performed in biological and
technical quadruplicate.

1.2.
RNA extraction, library construction, sequencing,
data filtering and mapping
Total RNA was extracted using Eastep® Super (Promega,
USA) following the manufacturer’s procedure. The samples
were sequenced at LC Sciences (USA). Poly (A) RNA was purified from total RNA (5 μg) using poly-T oligo-attached magnetic beads. After purification, the mRNA was fragmented
into small pieces using divalent cations under elevated temperature. Then the cleaved RNA fragments were reversetranscribed to create the final cDNA library in accordance with
the protocol for the mRNA-Seq Sample Preparation Kit (Illumina, San Diego, USA), and the average insert size for the
paired-end libraries was 300 bp (±50 bp). Paired-end sequencing on an IlluminaHiseq4000 was then performed at LC Sciences (USA) following the vendor’s recommended protocol.
The Biological replications’ PCA analysis of each group samples was shown in Appendix A Fig. S1a.

1.3.

nitrogen and stored at −80 °C until lipid extraction. All LC–
MS analyses were carried out on an Exion UPLC coupled to
QTRAP 6500 Plus (Sciex, Framingham, MA). The identification
and analysis of lipid components were carried out by LipidALL (China). Specifically, A. protothecoides UTEX 2341 was inactivated enzymatically, and then chloroform:methanol (1:1)
was used for lipid extraction. A Phenomenex Luna silica column (3 m, inner diameter 150 × 2.0 mm) was used to separate
various polar lipids using mobile phase. The gradient of mobile phase was as follows: maintained at 95% for 5 min, linearly decreased to 60% and maintained for 4 min to 7 min,
and then reduced to 30% and maintained for 15 min. Finally,
the initial concentration was maintained for 5 min. Multiple reaction monitoring (MRM) was established for lipid identification and quantitative analysis. A modified version of a
previously reported reversed-phase (RP)-HPLC/MS/MS method
was used for analysis (Deng et al., 2019; Gao et al., 2017;
Huang et al., 2019; Li et al., 2017). The Biological replications’
PCA analysis of each group samples is shown in Appendix A
Fig. S1b.

1.6.

Statistical analyses of the data were performed by using SPSS
24 software with ANOVA, where the Bonferroni means comparison test was performed with a confidence interval of alpha = 0.05 and other parameters set to default.

Differential expression genes analysis

2.
Salmon was used to determine the expression level of unigenes by calculating FPKM values (Mortazavi et al., 2008;
Patro et al., 2017). The differentially expressed unigenes were
selected with the criteria log2 (fold change) >1 or log2 (fold
change) <-1 and p value < 0.05 (statistical significance) by the
R package edgeR Robinson (Robinson et al., 2010). Software
Mev was used to analyse gene expression patterns (Wei et al.,
2019). After the data was imported, the default value of 50%
was selected using the variance filter. Subsequently, based on
Euclidean distance, hierarchical cluster analysis was carried
out. Finally, the FOM test was used to analyse the clustering
results.

1.4.
Prediction of glutathionylation and transcription
factor-binding sites and homology simulation
All transcription factors (data collected from http://plantfdb.
cbi.pku.edu.cn) were subjected to glutathionylated site prediction through GSHsite and were then subjected to SWISSMODEL and PyMol construct transcription factor protein
structure prediction (Chen et al., 2015; Kumar and Chattopadhyay, 2018), TF sequence similarity greater than 40% was selected for homology simulation. Prediction of transcription
factor binding sites was performed using PlantPAN3.0 (http:
//plantpan.itps.ncku.edu.tw/).

1.5.

Statistical analyses

Nontargeted lipidomes analysis

Cells were collected at 0 hr, 48 hr, 96 hr and 168 hr in 100 mL
tubes, rapidly harvested by centrifugation, frozen in liquid

Results

2.1.
Metabolic pathway changes in A. protothecoides
UTEX 2341 under Cd stress
To track the changes in metabolic pathways during Cd stress,
gene expression levels were determined by RNA-seq at four
time points (0 hr, 48 hr, 96 hr and 168 hr). To determine
whether a given temporal expression pattern was associated
with a specific function, 3364 differentially expressed genes
(DEGs) were divided into four groups. Group 1 (cluster 1–5)
exhibited a mean expression value (red lines) > 0 (Fig. 1a);
group 2 (cluster 6–8) a mean expression value (blue lines)
< 0 (Fig. 1b); and group 3 (cluster 9–11) a mean expression
value (green lines) fluctuated around zero (Fig. 1c–e). Clusters
with gene numbers <20 were also further screened (P value
<0.001) (Fig. 1f). KEGG enrichment analysis showed that lipid
metabolism, glycometabolism, amino acid metabolism and
protein processing in endoplasmic reticulum were mainly enriched in group 1 (Fig. 1a), suggesting Cd-exposure could cause
basal metabolites accumulation and organelles stress. Furthermore, it was observed that metabolic pathways of oxidative phosphorylation were mainly enriched in group 2 (Fig. 1b).
Accordingly, Cd-exposure might disturb the electron transport
respiratory chain. Purine metabolism were mainly enriched in
group 2 and group 3.1 (Fig. 1b and c and Table S1), indicating that purine metabolism were inhibited under Cd stress.
Glutathione metabolism were enriched in three expression
patterns groups (Fig. 1a, b and d), and genes related to glutathione metabolism exhibited different response under Cd
stress.
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Fig. 1 – Transcriptome dynamics in A. protothecoides UTEX 2341 under Cd stress. Differentially expressed genes (DEGs) were
divided into four groups: (a) group 1; (b) group 2; (c) group 3.1, (d) group 3.2, (e) group 3.3; and (f) group 4. Each group
represents different patterns of relative transcript abundance.

Transcription and translation were responsible for the
maintenance and expression of every gene in an organism
(Liu et al., 2018). Spliceosome and ribosome played an important role in this process (Andreev et al., 2017; Herzel et al., 2017;
Yan et al., 2016). Through gene temporal expression pattern
analysis, it was found that the ribosome related genes were
enriched in different expression pattern groups (Fig. 1a–d), and
spliceosome related genes were enriched in three expression
pattern groups (Fig. 1a, b and d). And most of the ribosome and
spliceosome related genes were down-regulated (Appendix A
Table S1), indicating that translation and pre-mRNA splicing
process were inhibited under Cd stress. Moreover, translation
process disturbance increased the probability of protein misfolding (Jensen et al., 2020; Waudby et al., 2019). It was also
observed that ubiquitin mediated proteolysis and proteasome
were mainly enriched in group 1. Furthermore, most of the
ubiquitin mediated proteolysis and proteasome related genes
were upregulated (Appendix A Table S1), indicating that A. protothecoides UTEX 2341 could rescue misfolded proteins by activating ubiquitin-mediated proteolysis and proteasome degradation pathways. Subsequently, the group with gene numbers <20 was analyzed. WRI1 (F751_3946) was significantly
upregulated (log2 FC 6.08, 5.06, 6.38, respectively) (Fig. 1f).

WRI1, an important transcription factor, was reported to have
positively regulated fatty acid synthesis (Maeo et al., 2009).
Further analysis of transcription factors showed that many
TFs related to lipid accumulation, such as AP2 (F751_3946,
F751_3448, F751_4330), bZIP (F751_2826, F751_0838, F751_6643),
MYB (F751_6948), and MYB-rel (F751_2324, F751_5846), were
also significantly upregulated (log2 FC>1, p value<0.001) (Appendix A Table S2). These results suggested that ultra-high Cd
toxicity mainly inhibited purine metabolism, translation and
pre-mRNA splicing process, but the lipid metabolic pathway
was activated as were transcription factors related to lipid accumulation.

2.2.
Gene expression levels and lipid composition of the
lipid metabolic pathway
To explore the changes of different lipids under Cd stress, the
gene expression levels and metabolites of TAG synthesis and
membrane lipid remodelling were analyzed. The fold change
between lipidomics and transcriptomics measured in terms of
lipid metabolites and related genes showed a high correlation
after 48, 96 and 168 hours of Cd stress (Appendix A Table S3).
TAG was the most abundant glycerolipid in A. protothecoides
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Fig. 2 – Metabolites and relative gene transcript abundances of the triacylglycerol and phospholipid synthetic pathways
under Cd stress. DHAP, dihydroxyacetone phosphate; G3P, glycerol 3-phosphate; LPA, LPA, lysophosphatidic acid; PA,
phasphatidic acid; DAG, diacylglycerol; TAG, triacylglycerol; PC, phosphatidylcholine; LPC, 2-lysophosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine; CDP-DAG, CDP-diacylglycerol; PI, phosphatidylinositol; PGP,
phosphatidylglycerolphosphate; PG, phosphatidylglycerol; GPDH, glycerol-phosphate dehydrogenase; GPAT,
glycerol-3-phosphate acyltransferase; LPAAT, 2-lysophosphatidic acid acyltransferase; PP, phosphatidate phosphatase;
DGAT, diacylglycerol acyltransferase; DAG-CPT, diacylglycerol cholinephosphotransferase; PLA2, phospholipase A2; LPCAT,
lysophosphatidylcholine acyltransferase; DAG-EPT, CDP-ethanolamine:diacylglycerol cholinephosphotransferase; PSD,
phosphatidylserine decarboxylase; PSS1, base-exchange-type phosphatydylserine synthase; PGPS,
phosphatidylglycerophosphate synthase; PGPP, phosphatidylglycerol-phosphate phosphatase.

UTEX 2341, with its content reaching 65.6%-81.1% of the total
glycerolipids (Fig. 2 and Appendix A Table S4). In terms of substrates required for TAG synthesis, glycero-3-phosphate is the
carbon skeleton of TAG, and glycerol-3-phosphate dehydrogenase (G3PDH) could catalyse TAG synthesis. Under Cd stress,
the expression of two GPDHs (F751_6745, F751_1461) was activated. The expression change rates of the two isoenzymes
fluctuated in the range of 1.14<log2 FC<1.68 (Fig. 2). Many key
enzymes in de novo FA synthesis were strongly mobilized,
which might produce a large amount of fatty acids (Appendix
A Table S5 and Text 1). During the TAG assembly process,
glycerol-3-phosphate acyltransferase (GPAT), phosphatidate
phosphatase (PAP) and diacylglycerol acyltransferase (DGAT)
were significantly activated. GPAT was the key enzyme in the
first step of TAG assembly. The up-regulation of GPAT was conducive to the introduction of carbon skeleton and fatty acids
into the Kennedy pathway. For PAP-mediated catalysis of the
synthesis of diacylglycerol (DAG), the DAG content accounted

for 15.2%-28.9% of the total lipid content (Fig. 2 and Appendix
A Table S4). Diacylglycerol acyltransferase (DGAT), the ratelimiting enzyme responsible for the last irreversible step of the
Kennedy pathway catalyzing DAG to TAG, had two isoforms
(F751_1386, log2 FC = 0.59, 1.04, 1.15; F751_6502, log2 FC = 1.32,
1.41, 1.05) (Fig. 2). The expression of DGAT2a (F751_1386) gradually increased and peaked at 168 h. F751_6502 exhibited high
and moderate expressions at 48 hr and 96 hr, but witnessed a
downward trend at 168 hr, suggesting that as isozymes, DGATs
might have a synergistic effect in TAG synthesis.
In terms of membrane lipid metabolism, Fig. 3a and b
showed that the content of PA, DGTs and lysophospholipid
increased significantly. Notably, all the betaine lipids (DGTS)
significantly increased under stress, consistent with what had
been reported that DGTS could help animals and plant relieve Cd stress (Hagar and Al Malki, 2014; Lou et al., 2015).
On the contrary, the content of MGDG and DGDG decreased
significantly. Under Cd stress, MGDG synthases were inhib-
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Fig. 3 – Lipid response to cadmium stress. (a) Content of different lipids at 0 hr, 48 hr, 96 hr, and 168 hr. (b) Fold change of
content of various lipids and different types of betaine lipids, phospholipids and lysophospholipids. (c) Fold change of
content of diacylglycerol (DAG) and monogalactosyldiacylglycerol (MGDG). (d) Fold change of content of
digalactosyldiacylglycerol (DGDG). ‘∗ ’ represents |log2 FC| >1.

ited (MGD, F751_2605:−2.03<log2FC<−1.77; MGD1, F751_2604:
−1.96<log2FC<−1.55), and log2 (fold change) of MGDG content also decreased by 0.67-1.01 (Fig. 3b and Appendix AFig.
S3). As DGDG synthase (DGD1 F751_0628, 1.32 < log2FC < 1.92)
was activated, the DGDG content increased steadily, but was
still lower than that in the control (Figs. 3a and Appendkx
A Fig. S3). Interestingly, although the total content of MGDG
and DGDG were decreased, most of the MGDG and DGDG containing C18:3 (linolenic acid) fatty acids witnessed significant
accumulation (Fig. 3c and d). Moreover, 9 phospholipase A
(PLAs), 2 phospholipase B (PLBs) and 3 phospholipase D (PLDs)
were identified. Among them, gene expression of 14 kinds of
phospholipase were up-regulated (Appendix A Table S5 and
Text 2), which led to the degradation and thus the decrease
of phosphatidylcholine (PC), phosphatidylethanolamine (PE)
and phosphatidylglycerol (PG). The fatty acids produced by the
degradation of these membrane lipids could be utilized for the
accumulation of TAG (Kong et al., 2018).

2.3.

Gene expression levels of the GSH metabolic pathway

In our previous study, the GSH content of UTEX2341was more
than 2 times that of the control after 48, 96 and 168 hours of Cd
stress (Lu et al., 2019). Hereby, gene transcription abundance of
GSH metabolism under Cd stress was further analyzed. Fig. 4a
showed that the gene expression of gamma-glutamylcysteine
synthetase (γ -ECS) and glutathione synthase (GS) were upregulated. Moreover, glutathione reductase (GR), glutathione
peroxidase (GSH-Px), glutathione S-transferase (GST), phytochelatins synthetase (PCS) and glutaredoxins (GRX) mediated catalysis reaction were also strengthened, indicating mobilization of glutathione-related antioxidants pathway under
Cd stress. Notably, three class I glutaredoxins (GRX) were identified, the different expression patterns of which suggested
that glutathionylation might have subtly regulated protein expression.

To further explore the regulation function of GSH, glutathionylation sites of all transcription factors were analyzed.
There were 7 TFs with glutathionylation sites belonging to
the MYB-related, HB-other, GATA, NF-YB and bZIP transcription factor families (Fig. 4b). The protein structure of the
bZIP family transcription factor was constructed by homology simulation. The identified sites were subsequently annotated (Fig. 4c). These results further confirmed that the cysteine residues were located on the surface of the protein structure, suggesting that ABI5 might have undergone glutathionylation/deglutathionylation.
To
investigate
the
functions
of
glutathionylated/deglutathionylaed TFs in lipid accumulation, the
correlation of the expression of seven TFs and genes related
to lipid accumulation was analyzed (Fig. 5 and Table S6).
In terms of central carbon metabolism and lipid-related
metabolism, 22 and 24 genes were found to be correlated
with 7 TFs respectively (P value at 0.01 level, ∗∗ ). Some TFs
were also correlated with each other, such as NF-YB with
MyB_rel1 (r = 0.933∗∗ ) and NF-YB with myB_rel2 (r = 0.867∗∗ ).
In terms of central carbon metabolism, HB_other exhibited
a strong correlation with M6Pise (r = 0.933∗∗ ); and myb_rel3
with fructose-1, 6-bisphosphatase (r = −0.833∗∗ ). In terms of
lipid-related metabolism, membrane lipid conversion and
fatty acid synthesis were associated with most of the 24 lipidrelated metabolism genes (P value at 0.01 level, ∗∗ ). Notably,
strong correlations (P value at 0.01 level, ∗∗ ) were observed
between GPAT and ABI5 (r = −0.867∗∗ ), DGAT2a (F751_1386)
and NF-YB (r = 0.800∗∗ ), DGAT2a (F751_1386) and Myb_rel3
(r=0.800∗∗ ). Moreover, DGAT1 (F751_6502) was strongly correlated with Myb_rel1 (0.717∗ ) and ABI5 (−0.700∗ ) (p value at 0.05
level,∗ ). ABI5 and NF-YB-binding sites were identified through
the analysis of the transcription factor-binding sites of DGAT1
(F751_6502), GPAT (F751_0154) and DGAT2a (F751_1386) (Fig.
S4). In conjunction with our previous work (Lu et al., 2019),
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Fig. 4 – Glutathione metabolism and glutathionylation. (a) Glutathione antioxidant pathways. GR: glutathione reductase;
GST: glutathione S-transferase; GSH-Px: Glutathione peroxidase; γ-ECS: gamma-glutamylcysteine synthetase; GSase:
glutathione synthase; PCs: phytochelatins synthetase; DHAR: dehydroascorbate reductase; MDHR: monodehydroascorbate
reductase; APX: ascorbate peroxidase, GRX: glutaredoxins. (b) Glutathionylated sites of transcription factors. (c) Molecular
surface of the ABI5 protein model with the amino acid residues required for GSH docking, clearly demonstrating that the
Cys residue was located on the surface of the GSH binding pocket. Thus, there was a chance of glutathionylation of ABI5.

2.4.
Changes in the composition and unsaturation of lipid
acyl chains

Fig. 5 – Correlation analysis between seven
glutathionylated transcription factors and genes related to
central carbon metabolism and lipid metabolism. The red
circle represents genes collected from literatures. The green
circle represents genes related to central carbon
metabolism. The blue circle represents genes related to
lipid metabolism. The yellow circle represents transcription
factors with glutathionylated sites.

it was suggested that large amounts of GSH were mobilized
when Cd invaded A. protothecoides UTEX 2341, parts of which
began to remove Cd2+ . On the other hand, the other GSH
turned to the lipid metabolic pathway "for help". They modified TFs through glutathionylation/deglutathionylation, thus
changing the flow of carbon and stimulating the accumulation of TAG. The accumulation of GSH and TAG helped A.
protothecoides UTEX 2341 adapt to survive the ultra-high Cd
stress.

Cd-induced oxidative stress mainly induced the destruction
of polyunsaturated fatty acids (PUFAs). The double bond index (DBI) was used to calculate the proportion of unsaturated bonds in membrane lipid acyl chains, thus reflecting the
unsaturation status of membrane lipids (Kovacs et al., 2020;
Xing et al., 2018; Zheng et al., 2016). Fig. 6a showed that the
unsaturation of membrane lipids significantly increased after
48 hr of Cd stress, but decreased at 168 hr. Specifically, the unsaturation of MGDG and DGDG decreased steadily, but were
still higher than those of the control. In contrast, the unsaturation of DGTS, PC and PE were lower than those of the control
at 168 hr (Fig. 6a and Appendix A Table S7). These findings suggested that the responses of different membrane lipids to Cd
stress were different. Notably, the increase in the unsaturation
of chloroplast membrane lipids (MGDG and DGDG) indicated
that chloroplast could alleviate Cd-induced oxidative stress by
increasing membrane lipid unsaturation.
In addition, the composition changes of TAG under Cd
stress were also investigated (Fig. 6b and Appendix A Table
S8). A total of 34 different types of TAG were identified, including 11 kinds of saturated TAG and 23 kinds of unsaturated TAG (Fig. 6b). Among them, saturated, low-unsaturated
(unsaturation=1 and 2) and high-unsaturated (unsaturation=
8 and 9) TAG declined in content, while ‘medium-level unsaturated TAG’ (unsaturation =3–7) increased. (Fig. 6c and Appendix A Table S9). There were 11 kinds of low-unsaturated
TAG whose content decreased (Fig. 6d and Appendix A Table S9). Interestingly, most of these TAGs carried oleic acid
(C18:1) and linoleic acid (C18:2) (Fig. 6d), which accounted for
23.78% of the total amount of unsaturated TAGs under Cd
stress (Table S9). These results indicated that TAG could release oleic acid and linoleic acid to relieve Cd-induced oxidative stress, retaining a large portion of PUFAs. Similarly,
the study of Ackerman et al. (2018) also suggested that excessive oxidation of unsaturated fatty acids could severely
damage organelle function and that TAG could effectively
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Fig. 6 – Changes in triacylglycerol and membrane lipid saturation. a) The double bond index (DBI) indicates the unsaturation
of the membrane lipid. DBI= (N × mol%lipid)/100, where N represents the sum of the number of unsaturated bonds on
each glyceride molecule. The results are expressed as the mean ± SD (n=4). b) Mol% of different TAGs. c) Hierarchical
clustering of different TAGs levels. d) Hierarchical clustering of content-decreased TAG.

relieve intracellular oxidative stress by releasing oleic acid
(C18:1).

3.

Discussion

Cd toxicity could induce intracellular oxidative stress, producing a large amount of FFA, further leading to intracellular lipotoxicity and organelle stress (Valko et al., 2016; Lu et al., 2020;
Nguyen et al., 2017). In this study, the up-regulation of the
gene expression of most phospholipases also indicated the increase of FFA (Appendix A Table S5). Chia et al. (2013) discovered that the content of phospholipids and TAG in Chlorella vulgaris increased under 2 × 10−5 and 1 × 10−4 mmol/L Cd stress.
In the 2 × 10−5 mmol/L Cd concentration, the ratio of phospholipids to TAG was close to 1.4:1 in content. However, when Cd
concentration increased to 1 × 10−4 mmol/L, TAG content was
increased, and the ratio of phospholipids to TAG was approximately 1:1 in content. In this study, the main product of lipid
metabolism under 3 mmol/L Cd stress was TAG, and the ratio
of phospholipids to TAG was close to 1:4 in content at 168 hr
(Fig. 3a). It could be seen that the increase of Cd concentration
was accompanied by rise in the TAG content, indicating that
TAG played a dominant role in Cd resistance.
The Kennedy pathway was considered to be a classic way
helpful to lipid accumulation (Maraschin et al., 2018). In addition to the Kennedy pathway, protein processing in endoplasmic reticulum was also considered to have contributed
to lipid accumulation under oxidative stress (Han and Kaufman, 2016; Lee et al., 2018; Shi et al., 2017). In this study, the
response of microalgae to oxidative stress at the gene transcriptional level was first investigated through gene tempo-

ral expression pattern analysis. Gene transcription abundance
of lipid metabolism and protein processing in Endoplasmic
reticulum were mainly enriched in the upregulated groups
(Fig. 1a), which would be helpful for lipid accumulation. Lipid
content measurements further confirmed TAG accumulation
(Fig. 3a). Moreover, the transcription abundance of GPAT, PAP
and DGAT, which were involved in the Kennedy pathway, were
significantly up-regulated. The activation of long-chain acylCoA synthetase (LACS) accelerated the utilization of excess
FFA as substrates involved in the Kennedy pathway (Fig. 2).
These results indicated that the activation of genes in the
Kennedy pathway mitigated the toxicity of FFA in organelles
by facilitating the synthesis of excess FFA into TAG. Similarly, Nguyen et al. (2017) have reported that DGAT could mitigate lipotoxicity by sequestering FFA released during the autophagic breakdown of organelles under stress, thus relieving
mitochondrial stress.
Subsequently, the responses of other metabolic pathways
to Cd stress were also investigated. As was reported, Cd
toxicity could cause single-strand DNA damage and disrupt
the synthesis of nucleic acids and proteins (Wu et al., 2016;
Ding et al., 2020). Therefore, the gene transcription abundance
of spliceosome and ribosome was examined. Moreover, the
rescue pathways of misfolded proteins— ubiquitin-mediated
proteolysis and proteasome pathways were also a focus in recent researches (Jensen et al., 2020; Waudby et al., 2019). In this
study, the translation and pre-mRNA splicing process were inhibited under ultra-high Cd stress. It was further found that
A. protothecoides UTEX 2341 could rescue misfolded proteins
by activating ubiquitin-mediated proteolysis and proteasome
degradation pathways. This process was consistent with the
protein rescue mechanism in higher plants (Guo et al., 2013),
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suggesting that ubiquitin-mediated proteolysis and proteasome pathways could help microalgae to survive under ultrahigh Cd stress. The mechanisms of other metabolic pathways
in response to Cd stress were also compared and analysed
(Table S1). Cd toxicity could disrupt pyruvate metabolism and
downregulate glycolytic/gluconeogenesis pathways, thus affecting energy metabolism in Chlorella sorokiniana (Ding et al.,
2020). In addition to the above glycolytic/gluconeogenesis
pathways (Table S1), the oxidative phosphorylation process
was also destroyed in A. protothecoides UTEX 2341. As oxidative phosphorylation was responsible for the large ATP supply in organisms, it was indicated that the inhibition of oxidative phosphorylation could be the main reason for the
inhibition of energy metabolism in A. protothecoides UTEX
2341. Zhu et al. (2018) discovered that Cd toxicity disturbed
amino acid metabolism and that the high Cd tolerance of
Ageratum conyzoides and Crassocephalum crepidioides was related to the accumulation of free amino acids, especially glutamine and asparagine. However, in this study, cysteine, threonine, glycine, and serine metabolic processes were all activated under Cd stress. Cysteine was produced from serine. Threonine, glycine and serine were easily interconvertible (Hildebrandt et al., 2015). Cysteine was also involved in
the biosynthesis of phytochelatins and antioxidant metabolites and could help A. protothecoides UTEX 2341 resist oxidative stress. However, the metabolisms of lysine and the aromatic amino acids of phenylalanine, tryptophan, and tyrosine were disrupted. As aromatic amino acids were the precursors of auxin (Zhu et al., 2018), Cd toxicity could disturb
the normal metabolism of auxin by inhibiting the supply
of precursors. The lysine degradation product is glutamate.
Therefore, the activation of the lysine degradation pathway
could provide an adequate substrate for glutathione synthesis (Hildebrandt et al., 2015). Metabolite analysis of Amaranthus hypochondriacus showed that purine metabolites were enriched under Cd stress, which might be a protective mechanism against Cd stress (Mengdi, et al., 2020). However, in
this study, most purine metabolism genes found in groups 2
and 3.1 witnessed continuous downregulation under Cd stress
(Fig. 1b and c and Appendix A Table S1), consistent with the
trend of purine metabolism genes affected by uranium toxicity (Lai et al., 2020), suggesting that purine metabolism might
have different Cd stress response mechanisms in different microalgae.
So far, there had been no reports about glutathione regulated lipid metabolism. In this study, seven transcription factors with glutathionylation sites were identified to be significantly associated with the expression of lipid metabolism
genes. These transcription factors also played a role in regulating carbon flow and promoting lipid accumulation in the
oleaginous microalga Tisochrysis lutea (Thiriet-Rupert et al.,
2018). Moreover, NF-YB (r = 0.800∗∗ ), myb_rel1 (r = 0.717∗ ) and
myb_rel3 (r = 0.800∗∗ ) were co-expressed with the two DGATs.
NF-YB binding sequence was also identified in the upstream
promoter region of DGAT2a (Appendix A Fig. S4). Kong et al.
(2013) showed that atABI5 could also activate DGAT1 to induce
TAG accumulation in Arabidopsis thaliana. In this study, ABI5
was negatively correlated with GPAT (F751_0154) (r = −0.867∗∗ )
and DGAT1 (F751_6502) (r = −0.700∗ ), suggesting that ABI5
had different response patterns in microalgae. Combined with

transcription factor binding sequence analysis of the Kennedy
pathway genes’ promoter region, these results suggested that
NF-YB and ABI5 with glutathionylated sites could regulate
DGAT2a, GPAT and DGAT1. This study provided new insights
into the role of glutathione in heavy metal stress resistance
that glutathionylation could be used to regulate lipid synthesis.
Among these transcription factors, only the stability and
activity of ABI5 had been reported to be subject to many posttranslational protein modifications, such as phosphorylation,
ubiquitination, sumoylation and S-nitrosoylation (Friso and
van Wijk, 2015; Skubacz et al., 2016). Until now, glutathionylation had not been reported to be able to modify transcription
factors in microalgae. The glutathionylation proteomics studies of Chlamydomonas reinhardtii indicated that this post translation modification (PTM) mainly occurs in the Calvin-Benson
cycle (Zaffagnini et al., 2012). This study discovered that the
regulatory range of this protein post-translational modification was not limited to specific proteins, but also transcription factors in microalgae. It could regulate transcription factors related to lipid metabolism. In Arabidopsis, the bZIP10 glutathionylation sites were located within the protein structure,
and this configuration decreased the incidence of glutathionylation (Kumar and Chattopadhyay, 2018). In this study, glutathionylation sites were found to be located on the ABI5 protein surface, and nearby arginine residues could provide an alkaline environment (Fig. 4c), which was extremely beneficial
to protein glutathionylation.
As storage lipids, TAG had been reported to have stored excess FFA intracellularly, thus reducing cytotoxicity (Lu et al.,
2020). Similar trends were found in this study. Moreover, other
functions of TAG in microalgae under Cd stress were discovered. Through investigating the composition and unsaturation of TAG, it was found that 76.22% of the unsaturated TAGs
including ‘medium-level unsaturated TAGs’ (unsaturation =3–
7) were increased in content, while the content of TAGs with
oleic acid (C18:1) and linoleic acid (C18:2) were decreased
(Fig. 6). It was speculated that large quantities of polyunsaturated fatty acids (PUFAs) protected themselves from oxidation
by combining the carbon skeleton to form TAGs, which was
beneficial to the reconstruction of membrane lipids after the
infliction of Cd stress. These results indicated that TAG could
release oleic acid (C18:1) and linoleic acid (C18:2) to relieve
Cd-induced oxidative stress and that a large portion of PUFAs survived. Different from what was reported by Ackerman
about animals (Ackerman et al., 2018), TAG released not only
oleic acid, but also linoleic acid to alleviate oxidative stress
in Auxenochlorella protothecoides. Though the total chloroplast
membrane lipid content decreased, most of the MGDG and
DGDG containing linolenic acid (C18:3) increased (Fig. 3c and
d), which maintained the overall stability of chloroplast membrane lipids. For DGTS (Fig. 3b), all kinds of DGTS significantly
increased under stress, further confirming its anti-Cd function
in algae (Hagar and Al Malki, 2014; Lou et al., 2015).
In all, a hypothesis for the regulatory action of GSH in
Auxenochlorella protothecoides UTEX2341 was proposed (Fig. 7).
Cd induced oxidative stress and increased intracellular reactive oxygen species, and glutathione was mobilized against
Cd stress (Lu et al., 2019). Glutathione regulated Myb_rel1,
Myb_rel3 and NF-YB through participating in protein glu-
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Fig. 7 – A suggested working model for TAG accumulation
and Cd resistance of A. protothecoides UTEX 2341. ROS:
reactive oxygen species; GSH: glutathione; TAG:
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tathionylation/deglutathionylation. The gene expression of
DGAT2a was likely to be regulated by Myb_rel3 and NF-YB, and
the gene expression of DGAT1 byMyb_rel1, thus leading to TAG
accumulation. Subsequently, Kennedy pathway mitigated the
FFA toxicity on organelles by synthesizing excess FFA into TAG,
which could release oleic acid (C18:1) and linoleic acid (C18:2)
to relieve Cd-induced oxidative stress.

4.

Conclusion

Cd toxicity led to metabolic imbalance and inhibited most basic metabolic processes, while lipid metabolic pathways were
activated. Notably, TAG could balance fatty acid saturation to
help maintain lipid homeostasis under Cd stress. Transcription factors that regulate lipid metabolism could be modified
by glutathionylation/deglutathionylation, strengthening the
association between the antioxidant GSH and TAG. These findings have expanded the range of known functions of TAG under ultra-high Cd stress and provided a new operation mode
for lipid production. Although the role of glutathionylation
in antioxidation and lipid accumulation had been explored
from the perspective of lipomics and transcriptomics, the specific mechanism of glutathionylation still needed to be proved
through genetic and biochemical experiments. Moreover, protein glutathionylation had only been studied in a few algae,
and its effects on antioxidant activity and lipid accumulation
in different algae strains remained to be studied.

Acknowledgements
This work was funded by the National Natural Science Foundation of China (No. 31570117).

Ackerman, D., Tumanov, S., Qiu, B., Michalopoulou, E., Spata, M.,
Azzam, A., et al., 2018. Triglycerides promote lipid
homeostasis during hypoxic stress by balancing fatty acid
saturation. Cell Rep. 24, 2596–2605 e2595.
Ajjawi, I., Verruto, J., Aqui, M., Soriaga, L.B., Coppersmith, J.,
Kwok, K., et al., 2017. Lipid production in Nannochloropsis
gaditana is doubled by decreasing expression of a single
transcriptional regulator. Nat. Biotechnol. 35, 647–652.
Andreev, D.E., O’Connor, P.B., Loughran, G., Dmitriev, S.E.,
Baranov, P.V., Shatsky, I.N., 2017. Insights into the mechanisms
of eukaryotic translation gained with ribosome profiling.
Nucleic Acids Res. 45, 513–526.
Bailey, A.P., Koster, G., Guillermier, C., Hirst, E.M., MacRae, J.I.,
Lechene, C.P., et al., 2015. Antioxidant role for lipid droplets in
a stem cell niche of drosophila. Cell 163, 340–353.
Berland, C., Montalban, E., Perrin, E., Di Miceli, M., Nakamura, Y.,
Martinat, M., et al., 2020. Circulating triglycerides gate
dopamine-associated behaviors through DRD2-expressing
neurons. Cell Metab. 31, 773–790 e711.
Chardonnet, S., Sakr, S., Cassier-Chauvat, C., Le Marechal, P.,
Chauvat, F., Lemaire, S.D., et al., 2015. First proteomic study of
S-glutathionylation in cyanobacteria. J. Proteome Res. 14, 59–71.
Chellaiah, E.R., 2018. Cadmium (heavy metals) bioremediation by
Pseudomonas aeruginosa: a minireview. Appl. Water Sci. 8.
Chen, Y.J., Lu, C.T., Huang, K.Y., Wu, H.Y., Chen, Y.J., Lee, T.Y., 2015.
GSHSite: exploiting an iteratively statistical method to
identify s-glutathionylation sites with substrate specificity.
PLoS One 10, e0118752.
Chia, M.A., Lombardi, A.T., Melao Mda, G., Parrish, C.C., 2013. Lipid
composition of Chlorella vulgaris (Trebouxiophyceae) as a
function of different cadmium and phosphate concentrations.
Aquat. Toxicol. 128–129, 171–182.
Dalle-Donne, I., Rossi, R., Colombo, G., Giustarini, D., Milzani, A.,
2009. Protein S-glutathionylation: a regulatory device from
bacteria to humans. Trends Biochem. Sci. 34, 85–96.
de Abreu, F.C., da Costa, P.N., Brondi, A.M., Pilau, E.J., Gozzo, F.C.,
Eberlin, M.N., et al., 2014. Effects of cadmium and copper
biosorption on Chlorella vulgaris. Bull Environ. Contam. Toxicol.
93, 405–409.
Deng, J., Fu, D., Hu, W., Lu, X., Wu, Y., Bryan, H., 2020. Physiological
responses and accumulation ability of Microcystis aeruginosa to
zinc and cadmium: Implications for bioremediation of heavy
metal pollution. Bioresour. Technol. 303, 122963.
Deng, X., Yuan, S., Cao, H., Lam, S.M., Shui, G., Hong, Y., Wang, X.,
2019. Phosphatidylinositol-hydrolyzing phospholipase C4
modulates rice response to salt and drought. Plant Cell
Environ. 42, 536–548.
Ding, N., Wang, L., Kang, Y., Luo, K., Zeng, D., Man, Y.B., et al., 2020.
The comparison of transcriptomic response of green
microalga Chlorella sorokiniana exposure to environmentally
relevant concentration of cadmium (II) and 4-n-nonylphenol.
Environ. Geochem. Health 42, 2881–2894.
Friso, G., van Wijk, K.J., 2015. Posttranslational protein
modifications in plant metabolism. Plant Physiol. 169,
1469–1487.
Gao, M., Yi, X., Yang, W., Lam, S.M., Tong, X., Liu, J., et al., 2017.
GDSL lipases modulate immunity through lipid homeostasis
in rice. PLoS Pathogens 13.

68

journal of environmental sciences 108 (2021) 58–69

Guo, L., Nezames, C.D., Sheng, L., Deng, X., Wei, N., 2013.
Cullin-RING ubiquitin ligase family in plant abiotic stress
pathways (F). J. Integr. Plant Biol. 55, 21–30.
Hagar, H., Al Malki, W., 2014. Betaine supplementation protects
against renal injury induced by cadmium intoxication in rats:
role of oxidative stress and caspase-3. Environ. Toxicol.
Pharmacol. 37, 803–811.
Han, J., Kaufman, R.J., 2016. The role of ER stress in lipid
metabolism and lipotoxicity. J. Lipid Res. 57, 1329–1338.
Herzel, L., Ottoz, D.S.M., Alpert, T., Neugebauer, K.M., 2017.
Splicing and transcription touch base: co-transcriptional
spliceosome assembly and function. Nat. Rev. Mol. Cell Biol.
18, 637–650.
Hildebrandt, T.M., Nunes Nesi, A., Araujo, W.L., Braun, H.P., 2015.
Amino acid catabolism in plants. Mol. Plant 8, 1563–1579.
Hu, J., Wang, D., Li, J., Jing, G., Ning, K., Xu, J., 2014. Genome-wide
identification of transcription factors and transcription-factor
binding sites in oleaginous microalgae Nannochloropsis. Sci.
Rep. 4, 5454.
Huang, D., Sun, Y., Ma, Z., Ke, M., Cui, Y., Chen, Z., et al., 2019.
Salicylic acid-mediated plasmodesmal closure via
Remorin-dependent lipid organization. PNAS 116,
21274–21284.
Jacquart, A., Brayner, R., El Hage Chahine, J.M., Ha-Duong, N.T.,
2017. Cd (2+) and Pb (2+) complexation by glutathione and the
phytochelatins. Chem. Biol. Interact. 267, 2–10.
Jensen, M.K., Samelson, A.J., Steward, A., Clarke, J., Marqusee, S.,
2020. The folding and unfolding behavior of ribonuclease H on
the ribosome. J. Biol. Chem. 295, 11410–11417.
Jumarie, C., Fortin, C., Houde, M., Campbell, P.G., Denizeau, F.,
2001. Cadmium uptake by Caco-2 cells: effects of Cd
complexation by chloride, glutathione, and phytochelatins.
Toxicol. Appl. Pharmacol. 170, 29–38.
Kang, N.K., Kim, E.K., Sung, M.G., Kim, Y.U., Jeong, B.R., Chang, Y.K.,
2019. Increased biomass and lipid production by continuous
cultivation of Nannochloropsis salina transformant
overexpressing a bHLH transcription factor. Biotechnol.
Bioeng. 116, 555–568.
Kong, Y., Chen, S., Yang, Y., An, C., 2013. ABA-insensitive (ABI) 4
and ABI5 synergistically regulate DGAT1 expression in
Arabidopsis seedlings under stress. FEBS lett. 587, 3076–3082.
Kong, F., Romero, I.T., Warakanont, J., Li-Beisson, Y., 2018. Lipid
catabolism in microalgae. New phytol. 218, 1340–1348.
Kovacs, T., Ahres, M., Palmai, T., Kovacs, L., Uemura, M.,
Crosatti, C., et al., 2020. Decreased R:FR ratio in incident white
light affects the composition of barley leaf lipidome and
freezing tolerance in a temperature-dependent manner. Int. J.
Mol. Sci. 21.
Kumar, D., Chattopadhyay, S., 2018. Glutathione modulates the
expression of heat shock proteins via the transcription factors
BZIP10 and MYB21 in Arabidopsis. J. Exp. Bot. 69, 3729–3743.
Kwon, S., Kang, N.K., Koh, H.G., Shin, S.E., Lee, B., Jeong, B.R., et al.,
2018. Enhancement of biomass and lipid productivity by
overexpression of a bZIP transcription factor in
Nannochloropsis salina. Biotechnol. Bioeng. 115, 331–340.
Lai, J.L., Liu, Z.W., Luo, X.G., 2020. A metabolomic, transcriptomic
profiling, and mineral nutrient metabolism study of the
phytotoxicity mechanism of uranium. J. Hazard. Mater. 386.
Lee, J., Hong, S.W., Kwon, H., Park, S.E., Rhee, E.J., Park, C.Y., et al.,
2018. Exendin-4 improves ER stress-induced lipid
accumulation and regulates lipin-1 signaling in HepG2 cells.
Cell Stress Chaperones 23, 629–638.
Leong, Y.K., Chang, J.S., 2020. Bioremediation of heavy metals
using microalgae: recent advances and mechanisms.
Bioresour. Technol. 303, 122886.
Li, D.-W., Balamurugan, S., Yang, Y.-F., Zheng, J.-W., Huang, D.,
Zou, L.-G., Yang, W.-D., Liu, J.-S., Guan, Y., Li, H.-Y., 2019.

Transcriptional regulation of microalgae for concurrent lipid
overproduction and secretion. Sci. Adv. 5.
Li, J.T., Gurajala, H.K., Wu, L.H., van der Ent, A., Qiu, R.L.,
Baker, A.J.M., et al., 2018. Hyperaccumulator plants from
China: a synthesis of the current state of knowledge. Environ.
Sci. Technol. 52, 11980–11994.
Li, M., Hu, C., Zhu, Q., Chen, L., Kong, Z., Liu, Z., 2006. Copper and
zinc induction of lipid peroxidation and effects on antioxidant
enzyme activities in the microalga Pavlova viridis
(Prymnesiophyceae). Chemosphere 62, 565–572.
Li, Q.T., Lu, X., Song, Q.X., Chen, H.W., Wei, W., Tao, J.J., et al., 2017.
Selection for a zinc-finger protein contributes to seed oil
increase during soybean domestication. Plant Physiol. 173,
2208–2224.
Liu, C.C., Jewett, M.C., Chin, J.W., Voigt, C.A., 2018. Toward an
orthogonal central dogma. Nat. Chem. Biol. 14, 103–106.
Lou, Y., Yang, Y., Hu, L., Liu, H., Xu, Q., 2015. Exogenous
glycinebetaine alleviates the detrimental effect of Cd stress
on perennial ryegrass. Ecotoxicology 24, 1330–1340.
Lu, J., Ma, Y., Xing, G., Li, W., Kong, X., Li, J., et al., 2019. Revelation
of microalgae’s lipid production and resistance mechanism to
ultra-high Cd stress by integrated transcriptome and
physiochemical analyses. Environ. Pollut. 250, 186–195.
Lu, J., Xu, Y., Wang, J., Singer, S.D., Chen, G., 2020. The role of
triacylglycerol in plant stress response. Plants 9.
Maeo, K., Tokuda, T., Ayame, A., Mitsui, N., Kawai, T.,
Tsukagoshi, H., et al., 2009. An AP2-type transcription factor,
WRINKLED1, of Arabidopsis thaliana binds to the AW-box
sequence conserved among proximal upstream regions of
genes involved in fatty acid synthesis. Plant J. 60, 476–487.
Maity, J.P., Bundschuh, J., Chen, C.-Y., Bhattacharya, P., 2014.
Microalgae for third generation biofuel production, mitigation
of greenhouse gas emissions and wastewater treatment:
present and future perspectives – a mini review. Energy 78,
104–113.
Maraschin, F.D.S., Kulcheski, F.R., Segatto, A.L.A., Trenz, T.S.,
Barrientos-Diaz, O., Margis-Pinheiro, M., et al., 2018. Enzymes
of glycerol-3-phosphate pathway in triacylglycerol synthesis
in plants: function, biotechnological application and
evolution. Prog. Lipid Res. 73, 46–64.
Martins, L., Knuesting, J., Bariat, L., Dard, A., Freibert, S.A.,
Marchand, C.H., et al., 2020. Redox Modification of the
Iron-Sulfur Glutaredoxin GRXS17 Activates Holdase Activity
and Protects Plants from Heat Stress. Plant Physiol. 184,
676–692.
Masahiko, S.H.K., Toshiyuki, K., Chiharu, T., 2002. Perspectives on
cadmium toxicity research. Tohoku J. Exp. Med. 196, 23–32.
May, M.J., Vernoux, T., Leaver, C., Van Montagu, M., Inze, D., 1998.
Glutathione homeostasis in plants: implications for
environmental sensing and plant development. J. Exp. Bot. 49,
649–667.
Mengdi, X., Haibo, D., Jiaxin, L., Zhe, X., Yi, C., Xuan, L., et al., 2020.
Metabolomics reveals the “Invisible” detoxification
mechanisms of Amaranthus hypochondriacus at three ages
upon exposure to different levels of cadmium. Ecotoxicol.
Environ. Saf. 195, 110520.
Mortazavi, A., Williams, B.A., McCue, K., Schaeffer, L., Wold, B.,
2008. Mapping and quantifying mammalian transcriptomes
by RNA-Seq. Nat. Methods 5, 621–628.
Nguyen, T.B., Louie, S.M., Daniele, J.R., Tran, Q., Dillin, A., Zoncu, R.,
et al., 2017. DGAT1-dependent lipid droplet biogenesis
protects mitochondrial function during starvation-induced
autophagy. Dev. Cell 42, 9–21 e25.
Niazi, A.K., Bariat, L., Riondet, C., Carapito, C., Mhamdi, A.,
Noctor, G., et al., 2019. Cytosolic isocitrate dehydrogenase
from Arabidopsis thaliana is regulated by glutathionylation.
Antioxidants 8.

journal of environmental sciences 108 (2021) 58–69

Noctor, G., Mhamdi, A., Chaouch, S., Han, Y.I., Neukermans, J.,
Marquez-Garcia, B., Queval, G., Foyer, C.H., 2012. Glutathione in
plants: an integrated overview. Plant Cell Environ. 35, 454–484.
Patro, R., Duggal, G., Love, M.I., Irizarry, R.A., Kingsford, C., 2017.
Salmon provides fast and bias-aware quantification of
transcript expression. Nat. Methods 14, 417 -+.
Pereira, M., Bartolome, M.C., Sanchez-Fortun, S., 2013.
Bioadsorption and bioaccumulation of chromium trivalent in
Cr (III)-tolerant microalgae: a mechanisms for chromium
resistance. Chemosphere 93, 1057–1063.
Raikova, S., Piccini, M., Surman, M.K., Allen, M.J., Chuck, C.J., 2019.
Making light work of heavy metal contamination: the
potential for coupling bioremediation with bioenergy
production. J. Chem. Technol. Biotechnol. 94, 3064–3072.
Rani, A., Kumar, A., Lal, A., Pant, M., 2014. Cellular mechanisms of
cadmium-induced toxicity: a review. Int. J. Environ. Health
Res. 24, 378–399.
Robinson, M.D., McCarthy, D.J., Smyth, G.K., 2010. edgeR: a
Bioconductor package for differential expression analysis of
digital gene expression data. Bioinformatics 26, 139–140.
Sandbichler, A.M., Hockner, M., 2016. Cadmium protection
strategies – a hidden trade-off? Int. J. Mol. Sci. 17.
Shaikhali, J., Noren, L., de, Dios, Barajas-Lopez, J., Srivastava, V.,
Konig, J., et al., 2012. Redox-mediated mechanisms regulate
DNA binding activity of the G-group of basic region leucine
zipper (bZIP) transcription factors in Arabidopsis. J. Biol. Chem.
287, 27510–27525.
Sharma, J., Kumar, V., Kumar, S.S., Malyan, S.K., Mathimani, T.,
Bishnoi, N.R., et al., 2020. Microalgal consortia for municipal
wastewater treatment – lipid augmentation and fatty acid
profiling for biodiesel production. J. Photochem. Photobiol. B.
202, 111638.
Shi, K., Gao, Z., Shi, T.Q., Song, P., Ren, L.J., Huang, H., et al., 2017.
Reactive oxygen species-mediated cellular stress response
and lipid accumulation in oleaginous microorganisms: the
state of the art and future perspectives. Front. Microbiol. 8,
793.
Skubacz, A., Daszkowska-Golec, A., Szarejko, I., 2016. The role and
regulation of ABI5 (ABA-Insensitive 5) in plant development,
abiotic stress responses and phytohormone crosstalk. Front.
Plant Sci. 7, 1884.
Son, E.-B., Poo, K.-M., Chang, J.-S., Chae, K.-J., 2018. Heavy metal
removal from aqueous solutions using engineered magnetic
biochars derived from waste marine macro-algal biomass. Sci.
Total Environ. 615, 161–168.
Tamil Selvan, S., Velramar, B., Ramamurthy, D., Balasundaram, S.,
Sivamani, K., 2020. Pilot scale wastewater treatment, CO2
sequestration and lipid production using microalga, Neochloris
aquatica RDS02. Int. J. Phytoremed. 1–18.
Thiriet-Rupert, S., Carrier, G., Trottier, C., Eveillard, D., Schoefs, B.,
Bougaran, G., et al., 2018. Identification of transcription factors
involved in the phenotype of a domesticated oleaginous
microalgae strain of Tisochrysis lutea. Algal Res. 30, 59–72.
Treves, H., Siemiatkowska, B., Luzarowska, U., Murik, O.,
Fernandez-Pozo, N., Moraes, T.A., et al., 2020. Multi-omics
reveals mechanisms of total resistance to extreme
illumination of a desert alga. Nat. Plants 6, 1031–1043.

69

Valko, M., Jomova, K., Rhodes, C.J., Kuca, K., Musilek, K., 2016.
Redox- and non-redox-metal-induced formation of free
radicals and their role in human disease. Arch. Toxicol. 90,
1–37.
Waudby, C.A., Dobson, C.M., Christodoulou, J., 2019. Nature and
regulation of protein folding on the ribosome. Trends
Biochem. Sci. 44, 914–926.
Wei, L., El Hajjami, M., Shen, C., You, W., Lu, Y., Li, J., et al., 2019.
Transcriptomic and proteomic responses to very low CO2
suggest multiple carbon concentrating mechanisms in
Nannochloropsis oceanica. Biotechnol. Biofuels 12, 168.
Wu, X., Cobbina, S.J., Mao, G., Xu, H., Zhang, Z., Yang, L., 2016. A
review of toxicity and mechanisms of individual and mixtures
of heavy metals in the environment. Environ. Sci. Pollut. Res.
Int. 23, 8244–8259.
Xing, G., Yuan, H., Yang, J., Li, J., Gao, Q., Li, W., et al., 2018.
Integrated analyses of transcriptome, proteome and fatty acid
profilings of the oleaginous microalga Auxenochlorella
protothecoides UTEX 2341 reveal differential reprogramming of
fatty acid metabolism in response to low and high
temperatures. Algal Res. 33, 16–27.
Yan, X., Hoek, T.A., Vale, R.D., Tanenbaum, M.E., 2016. Dynamics of
translation of single mRNA molecules in vivo. Cell 165,
976–989.
Yang, J., Cao, J., Xing, G., Yuan, H., 2015. Lipid production combined
with biosorption and bioaccumulation of cadmium, copper,
manganese and zinc by oleaginous microalgae Chlorella
minutissima UTEX2341. Bioresour. Technol. 175, 537–544.
Yin, K., Wang, Q., Lv, M., Chen, L., 2019. Microorganism
remediation strategies towards heavy metals. Chem. Eng. J.
360, 1553–1563.
Zaffagnini, M., Bedhomme, M., Groni, H., Marchand, C.H.,
Puppo, C., Gontero, B., et al., 2012. Glutathionylation in the
photosynthetic model organism Chlamydomonas reinhardtii: a
proteomic survey. Mol. Cell Proteomics 11 M111 014142.
Zaffagnini, M., Marchand, C.H., Malferrari, M., Murail, S.,
Bonacchi, S., Genovese, D., et al., 2019. Glutathionylation
primes soluble glyceraldehyde-3-phosphate dehydrogenase
for late collapse into insoluble aggregates. PNAS 116,
26057–26065.
Zhang, W., Tan, N.G., Li, S.F., 2014. NMR-based metabolomics and
LC-MS/MS quantification reveal metal-specific tolerance and
redox homeostasis in Chlorella vulgaris. Mol. Biosyst. 10,
149–160.
Zhao, H., Nie, K., Zhou, H., Yan, X., Zhan, Q., Zheng, Y., et al., 2020.
ABI5 modulates seed germination via feedback regulation of
the expression of the PYR/PYL/RCAR ABA receptor genes. New
Phytol.
Zheng, H., Yang, X., Xi, Y., 2016. Fat body remodeling and
homeostasis control in Drosophila. Life Sci. 167, 22–31.
Zhu, G., Xiao, H., Guo, Q., Zhang, Z., Zhao, J., Yang, D., 2018. Effects
of cadmium stress on growth and amino acid metabolism in
two Compositae plants. Ecotoxicol. Environ. Saf. 158, 300–308.
Zwolak, I., 2020. The role of selenium in arsenic and cadmium
toxicity: an updated review of scientific literature. Biol. Trace
Elem. Res. 193, 44–63.

