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Comparative transcriptome analysis between low- and high-cadmium-accumulating

genotypes of pakchoi (Brassica chinensis L.) in response to cadmium stress

Qian Zhou, Jing-Jie Guo, Chun-Tao He, Chuang Shen, Ying-Ying Huang, Jing-Xin Chen,
Jian-hua Guo, Jian-Gang Yuan, Zhong-Yi Yang*

State Key Laboratory for Biocontrol, School of Life Sciences, Sun Yat-Sen University, Xingang
Xi Road 135, Guangzhou, 510275, China

ABSTRACT: To reduce cadmium (Cd) pollution of food chain, screening and breeding of
low-Cd-accumulating cultivars are focused these decades. Two previously identified genotypes, a
low-Cd-accumulating genotype (LAJK) and a high-Cd-accumulating genotype (HAJS) of
pakchoi (Brassica chinesis L.), were stressed by Cd (12.5 uM) for 0 h (T0), 3 h (T3) and 24 h
(T24). By comparative transcriptome analysis for root tissue, 3005 and 4343 differentially
expressed genes (DEGs) were identified in LAJK at T3 (vs. TO) and T24 (vs. T3), respectively,
while 8677 and 5081 DEGs were detected in HAJS. Gene expression pattern analysis suggested a
delay of Cd responded transcriptional changes in LAJK comparing to HAJS. DEG
functionalenrichments proposed genotype-specific biological processes coped with Cd stress. Cell
wall biosynthesis and glutathione (GSH) metabolism were found to involve in Cd resistance in
HAJS, while DNA repair and abscisic acid (ABA) signal transduction pathways played important
roles in LAJK. Furthermore, the genes participating in Cd efflux such as PDRS were
overexpressed in LAJK, while those responsible for Cd transport such as YSLI were more

enhanced in HAJS, exhibiting different Cd transport processes between two genotypes. These
1
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novel findings should be useful for molecular assisted screening and breeding of

low-Cd-accumulating genotypes for pakchoi.

INTRODUCTION

Heavy metal contamination in soil presents a widespread serious environmental risk to plants
and human health." According to their metabolic roles in plant growth, heavy metals are grouped
as two categories, one of which is essential but quite toxic with excessive concentrations such as
copper (Cu), zinc (Zn) and iron (Fe), while the other is non-essential with recognized toxicity
such as cadmium (Cd).> Cd is a typical toxic heavy metal that is hazardous to plant growth and
development.’ In recent years, Cd contamination in the arable soil has severely limited crop yield
and threatened food safety.”® Long-term exposure to Cd, even with low dose, would lead to
chronic health problems, including liver and kidney damage, weakness and higher risk of illness.”
Vegetables contributed 83% of the total Cd uptake in human bodies.® Comparing to root and fruit
vegetables, leaf vegetables such as spinach (Spinacia oleracea L.) and coriander (Coriandrum
sativum L.) have much higher capacities of heavy metal absorption and accumulation.”"" Thus,
studies on strategies and technologies to lower the pollution risk of Cd in food chain, especially in
leaf vegetables, are an urgent task and of great interest in the recent decade.

Previous studies have addressed the adverse impacts of Cd on the biochemical and
physiological processes of plants, such as altering photosynthetic processes, reducing enzymes
activities and nutrient uptake and breaking up homeostasis, which finally resulted in growth

. e, . 4. 5. 12 . . . .
inhibition and diseases.” > © Under this scenario, plants have evolved a series of metabolic
2
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strategies against the Cd stress, including immobilization, restriction of uptake and transport,
efflux from cytoplasm to the outside of cell, chelation and sequestration in vacuoles through
specific transporters.*'® Over the past decade, as the expansion of available transcriptional data,
the genetic basis underlying these physiological processes have been identified and characterized,
greatly improving our understanding on molecular mechanisms of Cd translocation and
detoxification in some Cd hyperaccmulating plants such as Arabidopsis halleri” ' Brassica

21-23

: 18, 19 . 20 o
juncea, ” "~ Sedum alfredii” and Noccaea caerulescens, as well as some cultivating plants

25, 26

such as pea (Pisum sativum L.),** barley (Hordeum vulgare L.), rice (Oryza sativa L.),>

tobacco (Nicotiana tabacum L.)** and ramie (Boehmeria nivea L.).* However, most studies
mainly focused on the practical advantages in phytoremediation rather than food safety.'®*

For food safety, screening and breeding the cultivars with low capacity of Cd accumulation or
Cd pollution-safe cultivars (Cd-PSCs) is a low-cost strategy for restricting Cd transfer into the
food chain.'”*"** The Cd-PSCs are kinds of crop cultivars containing a low enough level of Cd in
edible part for safe consumption when growing in Cd contaminated soil.>"** For plants, roots are
thought to determine the Cd concentration in leaves. Several studies have addressed that the Cd
content in above-ground tissue of plants is highly impacted by the capacities of Cd uptake from
the soil to roots and the translocation from roots to shoot.”™ '®**** Yamaguchi et al. implicated that
down-regulation of one xylem-loading citrate transporter gene ferric reductase defective 3
(FRD3), which inhabit Cd translocation from roots to shoot, played an important role in reducing

Cd concentration in a low Cd-accumulating line of Solanum torvum.*® However, our knowledge

about the genome-wide molecular mechanism underlying the low capacity of Cd accumulation is
3
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still quite limited.

Pakchoi (Brassica chinensis L.) is one of the most important worldwide leaf vegetables. In
genus of Brassica, B. juncea and B. napus have been reported as Cd accumulative species.'™ ">’
Our previous study identified some genotypes of B. chinensis with significantly different
capacities of Cd uptake and accumulation under Cd exposure®® In cell wall,
chloroplast/trophoplast, organelle and soluble fractions of high Cd-accumulating genotypes, Cd
concentrations were significantly higher than those low Cd-accumulating genotypes, which is a
kind of Cd-PSCs. It provided us an ideal system to investigate the genome-wide differentiations
underlying the differently physiological traits, which could shed light on the molecular assisted
breeding methods of pakchoi.

In this study, we measured the Cd concentration in the edible parts of low- and high-
Cd-accumulating genotypes of pakchoi at different time stages of Cd treatment to verify the Cd
accumulating capacities. Comparative transcriptome analysis was then employed for the roots of
the two genotypes to clarify two major issues: 1) what are the differences in the transcriptional
responses to Cd stress associated to different treatment times and different genotypes; and 2) what
is the genetic basis for the different capabilities of Cd accumulation between the two genotypes.
Based on bioinformatics analysis, it is expected that results of this study could provide new
insights into the molecular mechanisms brought about the low capacity of Cd accumulation in

pakchoi, which would help to explore new ways for creating more efficient Cd-PSCs of pakchoi

or even other leaf vegetables via molecular breeding methods.
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MATERIALS AND METHODS

Plant Material and Cd Treatments. Based on previous study’®, two identified pakchoi
genotypes, a low-Cd-accumulating cultivar (AJKSHY) and a high-Cd-accumulating cultivar
(AJSZQ), were used in the present study. To make easy to distinguish the low- and
high-Cd-accumulating genotypes, they were renamed as LAJK and HJAS in the present study.
Seeds of the two genotypes were surface sterilized by soaking in 2% H,0, for 10 min and fully
rinsed with deionized water. After sterilizing, the seeds were soaked in deionized water at room
temperature for 24 hours, and then germinated in sterilized moist sand substrate under constant
temperature condition (25 = 1°C) and photoperiod (14/10 h light/dark cycle). After two weeks,
healthy seedlings with similar size of each genotype were selected and cultured in half-strength
modified Hoagland nutrient solutions® in 500ml containers under the controlled temperature (25
~30°C) and photoperiod (14/10 h light/dark cycle) in a greenhouse.

After 40 days of growth, three plants from three different containers of each genotype were used
as biological replicates. For each container, the plant was treated with the fresh medium
supplemented with CdCl,to final Cd concentrations of 12.5 uM, which is a mild stress condition
that would not lead to any observable toxic symptoms for either of the two genotypes. Before the
Cd treatment (denoted as TO) and in the 3rd and 24th hour after the Cd treatment (denoted as T3
and T24, respectively), shoots and roots from the plants of the two tested genotypes with similar
size were harvested separately and washed three times with deionized water. Fresh root tissues
were frozen in liquid nitrogen (N,) and stored at -80°C for RNA extraction.

Determination of Shoot Cd Concentration. To detect shoot Cd concentration of the two
5
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pakchoi genotypes, shoots from three plants as replicates for each of TO, T3 and T24 were dried at
70°C to a constant weight and then digested by HNO; and H,0, in a microwave digester. Cd
concentration was measured using FAAS (HITACHI Z-5300, Japan), following the
manufacturer’s instruction. A Certified Reference Material (CRM; GBW-07603, provided by the
National Research Center for CRM, China) was applied to assess the precision of the analytical
procedures for plant material. One-way Analysis Of Variance (ANOVA) and the least significant
difference (LSD) tests were performed to identify the significant differences of the Cd
concentration at each treatment stage between the two genotypes using the statistical package
SPSS 13.0.

RNA Extraction, Sequencing and De Novo Assembly. Total RNA were extracted from
the root tissues of the three plants as replicates for each of TO, T3 and T24 separately using an
RNO09-EASY spin plus Plant Kit (Aidlab Biotech, Beijing, China) following the manufacturer’s
instructions. The integrity of RNA was verified by RNase free agarose gel electrophoresis and the
concentration was measured using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
High-quality RNA of the three plants from each treatment was mixed with equal quantity for the
subsequent RNA sequencing.

cDNA library was constructed for each of the six mixed RNA samples and sequenced on the
[lumina HiSeq™ 2000 platform (Illumina Inc., CA, USA). Before assembly, adapter sequences
were removed from the raw reads. Then low quality reads with over 50% bases with quality
scores of 5 or lower and/or over 10% bases unknown (N bases) were removed from each dataset

to gain more reliable results. After that, the clean reads of high quality from all the six samples
6
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were merged together and assembled using Trinity package® to construct unique consensus
sequences as the reference sequences.

Normalization of Gene Expression Levels and Identification of Differentially
Expressed Genes. Sequencing reads were remapped to the reference sequences by
SOAPaligner/soap2.* For each gene, the expression level was measured by Reads Per Kilobase
exon Model per Million mapped reads (RPKM) based on the number of uniquely mapped reads,
to eliminate the influence of different gene lengths and sequencing discrepancies on the gene
expression calculation. For genes with more than one alternative transcript, the longest transcript
was selected to calculate the RPKM.

To infer the transcriptional changes over time in the two genotypes under Cd stress conditions,
differentially expressed genes (DEGs) after 3 and 24 h of Cd treatment were identified by
comparing the expression levels at T3 with those at TO and the level at T24 with those at T3 in
LAJK and HAJS, respectively. To correct for multiple testing, the false discovery rate (FDR) was
calculated to adjust the threshold of p value.* Transcripts with a minimal 2-fold difference in
expression (|log, Ratio] > 1) and a FDR < 0.001 were considered as differentially expressed
between the two time points.” For convenience, DEGs with higher expression levels at T3 than
those at TO, as well as those higher at T24 than those at T3, were donated as “up regulated”, while
those in opposition were donated as “down regulated”.

To assess the gene expression patterns over time within each genotype, expression pattern
analysis were performed, which assigned all the DEGs of LAJK and HAJS across the two

Cd-treatment stages to eight expression profiles, using Short Time-series Expression Miner
7
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(STEM) version 1.3.8." DEGs belonging to the same cluster were proposed to have similar
expression pattern with each other. For each genotype, the clustered profiles of DEGs with p < 0.05
were considered as significantly different from the reference set.

Gene Expression Validation. Eight genes with different expression patterns revealed by
RNA sequencing were randomly selected for validation by quantitative real-time RT-PCR (qPCR).
RNA extracted from the roots of the three independent biological replicates for each of TO, T3 and
T24 were employed for qPCR validation. First-strand cDNA was synthesized using PrimeScript™
RT reagent Kit (TAKARA BIO Inc., Shiga, Japan). Gene copy specific primers for gPCR were
designed based on the corresponding sequence on Primer3 website** and listed in Table S1
(Supporting information). Actin I was used as an internal control.”” The qPCR was carried out
using SYBR® Premix Ex Taq Il (Tli RNaseH Plus; TAKARA BIO Inc., Shiga, Japan) and
determined in LightCycler 480 (Roche, Basel, Switzerland) according to the manufacturer’s
instructions. Three technical replicates were performed for each gene. A regression analysis was
performed between qPCR and RNA sequencing including all genes of the two genotypes at the
three time points of Cd treatment using R package (version 3.1.3, http://cran.r-project.org/).

Functional Annotation and GO and KEGG Classification. All expressed genes were
functional annotated against four databases, including NCBI non-redundant protein database (Nr),
Clusters of Orthologous Groups of proteins database (COG), Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Swiss-Prot database, by BLASTX searches with an e-value cutoff of 1e-5 in
Blast2GO.* For the gene matched to multiple protein sequences, the protein with the highest

similarity score was considered as the optimal annotation.
8
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For each treatment stage, Gene Ontology (GO) classification was performed for the up-regulated
genes of LAJK and HAJS in WEGO," respectively, and chi-square test was employed to figure
out the GO terms of significant difference in gene proportion between the two genotypes, which
were proposed to play different roles in response to Cd stress. For each KEGG pathway, the
numbers of up- and down-regulated genes of each genotype were compared to the reference set by
Fisher’s exact test to find out the pathways enriched with up and down-regulated genes. GO and

KEGG enrichment analysis were also carried out for all the eight gene expression profiles

RESULTS AND DISCUSSION

Difference of Shoot Cd Concentrations Between the Two Genotypes. Average shoot
Cd concentrations at TO were 0.28 and 0.42 mg/kg DW in LAJK and HAJS, respectively, where
no significant difference was detected between the two genotypes (Figure 1). The Cd
concentration in LAJK at T3 still remained at a relatively low level (0.4 mg/kg DW). In HAJS, by
contrast, the Cd level at T3 increased to 1.15 mg/kg DW, which is approximately 2.9-fold higher
than that in LAJK (p < 0.01). At T24, Cd concentration in LAJK and HAJS progressively reached
0.89 mg/kg DW and 2.12 mg/kg DW, respectively, with significant difference between the two
genotypes (p < 0.01). These results verified the genotype dependent difference in shoot Cd
accumulation of pakchoi as indicated in a previous study.”® The genetic stability of shoot Cd

accumulation at cultivar level in pakchoi as well as many other vegetable crops* *

implies the
difference in gene participation between different cultivars within the same species which has

been partly clarified for limited crops especially for rice.””>! Xue et al.*® have suggested that the
9
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lower capacity of Cd translocation from roots to shoot in LAJK comparing with HAJS is
associated with subcellular distributions and chemical forms of Cd.

RNA Sequencing and De Novo Assembly of Root Transcriptome of the Two
Genotypes. Approximately 24.63 - 36.59 million of 125 bp pair-end reads were generated for
the six samples through RNA sequencing (Table 1). After sequence trimming, the retained
high-quality reads of all the samples were merged together and de novo assembled into 59 271
unigenes as the reference transcripts of pakchoi, and 44 539 of them were functionally annotated
with an e-value cutoff of le-5. The N50 of the assembled genes was 1294 bp and the average
length was 804 bp with the maximum length of 14 696 bp, which were longer than those obtained
in the experiments for Cicer arietinum,” Elodea nuttallii®> and Primrose species (P. poissonii and
P, wilsonii),”* suggesting a good assembled quality of the transcriptome for pakchoi in the present
study. By remapping to the reference transcripts, 46 753 - 49 391 expressed unigenes were
identified for the two genotypes at the three time points. Using a cutoff of 2-fold difference in
gene expression as methodological description, a total of 3005 and 8677 DEGs were detected in
LAJK and HAIJS at T3, respectively, as comparing with those at TO, while 4343 and 5801 genes
were differentially expressed at T24, respectively, as comparing with those at T3 (Figure S1,
Supporting information).

RNA Sequencing Validation by qPCR. To validate the expression data obtained from
RNA sequencing, eight genes with different expression patterns were randomly selected to
perform qPCR. The results showed a strong correlation between the data of RNA sequencing and

gPCR (r = 0.683, p < 0.001, Figure 2). For each gene, the expression count values of
10
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transcriptome data exhibited similar expression profile at all the three time stages comparing with
the results of qPCR (Figure S2, Supporting information). It suggested a reliable expression results
generated by RNA sequencing.

Gene Expression Pattern Analysis, and Clustering and Functional Enrichment of
DEGs. DEGs of each LAJK and HAJS at different time stages were clustered in eight profiles
based on gene expression pattern using STEM software. The profiles displayed a considerable
difference in gene expression over time in response to Cd stress between the two genotypes
(Figure 3A). In HAJS, the DEGs were significantly overrepresented in the profiles with apparent
changes in expression level at T3 (Profile 1, 5 and 6, p < 0.05), while the major transcriptional
changes in LAJK occurred at T24 concomitantly with the significant increase of Cd concentration
(Profile 3, 4 and 7, p < 0.05). Consistent with the number of DEGs changes over time in both
genotypes, these results also strongly suggested a delay in transcriptional responses to Cd stress
in LAJK comparing with HAJS.

To determine the functional significance of the transcriptional changes in each genotype, GO
and KEGG classifications were implemented for the genes belonging to the overrepresented
profiles. In HAJS, genes involved in stress and stimulus resistance, starch and sucrose
metabolism and pentose and glucuronate interconversions were enriched in Profile 5, where gene
expressions were increased at T3 but decreased at T24 (Figure 3C; Table S2, Supporting
Information), suggesting that these genes responded at the early stage of Cd stress. Similar pattern
was also observed in Arabidopsis thaliana that the higher expressions of many genes responded to

stress and stimulus were observed at 2 h of Cd exposure instead of one week.'” In Profile 6, the
11
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overrepresented GO and pathway included cell wall biosynthesis and organization, glucan and
cellulose metabolism, transferase encoding, phenylpropanoid biosynthesis and glutamate
metabolism. The expression level of these genes peaked at T3 and maintained at high level during
the subsequent stage. Detailed gene functions would be discussed below. In LAJK, however,
genes involved in response to oxygen-containing compounds were overrepresented in Profile 4,
while genes responding to stimulus, regulatory region with DNA binding and the hormone signal
transduction pathway were enriched in Profile 7 (Figure 3B; Table S2, Supporting Information).
These results suggested an apparent genotype variation in genes and pathways responding to Cd
stress. The differentiation in gene expression patterns between the two genotypes was
corresponding to their distinct responses in Cd subcellular distribution as well as chemical forms
after a long term of Cd treatment.*®

Responses to Cd Stress were Faster in High-Cd-accumulating Genotype Than in
Low Omne. Comparing to TO, only 1664 up- and 1341 down-regulated genes in LAJK were
identified at T3, while they were 5138 and 3539 in HAJS (Figure S1, Supporting information).
Concerning the up-regulated genes that may be responsible for Cd stress, GO enrichment analysis of
up-regulated genes revealed a significant difference between the two genotypes (Figure S3A,
Supporting Information). A total of 354 and 1123 genes were assigned into 138 and 171 GO terms at
the third level in LAJK and HAJS, respectively. As a response to the mild damage caused by the slight
increase in Cd concentration, only one category of genes encoding proteins with tetrapyrrole binding
activity was significantly induced in LAJK at T3.

By contrast, more GO terms were overrepresented in HAJS in all the three GO categories, i.e.
12
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biological process, cell component and molecular function, especially those related to stress tolerance.
In the category of biological process, the GO terms of response to stress, response to chemical
stimulus and response to abiotic stimulus, as well as those involved in metabolic process, were
exclusively enriched in HIAS (p < 0.05). Of them, seven genes were involved in activating and
encoding heat shock proteins (HSPs, Figure 4; Table S3, Supporting Information). All of these genes
were indicated to play an important role in protecting plant cells from the damage of metals exposure
by maintaining protein correct folding and stabilization.”’ It is noteworthy that, although Cd dose not
directly induce reactive oxygen species (ROS), glutathione (GSH)-derived phytochelatin (PC)-Cd
synthesis would deplete reduced GSH and alter oxidation state in the plant cell, as a by-product.”
Correspondingly, in HAJS, the genes category being responsible for oxidative stress resistance was
overrepresented at T3 (Figure 4; Table S3, Supporting Information), indicating a trade-off between
Cd chelation or compartmentalization and oxidative damage in HAJS to cope with the abrupt Cd
increase in cell. These results suggested that response changes in transcript level of HAJS to Cd stress
were more activated at the initial stage, which was consistent with the performance of Profile 5
(Figure 3A).

With regard to the subsequent treatment stage (T24), 1966 and 1782 genes were up regulated in
LAJK and HAJS, respectively, while 2377 and 4019 genes were down regulated in the two
genotypes (Figure S1, Supporting information). Different to the over-expression at T3, the genes
involved in response to stress and stimulus in HAJS were found to be down regulated at T24, as
inferred by the gene expression analysis (Figure S3B, Supporting Information). The decline of

expression level for the early-responsive genes also observed in Arabidopsis thaliana ,'”>° indicating
13
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there are different stages of responses to Cd exposure in plants.. In LAJK, the Cd-responsive
transcriptional changes at T24 were more pronounced than in HAJS (p < 0.05, Figure S3B,
Supporting Information), which was especially observed in the genes involved in response to stress,
cellular response to stimulus and cell communication (Table S5, Supporting information). The slower
activation of the early stress-responsive genes in LAJK comparing to HAJS was considered to be
concomitant with the delay of Cd accumulation in LAJK.

Enhanced Cell Wall Biosynthesis Resulted in High Cd Tolerance in High-
Cd-accumulating Genotype. A total of ten GO terms involved in cell wall biosynthesis
exhibited a pattern that gene expression level increased at T3 and maintained a high level at T24
(Profile 6, Figure 3C), suggested that the cell wall relevant functions played important role in Cd
tolerance in HAJS after Cd exposure. Similarly, according to pathway enrichment analysis at T3,
the pentose and glucuronate interconversions pathway which involves in cell wall biosynthesis
consisted of higher percentages of up-regulated genes in HAJS than the reference set. Four of 27
overexpressed genes along this pathway encode the two key enzymes (pectinesterase and
polygalacturonase) involving in D-galacturonate biosynthesis (Figure 4), which is essential for
forming the backbone of pectic cell wall components and the borate-mediated cross-linking
within the cell wall.’” This result implied that cell wall biosynthesis involved pathway might be
activated by Cd stress in HAJS at T3, which was consistent with the observations obtained from
the GO enrichment analysis of expression pattern (Profile 6). In another pathway of starch
metabolism, the two key enzymes (a-amylase and UGP2), catalyzing the biosynthesis of

UDP-glucose from a-D-glucose-1P, were up-regulated in HAJS at T3, but not in LAJK (Figure 4).
14
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The enzyme GAUT, which is involved in the transmutation of UDP-glucose into pectin, was also
enhanced at this stage. Kieffer et al.*’ found that the activity of o-amylase was increased in
response to Cd stimulus in poplar. Therefore, the results from this study implied that the
overexpression of a-amylase may play an important role in Cd resistance via enhancing the cell
wall biosynthesis.

At T24, 23 up-regulated genes were assigned into the phenylpropanoid synthesis pathway,
participating in the biosynthesis of guaiacyl and syringyl lignin (¢ < 0.001, Table S6, Supporting
information; Figure 4). Guaiacyl and syringyl are crucial components presented in the cell wall of
angiosperm plants.®’ Similar increase in lignin synthesis in roots has been observed in Cd stressed
A. thaliana.’ Therefore, the Cd induced transcriptional changes of genes or pathways that
participate in cell wall biosynthesis should be important molecular processes leading to the
genotype difference in Cd tolerance and accumulation in pakchoi.

Glutathione (GSH) Metabolism and Phytochelatins (PCs) Responded More
Exclusively to Cd Stress in High-Cd-accumulating Genotype. Plants employ an
important strategy in Cd detoxification through chelation and sequestration to restrict the
transport and circulation of free Cd ion in cytosol.'® In this study, GSH-mediated Cd conjugation
was enhanced in HAJS under Cd stress condition. Key enzymes for cysteine biosynthesis including
3'-phosphoadenosine 5'-phosphosulfate synthase (PAPSS), sulfite reductase (Sir) and cysteine
synthase A (CysK) belonging to a sulfur assimilation pathway involved in GSH precursor
synthesis highly expressed in HAJS but down regulated in LAJK at both T3 and T24 stages

(Figure 4). Sulfur and cysteine have been reported to participate in Cd detoxification in A.
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thaliana, B. juncea and Populus italica."”>**** Similarly, a pathway of the nitrogen metabolism
was also enriched in HAJS at T24, where three key enzymes, including assimilatory nitrate
reductase catalytic subunit (NasAB), glutamine synthetase (GLN) and glutamate dehydrogenase
(GLDH), were up regulated, and consistent with the observation in A. thaliana.”> ** Cysteine and
glutamate were both the important precursors of glutathione (GSH) metabolism. GSH plays an
important role in Cd detoxification via conjugating with Cd under the catalyzing of glutathione
S-transferases (GST)* %. Consistently, in this study, five and four GST encoding genes that are
highly expressed in HAJS at T3 and T24 were identified (Figure 4). It suggested that GSH-Cd
conjugation process is crucial for resistance to Cd in HAJS.

Furthermore, GSH could be also used to synthetize PCs, kinds of heavy metal complexing
peptides crucial for Cd detoxification in plants, catalyzed by phytochelatin synthase (PCS). The
expression levels of PCS in HAJS were higher than those in LAJK at both time stages (Figure 4).
Clemens et al.® proposed that the enhancement in PC generation resulted in increased Cd
accumulation. Moreover, proteins involved in PC-Cd complex transporting, such as multidrug
resistance-associated protein 2 and 3 (MRP2 and MPR3), were significantly overexpressed in HAJS at
T3 (Figure 4). MRP2 and MRP3 can increase Cd tolerance in Arabidopsis via mediating the transport
of PC-Cd into vacuole®’. Therefore, the higher expression level of the PC formation and
immigration in HAJS might be associated with the higher Cd accumulation in HAJS than in
LAJK.

Genes Involved in DNA Repair Acted as an Early Response to Cd Exposure in

Low-Cd-accumulating Genotype. Besides the mutual early Cd responses, LAJK also
16
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employed specific responsive mechanisms to cope with Cd stress. Among the up-regulated genes
in LAJK, the pathways of ribosome formation and DNA replication was found to be
overrepresented at T3 (Table S4, Supporting information), most of which are involved in forming
helicase, the enzyme catalyzing the first step of DNA biosynthesis (Figure 4). Von Zglinichi et al.
implicated an enhanced DNA replication induced by low dose of Cd exposure, as a result of response
amplifying actions. Moreover, helicase plays an indispensable role in DNA repair, which is required
for coping with the oxidative damages under Cd stress. Because similar transcriptional changes did
not observed in HAJS, the low Cd accumulating genotype should have more sensitive transcriptional
responses to Cd stress than the high one at early stage of Cd stress.

Abscisic Acid (ABA) Signal Transduction Pathway Responded Differently Between
Low- and High-Cd-accumulating Genotype. At T24 time point, plant hormone signal
transduction was induced by Cd stress and played an exclusive role in response to Cd stress in LAJK
(Table S6, Supporting information). The central signaling complex PYR/PYL-PP2Cs-SnRK2s
(pyrabactin resistant - A-group proteins phosphatase 2C - sucrose non-fermentation kinase subfamily
2) of one abscisic acid (ABA) signaling pathway were importantly activated in LAJK. Among them,
the genes encoding protein PYR/PYL and SnRK2s were up regulated, but the PP2Cs were down
regulated (Figure 4). As reviewed by Guo et al. ®, PYR/PYL is an ABA receptor of the signaling
complex. The overexpression of PYR/PYL could suppress PP2Cs, which release SnRK2s from the
inhibition of PP2Cs and subsequently activate the downstream target ABRE-binding factor (ABF)

70-72

transcription factor. ABF could bind to and activate the promoter of another transcription factor

DRE-binding protein 2A (DRE2A), which has been suggested a functional significance in the
17
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response to osmotic stress.”” However, this pathway, where PYR/PYL were highly depressed but
PP2Cs were overexpressed, was suppressed in HAJS in either treatment stage, especially at T3.
Therefore, the ABA-induced antioxidant pathway plays a genotype-specific role in countering the
deleterious effects of Cd accumulation in LAJK.

Differential Expression of Genes Involved in Cd Transport Contributed to the
Genotype Difference in Cd accumulating Capacities. To uncover the genes responsible
for the different nature of Cd accumulation between LAJK and HAIJS, pairwise comparisons
between the two genotypes were performed and 9016, 8620 and 8253 DEGs at the three time
stages of TO, T3 and T24 were identified, respectively. Since Cd is “opportunistic hitchhiker”
with no specific transporter in plants, Cd usually enter plant cells using the transporters of the
essential cations, such as Zn, Fe and Cu.”* Between the two genotypes, 63 DEGs belonged to
eight GO terms involved in the cation transport including the transporters of Cd, Zn, Cu, Fe,
calcium (Ca), manganese (Mn) and nickel (Ni). Besides these genes, another 32 DEGs encoding
transporters for metal and metal ligand, which have also been proposed to be related to heavy
metal uptake and sequestration, were also identified (Table S7, Supporting information). The
totally 95 DEGs showed apparently different expression pattern between the two genotypes
(Figure S4, Supporting information).

Genes related to Cd efflux and transport were suggested to play the major role in the genotype
difference of Cd accumulation.®® The genes belonging to the pleiotropic drug resistance (PDR)
subfamily of the ATP-binding cassette (ABC) transporter family showed markedly overexpressed

in LAJK than HAJS at T24. The two genes encoding PDRS transporter were 3.1 and 3.4-fold
18
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higher expressed in LAJK as compared to HAJS. In 4. thaliana, PDRS has been confirmed as a
Cd efflux pump mainly presented in the plasma membrane of root hairs and epidermal cells.”
Moreover, PDRS has more functional significance in decreasing Cd concentration in shoots than
in roots.”” The enhanced expressions of PDRS in LAJK may thus contribute to the low Cd uptake
in roots, leading to the low Cd accumulation in shoots.

In addition, genes involved in Cd absorption and translocation, such as the members from the
gene families of Yellow Stripe-like (YSL) and ZRT/IRT protein (ZIP), were overexpressed in
HAJS. YSLI is responsible for iron-nicotianamine uptake by roots in response to iron shortage in
Arabidopsis.”® Tt was found that three YSL1-encoding genes were strongly induced by Cd stress
with higher expression in HAJS than in LAJK at all the three stages (Figure 4), suggesting that
YSL1 might participate in Cd transport. Similar higher expression in HAJS was also observed in
the genes of IRT family, including /RT/ and /RT3. IRT1 is mainly responsible for Fe uptake in
roots under Fe-deficient condition.”” As Cd is absorbed concomitantly with iron uptake, the
overexpression of JRTI would also lead to Cd accumulation in plants.” Lin et al.” proposed that
the enhanced /RT3 leaded to an increase in the concentration of Fe in roots and Zn in shoots of
Arabidopsis, suggesting an important role of IRT3 in Cd uptake across plasma membrane. The
overexpression of the genes responsible for Cd uptake was thought to result in the higher Cd
concentration in HAJS.

In conclusion, two new findings that 1) the high-Cd accumulating capacity of pakchoi should
be related to the fast transcriptomic response to Cd stress, and 2) ABA signaling pathways

seemed participated in the Cd detoxification in the low-Cd-accumulating genotype of pakchoi,
19
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were explored in the present study. These novel findings greatly enriched our knowledge on
genetic basis of low Cd-accumulating pakchoi genotype. Furthermore, our works found the
linkage between the different capacities of Cd accumulation and the different metal transition
processes including Cd efflux, uptake and translocation. These results provided important clues

for molecular assisted screening and breeding of low Cd-accumulating cultivars for pakchoi.
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Supporting Information Available

Figure S1: Pairwise comparison of differentially expressed genes (DEGs) among the three time points of

Cd treatment in LAJK and HAJS.

Figure S2: Expression of the selected eight genes inferred by RNA sequencing and qPCR. In each panel,

red bars represented the RPKM values of each gene in the two genotypes at the three time points of Cd

treatment inferred by RNA sequencing, while blue bars represented the average expression levels of the

gene at the corresponding time points verified by gPCR.

Figure S3: Gene Ontology (GO) distribution for the DEGs of the two pakchoi genotypes at T3 and T24. A.

GO distribution for the DEGs of LAJK (blue) and HAJS (red) at T3 of Cd treatment. B. GO distribution for

the DEGs of LAJK (blue) and HAJS (red) at T24 of Cd treatment. For both frame, annotation results were

mapped to categories in the third level of GO terms. GO terms that contain less than 1% of total genes in

both genotypes were excluded from the graphs. *, p <0.05; **, p <0.01.

Figure S4: A heatmap of Cd transport-related DEGs. Expression values of six samples are presented after

being normalized and log-transformed. DEGs of down- (blue) and up-regulation (red) are distinguished

from different genotypes and stages. L represented LAJK, while H represented HAJS.Table S1: Gene IDs,

descriptions and primer sequences for the eight genes used for qPCR verification. Table S2: KEGG

pathway significantly overrepresented in the six enriched profiles of gene expression versus the reference

set in HAJS and LAJK. Table S3: List of DEGs belonging to the GO terms significantly overrepresented in

LAJK and HAJS at T3. Table S4: List of the KEGG pathway significantly overrepresented with up- and

down-regulated genes in LAJK and HAJS at T3versus the reference set. Table S5: List of DEGs belonging
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to the GO terms significantly overrepresented in LAJK and HAJS at T24 Table S6: List of the KEGG

pathway significantly overrepresented with up- and down-regulated genes in LAJK and HAJS at T24

versus the reference set. Table S7: Gene IDs and RPKM values of DEGs correlating to the transport of

cations such as Cd, Cu, Fe, Ca, Mn, Ni and Zn, and Cd sequestration in the two genotypes at the three time

points of Cd treatment.

This information is available free of charge via the Internet at http://pubs.acs.org.
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Table 1. Sequencing and assembly statistics for the six transcriptome data of two pakchoi

genotypes at three time stages of Cd treatment.

No. of reads No. of basepairs  No. of mapped reads Mapped percentage

Sample ID
(X 10% (X10%) (X105 (%)
TO 26.92 3.36 14.05 5221
HAJS T3 33.16 4.15 13.95 42.06
T24 36.59 4.57 15.68 42.85
LAJK  TO 30.19 3.77 15.31 50.71
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T3 24.64 3.08 12.43 50.45

T24 2593 3.24 12.85 49.55

No. is short for number.

Figure Captions:

Figure 1. Shoot Cd concentrations in LAJK (blue bars) and HASJ (red bars) at TO, T3
and T24. Different small letters indicate significant differences at p < 0.05 level of LSD
test between two genotypes at the same time point. Different capital letters indicate

significant differences at p < 0.05 level among different time points in the same genotype.

Figure 2. Correlation between qPCR and RNA sequencing for the eight selected genes.
Each point represents a value of fold change of expression level at T3 or T24 comparing

with that at TO or T3. Fold-change values were log, transformed.

Figure 3. Patterns of gene expressions and GO enrichment across three time points in
LAJK and HAJS. A. Patterns of gene expressions across three time points in LAJK and
HAIJS inferred by STEM analysis. In each frame, the light grey lines represented the
expression pattern of each gene, while the black line represented the expression tendency
of all the genes. The number of genes belonging to each pattern was labeled above the

frame. B. Gene Ontology (GO) enrichment analysis of three significant clusters in LAJK.
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C. Gene Ontology (GO) enrichment analysis of three significant clusters in HAJS. The
significance of the most represented GO-slims in each main cluster is indicated by
p-value. The red areas represented the significant p-values, while the dark grey

represented the non-significant values.

Figure 4. Transcriptional changes of genes responsible for Cd tolerance in roots of the
two pakchoi genotypes. The metabolites, transporter proteins and transcriptional factors
in response to Cd are represented in orange boxes, while the other metabolitesarein gray
boxes. For enzymes reactions, the arrows between two metabolites represented the
directions of catalytic reactions. The name (s) and expression pattern over the three time
points in both two genotypes of the genes encoding corresponding enzyme (s) are given
above or under the arrow. Hash arrows represented multiple enzyme reactions, which
were no concerned in this study. For transporters, the arrows cross the orange boxes
represented the directions of Cd transport. For transcriptional factors, the arrows pointed

to the products of transcriptions.

29

ACS Paragon Plus Environment

Page 30 of 34



Pagezﬁmiﬁ%mmkal Science & Technologyy

Cd concentration (mg/kg DW)

24 h

0h 3h
ACS Paragon Plug Environment

Figure 1



qPCR (log, of fold change)

Environmental Science & TechPajed3?2 of 34

r=0.683
p <0.0001

1 1 1 1 1
- -1

2 0 L
ACS PataoafieRhd ok Y Homment

Figure 2



FAge 33 of 34

LAJK

HAJS

Profile 3 : 1454 genes

Environmental &ience g.dgchnology

Profile 4 : 1176 genes

Profile 7 : 635 genes

Profile 5 : 3196 genes

Profile 6 : 2475 genes

T
Lo 3 L24

Profile1 : 1868 genes

I
0 05

profiles  profiles  profilet

T T T T T T T T T
o W w24 o W w2 Ho W w24
P value
I
0 0.5 1
profile3  profiled  profile?
anchored component of membrane
" " cellular
cell periphery component
external encapsulating structure
oxidoreductase activity
regulatory region DNA binding molecular
function

regulatory region nucleic acid binding

transcription regulatory region DNA binding

response to biotic stimulus

response to other organism

response to oxygen—containing compound

response to stimulus

biological
process

ACS Paragon PI nviton

Figure 3

cytoskeletal part
ribonucleoprotein complex
beta-1,4-mannosyltransferase activity
cellulose synthase activity
glucosyltransferase activity
mannosyltransferase activity

monooxygenase activity

oxidoreductase activity, acting on a sulfur group of donors, disulfide as acceptor

oxidoreductase activity, acting on diphenols and related substances as donors

cellular
component

molecular
function

oxidoreductase activity, acting on diphenols and related substances as donors, oxygen as acceptor

structural molecule activity
transferase activity, transferring glycosyl groups
transferase activity, transferring hexosyl groups
beta-glucan metabolic process
branched-chain amino acid metabolic process
cell wall biogenesis

cell wall organization or biogenesis

cellular carbohydrate metabolic process
cellular glucan metabolic process

cellular polysaccharide metabolic process
cellulose metabolic process

glucan metabolic process

plant-type cell wall biogenesis

plant-type cell wall organization or biogenesis
polysaccharide metabolic process

regulation of cell size

response to abiotic stimulus

response to nitrogen compound

response to organonitrogen compound

response to stimulus

1l eﬂrtse to stress

biological
process



Page 34 of 34

pectinesterase

—_—
polygalacturonase pectinesterase
I GAUT o-amylase (I

polygalacturonase dextiin

Pentose and glucuronate interconversions

//

N\,
N
Sulfur assimilation Starch metabolism
-
I — CysC. .
Sulfate m—

PAPSS. sir Cysk. phenylalanine ammonia-lyase
- —

glutathione

Phenylpropanoid biosynthesis
T — === = |

nirate e itrite = =& = -glutamylcysteine ==

GLN

Nitrogen metabolism Glutathione metabolism ST

Nucleus ﬁ
N o

Vacuole

ABA Signal pathway

Cytomembrane

® [ U
TO T3 T24 TO T3 T24 . 2 1 0 1 2
Y NG ACS Paragon Plus Environment

Row Z-Score

Figure 4



