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Abstract

Cadmium (Cd) is a biologically non-essential and phytotoxic heavy metal pollutant. In this study, we estimated the Cd accu-
mulation potential of Indian mustard and identified factors responsible for Cd uptake, tolerance, and detoxification. Eight
transcriptomic libraries were sequenced and =~ 230 million good quality reads were generated. The alignment rate against
B. juncea reference genome V1.5 varied in the range of 85.03-90.06%. Comparative expression analysis using DESeq2
revealed 11,294 genes to be significantly differentially expressed under Cd treatment. The agriGO singular enrichment
analysis revealed genes related to response to chemical, oxidative stress, transport, and secondary metabolic process were
upregulated, whereas multicellular organismal development, developmental process, and photosynthesis were downregulated
by Cd treatment. Furthermore, 616 membrane transport proteins were found to be significantly differentially expressed. Cd-
related transporters such as metal transporter (Nramp1), metal tolerance protein (MTPC2, MTP11), cadmium-transporting
ATPase, and plant cadmium resistance protein (PCR2, PCR6) were upregulated whereas cadmium/zinc-transporting ATPase
(HMA2, HMA3, HMAA4), high-affinity calcium antiporter (CAX1), and iron transport protein (IRT1) were downregulated
by Cd treatment. A total of 332 different gene-networks affected by Cd stress were identified using KAAS analysis. Various
plant hormones signaling cascades were modulated suggesting their role in Cd stress tolerance. The regulation overview
using MapMan analysis also revealed gene expression related to plant hormones, calcium regulation, and MAP kinases were
altered under Cd stress.
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Introduction

Cadmium (Cd) is a toxic heavy metal (HM) and a wide-
spread environmental pollutant. The concentration of Cd in
soil is increasing over the years, for example, it is reported
to increase by 0.2% per year in Scandinavia (Jarup 2003).
Although the sources of Cd are both natural and anthropo-
genic, the contribution of the latter far exceeds the former.
The anthropogenic factors for Cd pollution are atmospheric
deposition, metal smelting, fuel combustion, application of
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phosphate fertilizers, incineration and dumping of Cd-pol-
luted waste, and sewage and sludge disposal. Cd can immo-
bilize in soil by binding to organic matter. The agricultural
sites polluted with Cd are of major concern as being highly
soluble Cd is readily absorbed by plants and enters the food
chain (Sarwar et al. 2010). The dietary consumption of such
Cd-containing crops can cause chronic toxicity in human.
Besides being carcinogenic, Cd intoxication can damage the
kidney, liver, bones, and lungs (Rahimzadeh et al. 2017). Cd
is a non-essential element for plant growth and can cause
stunting, leaf rolls, chlorosis, oxidative stress, genotoxicity
and inhibition of the photosynthesis, respiration and nitrogen
metabolism in plants (Andresen and Kiipper 2013).
Remediation of environmental pollutants is a financial
and technical challenge. The physicochemical methods like
excavation, adsorption, biosorption, ion-exchange, precipi-
tation, and so on, are neither cost-effective nor suitable for
widespread pollutants like cadmium. Plants that accumu-
late HMs in their aboveground tissue have the potential to
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be used for HM remediation. The technology of removing
pollutants from the environment with the help of plants is
termed as phytoremediation (Cunningham and Berti 1993).
The ideal plant for phytoremediation purposes should be
able to (1) tolerate the pollutant, (2) accumulate the pollutant
in an easily harvestable part, (3) adapted to grow locally, (4)
and accumulate high biomass. The idea of phytoremediation
is not new, hitherto the true potential of phytoremediation
remains to be achieved. For its successful implementation,
selection of suitable plant species plays an important role.
Members of the family Brassicaceae are known to accumu-
late various metal (loid) s in the aboveground tissue. Previ-
ous studies have suggested Indian mustard (Brassica juncea)
as a potential species for phytoremediation. Indian mustard
is reported to accumulate various metal(loid)s, for example,
Cd, As, Pb and Cu in its aboveground part (Goswami and
Das 2015).

Cd toxicity can generate oxidative stress in plants
although it is not a redox-active element. The accumulated
Cd ions disturb the redox balance resulting in the generation
of reactive oxygen species (ROS) which further leads to the
destruction of cellular and metabolic function. The level of
enzymatic and non-enzymatic antioxidants is reported to
increase in response to Cd exposure to alleviate the oxidative
damage (Ahmad et al. 2011; Choudhury and Kumar 2004).
Stress perception is important in providing tolerance towards
a particular stress. The Cd stress is reported to activate vari-
ous kinases of the MAPK signaling cascade which further
phosphorylate numerous substrates including transcription
factors (DalCorso et al. 2010; Liu et al. 2010). The MAPK
signaling cascade in plants is involved in the perception
of environmental and developmental stimuli (Jonak et al.
2002). Calcium ions (Ca*) are also shown to be involved
in signal cascades of environmental stimuli. Studies have
shown the protective role of Ca against Cd toxicity (Wang
and Song 2009). Ca modulates the activity of target proteins
and protein kinases via direct binding or through calmodulin
(CALM) (Roberts and Harmon 1992). Another consequence
of Cd toxicity is the modulation of plant hormone signaling.
The level of abscisic acid (ABA) is shown to be increased
under Cd stress in oilseed rape (Brassica napus L.) (Yan
et al. 2016). Transcriptomic studies have identified tran-
scription factors belonging to several families, for example,
WRKY, ethylene-responsive factor (ERF) and myeloblas-
tosis protein (MYB) to control gene expression under Cd
stress. Previous studies were limited to biochemical analysis,
determination of Cd bio-accumulation or characterization of
a limited number of genes for Cd tolerance and accumulation
(Mobin and Khan 2007; Qadir et al. 2004; Zhu et al. 1999).
The underlying mechanism and the gene networks involved
in Cd tolerance and accumulation in Indian mustard remain
to be identified. With the advances in high-throughput tech-
nology, it has become possible to study the whole stress
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transcriptome for non-modal crops. In the present study, we
investigated Indian mustard cultivar RLM514 for under-
standing the molecular mechanism of Cd tolerance and iden-
tification of modulated gene networks using RNA-sEq. The
cultivar RLM514 has been tested to accumulate arsenic (As)
in a separate study conducted in our laboratory. Thus, the
cultivar RLM514 constitutes a fascinating plant material to
study uptake, translocation, and detoxification of metal(loid)
s and can contribute significantly to phytoremediation of
sites contaminated with multiple metal(loid)s.

Materials and Methods
Plant Material and Growth Condition

For the present study, we used genotype RLM514 of Indian
mustard. Seeds were surface sterilized using 3% H,0, and
subsequently rinsed thoroughly with distilled H,O. Seeds
were then germinated on trays containing autoclaved ver-
miculite and allowed to grow for 14 days in controlled condi-
tions (14 h photoperiod; at 28 +£2 °C).

Cadmium Treatment and Bioaccumulation
Estimation

The seedlings grown as discussed above were uprooted
carefully and washed thoroughly with dH,O. The seedlings
were then transferred to hydroponic solutions and divided
into two groups, that is, control and Cd-treated. The control
group was grown without any Cd whereas the Cd-treated
group was supplied with different concentrations of Cd
(250 uM, 500 uM, 750 uM and 1000 uM) as CdCl,. After
72 h, seedlings were taken out of the hydroponic solutions
and washed thoroughly with dH,O. The root and shoot tis-
sues were then oven dried separately for 48 h at 60 °C. A
total of 100 mg of the dried samples were digested using a
microwave in 8 mL mix of concentrated HNO; and H,0,
(3:1) and subsequently diluted with milliQ, filtered through
Whatman filter paper and the amount of Cd bioaccumulated
was determined using an atomic absorption spectrometer
(Shimadzu Model AA-7000).

RNA Sequencing

After 72 h of treatment, the roots and shoots of control and
maximum Cd-accumulating groups (750 uM) were harvested
and ground using liquid nitrogen. Total RNA was isolated
from the ground tissues using a NucleoSpin RNA Plant kit
(Macherey—Nagel), as per the manufacturer’s instructions.
The quantity of RNA was estimated on a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific) and the qual-
ity was confirmed using agarose gel electrophoresis. The
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RNA integrity was determined using Bio-analyzer (Agilent
Technologies). The mRNA was isolated from the total RNA
using oligo-dT beads using a TruSeq RNA sample prepara-
tion kit (Illumina). Subsequently, cDNA was synthesized
and sequencing libraries were constructed using random
fragmentation followed by adapter ligation and PCR ampli-
fication. A total of eight sequencing libraries were gener-
ated consisting of two biological replicates from the root
and shoot tissues of control and Cd-treated groups. Prepared
libraries were quantified using qPCR according to the Illu-
mina JPCR Quantification protocol guide and sequenced on
the HiSeq platform (Illumina Inc.) using 100 bp paired-end
sequencing generating 2025 million reads per library.

Transcriptome Assembly

The FastQC (version 0.11.4) was used to check the quality
of raw reads (Andrews 2010). Afterward, the Trimmomatic
tool (version 0.32) was used for trimming adapters and low
quality reads (Phred Score <20) (Bolger et al. 2014). Paired-
end reads having less than a 100 bp sequence length were
removed from further analysis. Trimmed paired-end reads
were aligned against the B. juncea reference genome V1.5
(Yang et al. 2016) using HISAT (Galaxy Version 2.0.5.1).
The aligned reads were assembled to form potential tran-
scripts using StringTie (Galaxy Version 1.3.3) (Pertea et al.
2015). CD-HIT-EST was used to make the master transcrip-
tome (transcriptome consisting of all the 8 samples) non-
redundant at 90% sequence identity cut-off (Huang et al.
2010).

Comparative Expression Analysis

The abundance of potential transcripts was determined
from alignment files using HTSeq (Anders et al. 2015). For
comparative expression analysis, the count tables gener-
ated using HTseq were analyzed using DESeq2 (Love et al.
2014). Comparisons were made between control and Cd-
treated tissues. The transcripts with a false discovery rate
(FDR) below 0.05 and log, fold change is greater than 2
or less than —2 were considered significantly differentially
expressed.

Functional Annotations

A BLASTx homology search was performed against the
TAIR10 database (https://www.arabidopsis.org) to deter-
mine the functional description of differentially expressed
transcripts and against the transporter classification database
(TCDB) for identification of the transporters (http://www.
tedb.org/) (e-value < 107%). Gene ontology (GO) analysis
was performed using agriGO singular enrichment analysis
(SEA) with FDR <0.05 (Du et al. 2010) and visualized using

REVIGO (Supek et al. 2011). Various regulatory and meta-
bolic pathways were determined and visualized using KAAS
(KEGG Automated Annotation Server) (Moriya et al. 2007)
and MapMan (Version 3.6.0)(Thimm et al. 2004).

Real-Time Quantitative PCR (RT-qPCR)

The root and shoot tissues from control and Cd-treated
groups were harvested in liquid nitrogen after 72 h of Cd
treatment. The harvested tissues were then utilized for total
RNA isolation using the NucleoSpin RNA Plant kit (Mach-
erey—Nagel), as per the manufacturer’s instructions. The
quality and quantity of RNA were estimated using agarose
gel electrophoresis and NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific) respectively. RNase-free water
was used to dilute and adjust RNA concentration (100 ng/
pL) in each sample. Later, cDNA synthesis was performed
using a high-capacity cDNA reverse transcription kit
(Applied Biosystems) as per the manufacturer’s instruc-
tions. Primer-pairs (Online Resource 1) were designed from
selected transcripts using Primer3Plus (Untergasser et al.
2007). PowerUp SYBR Green Master Mix (Applied Bio-
systems) was used to perform RT-qPCR. The comparative
gene expression was calculated using the 2 22T method
(Rao et al. 2013). A housekeeping gene (actin) was used as
a reference gene for calculations.

Results
Cadmium Bioaccumulation

After 72 h, the active accumulation of Cd in shoots increased
linearly with increase in treatment concentration until it
reached a maximum value (1057.92 mg/Kg) at 750 uM of
Cd (Fig. 1a) whereas in roots it was 36703.063 mg/ Kg at
500 uM of Cd (Fig. 1b). The results of the present study are
in line with the study in which Cd accumulation increased
with an increasing concentration of treatment in Sedum
alfredii and reached a maximum of 5659.334 mg/Kg at
500 uM of Cd (Ni and Wei 2003). In another hydroponics
study, Cd accumulation in roots was detected to be more
than 5000 mg/Kg and 15,000 mg/Kg in poplar and willow
clones, respectively (Zacchini et al. 2009).

Transcriptome Assembly and Functional Annotation

We obtained ~ 230 million good quality reads (20-30 mil-
lion paired-end reads per library) from 8 eightibraries gen-
erated from the root and shoot tissue. For reference-guided
transcriptome assembly, the reads were aligned against the
B. juncea reference genome (V1.5). The alignment rate
varied in the range of 85.03-90.06% (Online Resource 2).
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Fig.1 Cadmium accumulation by RLM514 in a shoot and b root tissues at different concentrations of treatment. Values are mean + standard

deviation of three replicates

The estimation of the global quality of the whole RNA-seq
dataset and reproducibility of biological replicates is critical
for gene-expression analysis. There are no clear standards
but it is expected that in a principal component analysis
(PCA) biological replicates will cluster together. The PCA
performed using the alignment files clustered the biological
replicates together also the different tissues, that is, root and
shoot, were clustered on different quadrants (Fig. 2). The
results of PCA analysis authenticate the reliability of biolog-
ical replicates used in the present study (Conesa et al. 2016).

For comparative expression, comparisons were made
among Cd-treated and control tissues. We found 11,294
genes to be significantly differentially expressed (log, fold
change is >2 or < —2 at FDR <0.05) (Fig. 3) out of which
911 (8.06%) were mutually expressed in root and shoot,
whereas 7370 (65.26%) were expressed only in root and
2101 (18.60%) were exclusive to shoots. We found 2,021
(67.09%) genes to be upregulated, whereas 992 (32.90%)
were downregulated in the shoot. Similarly, 4682 (56.53%)
genes were upregulated and 3599 (43.46%) were downregu-
lated in root (Fig. 4). A total of 18,184 transcripts mapping
to differentially expressed genes (DEGs) were identified by
a search against the Arabidopsis thaliana TAIR10 protein
database (https://www.arabidopsis.org) for functional anno-
tation of genes.

Transporters

A total of 4670 transcripts from DEGs mapped to 616 differ-
ent membrane transport proteins (Online Resource 3) Fur-
ther the transport proteins were assigned to seven classes,
that is, channels/pores (148), electrochemical potential-
driven transporters (200), primary active transporters (131),
group translocators (12), transmembrane electron carri-
ers (13), accessory factors involved in transport (40) and
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incompletely characterized transport systems (65). We found
Cd-related transporters such as metal transporter (Nrampl),
zinc transporter (ZIP8), metal tolerance protein (MTPC2,
MTP11), zinc-induced facilitator (ZIF1), cadmium-trans-
porting ATPase, plant cadmium resistance protein (PCR2,
PCR6), metal-nicotianamine transporter (YSL2) to be upreg-
ulated and cadmium/zinc-transporting ATPase (HMA2,
HMA3, HMAA4), high affinity calcium antiporter (CAX1),
iron transport protein (IRT1), zinc transporter 1 precursor
(ZRT/IRT-like protein 1) were downregulated in response to
Cd treatment. Furthermore, 130 transcripts mapped to dif-
ferent ABC transporters among which MDR (15 transcripts)
were upregulated while other ABC transporters such as
ABCA12, ABCB2, ABCCS and ABC transporter G family
members were downregulated in response to Cd.

Gene Ontology (GO) and Gene-Network Analysis

Gene ontology (GO) analysis of DEGs revealed 174 and 81
significant GO terms (FDR < 0.05) were upregulated and
downregulated, respectively in Cd-treated shoots. In addi-
tion, 210 and 55 significant GO terms were upregulated and
downregulated in Cd-treated roots (Online Resource 4).
Overall, the genes associated with response to a stimulus,
jasmonic acid (JA), localization, and secondary metabolism
were upregulated, whereas multi-organism process, develop-
mental process, reproduction, and starch metabolism were
downregulated in Cd-treated tissues (Fig. 5).

We found 332 different pathways in KAAS analysis to
be affected by Cd stress (Online Resource 5) which include
glutathione (GSH) metabolism (87 transcripts), phenyl-
propanoid biosynthesis (112 transcripts), MAPK signaling
pathway (125 transcripts), calcium signaling pathway (14
transcripts), and plant hormone signal transduction (184
transcripts). MapMan analysis of regulation overview also


https://www.arabidopsis.org

Journal of Plant Growth Regulation

Fig.2 Principal component PCA
analysis (PCA) and scree plot
for top eight principal compo- 0.4 1 ®
nents ®
021 {| @ Control_Rootl
Control_Root2
Control_Shoot1
N Control_Shoot2
4 : Cadmium treated R1
® Cadmium treated R2
{| M Cadmium treated S1
=0.2 1 a ® Cadmium Treated S2
-0.4 1
0.4 0.3 0.2 0.1 0.0
PC1
Scree plot
400000 4.0 iiieieennn. eenseszze amem weeel 10
—
350000 -
/ 0.8
300000 1
2
250000 - 2
g - 0.6 2
T 2
2 200000 - e
‘D o=
2 2
3
150000 1 0.4
O
100000
0.2
50000 A

0 -

revealed the expression of various transcripts mapping to
plant hormones, calcium regulation, MAP kinases, and pro-
tein degradation were altered under Cd stress (Fig. 6).

A total of 97 transcripts mapping to the MAPK signal-
ing pathway were upregulated and 28 were downregulated
(Online Resource 6). The genes MAP kinase substrate 1
(MKS1), WRKY transcription factor 33 and 22 (WRKY33,
22), mitogen-activated protein kinase kinase 4/5 (MKK4/5),
aminocyclopropane-1-carboxylate synthase (ACS), serine/
threonine-protein kinase OXI1 (OXI1), mitogen-activated
protein kinase kinase 9 (MKK®9), calmodulin (CALM), res-
piratory burst oxidase (RBOH) mapping to MAPK signal-
ing in plants were upregulated. Three genes related to cal-
cium signaling viz., phosphatidylinositol phospholipase C,
delta (PLCD), mitochondrial calcium uniporter (MCU) and
voltage-dependent anion channel protein 2 (VDAC2) were
upregulated in Cd-treated tissues (Online Resource 7). A

- 0.0

Factors

total of 136 transcripts mapping to plant hormone signal
transduction were upregulated and 48 transcripts were found
to be downregulated by Cd treatment.

Exposure to Cd in plants is well known to induce oxida-
tive stress although it is a non-redox metal and unable to
carry out Fenton-type reactions (Laspina et al. 2005). The
level of ROS is maintained carefully inside a plant cell to
avoid the oxidative stress. Cd can inhibit as well as stimu-
late several antioxidative enzymes. To avoid the oxidative
damage due to ROS, plants employ various enzymatic
and non-enzymatic antioxidants. A total of 50 transcripts
mapped to peroxidases out of which 28 were upregulated.
The gene expression of non-enzymatic antioxidants such
as coumarins and flavonoids was also modulated by Cd
exposure. We found 23 differentially expressed transcripts
mapping to flavonoid biosynthesis out of which ten were
upregulated in Cd-treated tissue. Among the transcripts
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mapping to GSH metabolism, the gene expression of a
total of ten important components including glutathione
S-transferase (GST), glutathione synthase (GSS) and
gamma-glutamyltranspeptidase (GGT) found to be modu-
lated by cadmium (Online Resource 8). A total of 66 dif-
ferent transcripts encoding GST were found to be signifi-
cantly upregulated.

Among the plant hormone signal transduction, four genes
(auxin-responsive protein IAA (AUX/IAA), auxin response
factor (ARF), auxin-responsive GH3 gene family (GH3),
and SAUR family protein (SAUR)) related to the auxin
signaling cascade were modulated in Cd-treated tissues
(Online Resource 9). In cytokinin (CKK) signaling, three
genes (CRE1 (cytokinin response 1), type-A Arabidopsis
response regulators (A-ARR), type-B Arabidopsis response
regulators (B-ARR)) and two genes related to gibberellin
signaling (gibberellin receptor (GID1) and phytochrome-
interacting factor 4 (PIF4)) were differentially expressed in
Cd-treated tissues. We also detected downregulation of ade-
nylate dimethylallyltransferase (cytokinin synthase) (IPT)
and upregulation of PP2C. Similarly, we found 5,6,3 and 3
differential genes related to ethylene, brassinosteroid (BR),
jasmonic acid (JA) and salicylic acid signaling. The genes
mapping to ethylene receptor (ETR), ethylene-insensitive
protein 3 (EIN3), ethylene-responsive transcription factor 1
(ERF1), ethylene-responsive transcription factor 1 (ERF1)
were upregulated and ethylene-insensitive protein 2 (EIN2)
were downregulated by Cd treatment. EIN2 and EIN3 play
a central role in the ethylene signaling. The plant steroid
hormones, brassinosteroids (BRs), play important roles in
alleviating biotic and abiotic stress (Rajewska et al. 2016).
We found two brassinosteroid-insensitive genes, BRI1and
BIN2, known components of BR signaling, to be modulated
under cd treatment. BRI1, essential for BR perception, was
downregulated, whereas BIN2, involved in negative regula-
tion of BR signaling, was upregulated in Cd-treated tissues
(Nam and Li 2002). The gene expression of transcription
factors brassinosteroid resistant 1 and 2 (BZR1and 2) was
upregulated, although BIN2 is its negative regulator. The
gene expression of xyloglucan:xyloglucosyl transferase
(TCH4), cyclin D3 (CYCD3), the response genes of the BR
signaling pathway was also upregulated in Cd-treated tissue.
TCH4 encodes for cell wall protein involved in cell wall
modification in response to abiotic stress, whereas CYCD3
promotes supernumerary cell division (Sun et al. 2017).
The gene expression of all the three components jasmonic
acid-amino synthetase (JAR1), jasmonate ZIM domain-con-
taining protein (JAZ) and MYC2 were upregulated by Cd
treatment. JAR1 conjugates JA with isoleucine (Ile) which
further promotes proteasomal degradation of JAZ and hence
releases transcription factors such as MYC2 involved in the
induction of early JA-responsive genes. The regulatory pro-
tein (NPR1) is a critical component of SA signaling and
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Gene Expression Analysis Using Quantitative
Real-Time PCR (RT-qPCR)

We performed RT-qPCR on 13 selected genes mapping to
MAPK signaling, calcium signaling, plant hormone signal
transduction, and GSH metabolism to validate the compara-
tive expression analysis (Online resource 1). The RNA-seq
data from comparative expression analysis and RT-qPCR
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data showed a positive correlation (r=0.648) which further
confirms the results of the present study (Fig. 7).
Discussion

Cadmium Uptake and Sequestration is Facilitated
Through Various Transporters

Metal transporters play important roles in plant nutrition
and metal homeostasis (Nelson 1999). Furthermore, these
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transporters mediate the uptake of metal ions from the sur-
roundings and detoxification via vacuolar compartmental-
ization. Toxic metals like Cd can enter the plant cell via
the transporters of essential elements like Ca, Zn and iron
(Fe). The metal transporter encoding the gene Nramps in
Arabidopsis can transport both Fe and Cd (Thomine et al.
2000). The ZIP gene family can transport a variety of metal
ions including Cd, Zn, Mn and Fe (Guerinot 2000). The
comparative expression analysis suggests that Nramp1 and
ZIP8 could be the major Cd influx transporters present in the
plasma membrane of Indian mustard. Further, the Cd** ions
from the cytoplasm are then sequestered into vacuoles with
the help of vacuolar transporters (Fu et al. 2017). Among the
Zn transporters present in the vacuolar membrane, ZIF1 and
MTPC2 could be involved in Cd sequestration in the present
study. Besides the upregulation of transcripts encoding Cd-
influx transporters, the upregulation of efflux transporters
such as PCR2, PCR6, YSL2, and probable cadmium-trans-
porting ATPase could also play an important role in improv-
ing Cd tolerance by pumping the toxic Cd ions out of the
cell. The dual localization of AtPCR?2 in the epidermis and
vascular tissue attributes to its contrasting roles, that is, as
Zn-efflux transporter and Zn-translocator (Song et al. 2010).
Similarly, PCR2 can also aid in the translocation of Cd from
root to shoot. YSL2 is known to transport nicotinamine
(NA)-metal complexes laterally in the vasculature (DiDo-
nato et al. 2004). The upregulation of transcripts encoding
YSL2 is consistent with its role in imparting Cd tolerance. It
is plausible that as a detoxification strategy, the gene expres-
sion of a few transporters such as HMA, IRT, ZRT/IRT-like
proteinl and CAX1 was downregulated in the present study.
The HMAs are type 1z P-type ATPases and their role in
maintaining metal homeostasis is well established (Miya-
date et al. 2011; Williams and Mills 2005). Sequence analy-
sis of these P-type ATPases revealed that HMA2, HMA3,
and HMAA4 in Arabidopsis are closely related and essential
for Zn homeostasis (Cobbett et al. 2003). Several studies
reported AtHMA?2, AtHMA4 and OsHMA3 to be involved
in xylem loading and translocating Cd from root to shoot
(Hussain et al. 2004; Miyadate et al. 2011). IRT1 and ZRT/
IRT-like proteinl are important metal homeostasis proteins
known to transport metals including Cd, Fe and Zn (Vert
et al. 2002). CAXs are antiporters shown to transport Cd into
the vacuole and export H* (Hirschi et al. 2000; Koren’kov
et al. 2007).

Cadmium-Induced Oxidative Stress Management

The HM Cd is capable of producing oxidative stress in
plants. Plant species that are tolerant to Cd tend to man-
age the oxidative stress via upregulating gene expression
of various enzymatic and non-enzymatic antioxidants. The
results of the present study are in line with the results of

several studies exhibiting the upregulation of antioxidants in
response to Cd exposure. Among the enzymatic antioxidants
CAT, DHAR, APX, and GR play important roles in alleviat-
ing oxidative stress and transduction of stress stimuli. Sev-
eral studies have shown the importance of non-enzymatic
antioxidants like flavonoids and coumarins in oxidative
stress management (Agati et al. 2012; Gacche and Jadhav
2012; Kostova et al. 2011; Pietta 2000). The upregulation
of these non-enzymatic antioxidants in the present study
indicates their role in Cd-induced oxidative stress manage-
ment. GSH is central in controlling the differential expres-
sion of several anti-oxidants including glutathione reductase,
superoxide dismutase, phenylalanine ammonia lyase, and
chalcone synthase. Several studies have reported a posi-
tive relation between Cd treatment, GSH content and GST
activity (Nocito et al. 2011; Yang et al. 2018b; Zhand et al.
2013; Zhang and Ying 2008). Inside a plant cell, Cd-ions can
bind to GSH and phytochelatins with high affinity leading
to the formation of Cd-GSH/PC complexes which are then
transported to vacuoles or apoplasts for detoxification. Glu-
tathione S-transferase (GST) contributes to detoxification by
catalyzing complexation of GSH with Cd and also helps in
reducing the Cd-induced oxidative stress.

Cadmium Stress Perception and Signaling

Exposure to toxic substances leads to changes in the gene
expression pattern to mitigate the stress stimuli. A number
of signaling pathways lead to differential gene regulation.
The mitogen-activated protein kinase (MAPK) pathway
and calcium (Ca) signaling pathways are the important
pathways involved in transduction of external stress stimuli
to the nucleus for a pertinent response (Huang et al. 2012;
Price et al. 1994). The MAPK signaling cascade modulates
homeostasis of ROS, cell death, defense response to patho-
gens, stress adaptation and tolerance in plants. Cd-induced
ROS is detected by OXI1 (oxidative signal-inducible 1)
which further stimulates various serine/threonine kinases
of MAPK signaling (Rentel et al. 2004). These proteins
can stimulate the rapid signal transduction of a downstream
mitogen-activated protein kinase (MAPK) cascade. In the
present study, the MAPK signaling cascade activated a wide
range of kinases and transcription factors such as WRKY
22/29 and 33, MYC2 and ERF1 which further can induce a
wide array of stress and growth responses. Previous studies
have also reported the activation of the MAPK signaling by
cadmium (Lin and Aarts 2012; Yang et al. 2018a; Yeh et al.
2007). The concentration of Ca** and Ca-binding proteins
(calmodulin; CALM) are known to be altered under abiotic
stress (Yang and Poovaiah 2003). MCU increases cellular
concentrations of Ca?* and CALM binds to Ca** which
brings about conformational changes in it. CALM and Ca
are hypothesized to play roles in Cd signaling (Suzuki et al.
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2001). The gene expression of CALM was upregulated in
Cd-treated tissues which can regulate the plant’s response
to Cd via a variety of mechanisms including regulation of
expression, ion transport, stress tolerance, and metabolism.

Plant Hormones Signaling in Response to Cadmium

Plant hormones are small signaling molecules known to
regulate varied physiological processes including responses
to biotic and abiotic stresses (Davies 2010). Several studies
have exhibited their role in tolerance towards Cd stress in
plants (Guo et al. 2007, Hsu and Kao 2003, 2005). Modula-
tion of gene expression of phytohormone signaling compo-
nents indicates their involvement in managing Cd stress in
the present study. Results indicate that the plant hormones
(IAA, ABA, JA, ethylene, BR, CK, and GA signaling) were
active in response to Cd stress in Indian mustard. In rice
under Cd stress, the phytohormones including CKs, TAA,
ABA, JA, and GA were detected, suggesting their role in
Cd stress response (Cai et al. 2015). IAA signaling was acti-
vated and the gene expression of an auxin-responsive gene
belonging to the family GH3 and SAUR were upregulated
which could be producing proteins involved in imparting Cd
tolerance (Minglin et al. 2005). IAA was shown to alleviate
Cd toxicity in eggplant by reducing Cd uptake and enhanc-
ing antioxidant activity/production (Singh and Prasad 2015).

The expression of transcripts mapping to components of
ABA signaling was regulated under Cd stress. PP2C is a key
repressor of ABA signaling and regulates its downstream
responses. Out of the transcripts mapping to PP2C, 17 were
upregulated and 2 downregulated which could be a possi-
ble mechanism to maintain homeostasis and regulating the
ABA amount in response to Cd stress. ABA was shown to
impart Cd tolerance via reducing root to shoot translocation
of cadmium (Hsu and Kao 2003). JAs are known to play
roles in Cd stress response (Singh and Shah 2014). JA was
shown to alleviate Cd-induced oxidative stress via activation
of antioxidant machinery and accumulation of phytochela-
tins (Maksymiec et al. 2007; Yan et al. 2013). MYC2 is a
master regulator of JA signaling and involved in crosstalk
between plant hormones such as ABA, SA, GA, and [AA.
The upregulation of EIN3 and its target ERF1 in Cd-treated
tissues exhibited that ethylene signaling is active under Cd
stress. Activation of transcription factors like ERF1 then
regulate the expression of downstream ethylene-responsive
genes (Abozeid et al. 2017; Kendrick and Chang 2008).
Ethylene is suggested to enhance the Cd stress response via
controlling GSH content and the oxidative stress profile in
A. thaliana (Schellingen et al. 2015). BRs are polyhydroxy
steroidal plant hormones known to improve various abiotic
stresses including Cd tolerance via increasing osmolytes
such as proline content and increasing activities of antioxi-
dative enzymes in B.juncea and Phaseolus vulgaris (Hayat
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et al. 2007; Rady 2011). Cd treatment leads to downregula-
tion of an enzyme involved in CKK synthesis (cytokinin
synthase) and upregulation of an enzyme that catalyzes the
degradation of cytokinins (cytokinin dehydrogenase; CKX).
The decrease in cytokinin (CKK) contents aid in reducing
transpiration driven Cd translocation and hence providing
tolerance towards Cd toxicity (Veselov et al. 2003).

Conclusion

Indian mustard exhibited the potential for Cd remedia-
tion as evident from bioaccumulated of a large amount of
Cd in shoots. Huge reprogramming at the transcriptomic
level was exhibited by Cd treatment. Various transporters
involved in Cd uptake and efflux were identified. GSH is
involved in detoxification of Cd ions via sequestration into
vacuoles. MAPK signaling and Ca signaling were found to
play important roles in Cd stress perception. Furthermore,
plant hormone signaling was found to be affected by Cd
which contributes to Cd tolerance through varied ways such
as enhancing osmolyte content, antioxidant enzyme activity
or reduction in root to shoot Cd translocation. The present
study has provided a thorough understanding of the molecu-
lar mechanisms involved in Cd uptake, tolerance, and detoxi-
fication in Indian mustard.
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