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Abstract

Cd accumulation in plants not only affects the plant growth, but also further endangers human healthy by plant-derived food
process. Brassica juncea L. has been appreciated as the potential Cd hyperaccumulator plant as it is suitable for
bioremediation purposes. The previous studies revealed that B. juncea biomass and metabolism were severely affected by Cd
stress. However, the relationship between Cd accumulation and micronutrient accumulation in B. juncea remains unknown.
Cd shares chemical similarity to Zn, Fe, and Mn and can thus replace them in the ironic related groups of many proteins in
plant cells. In the present study, the micronutrients Mn, Zn, Fe, and Cu contents and Cd contents in B. juncea were detected
under gradient Cd treatment condition. The result showed that Zn, Mn and Cu accumulation in roots were significantly
affected by Cd stress. The main metal and heavy metal transporter family candidates were then identified according to the
phylogenetic analysis of related homologues in Arabidopsis thaliana, B. napus and B. juncea. We further investigated the
expression level of BjNramp, BjHMA, BJCET and BjMTPs genes under 1 and 5 uM Cd treatment condition by qRT-PCR
assays. The result revealed that BjNrampl;4, BjNramp3;5, BjNramp3;10, BjNramp4;4, BjHMA3, and BjHMA4 might be
involved in the uptake of Cd, Cu, Zn and Mn by the roots under low (1 uM) Cd treatment. The present study is important to
understand the relation between micronutrient and heavy metal uptake, and provides essential information for the
phytoremediation on soil heavy metal contamination to coordinate the detoxification of heavy metal and micronutrient

accumulation. © 2018 Friends Science Publishers
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Introduction

Cadmium (Cd) is a nonessential and toxic heavy metal for
humans. Cd has been detected in the majority of plant-
derived food samples. Therefore, the Cd contaminated crops
are becoming the major source of the Cd exposure to human
body. Normally, Cd accumulation in plants is mostly due to
the uptake of soil Cd. The Cd levels in plants are
significantly influenced by soil parameters, such as pH, and
exogenous chemicals, such as abscisic acid (Clemens et al.,
2013; Masood et al., 2016; Kaur et al., 2017; Shen et al.,
2017). At the same time, different cultivars of plant
species accumulated a nearly 100-fold greater Cd
concentration in the shoots (Uraguchi and Fujiwara, 2013;
Ahmad et al., 2015; Luo et al., 2016; Yu et al., 2017).
Therefore, to understand the Cd uptake and accumulation
pathways in plants, it is necessary to clarify the Cd
transport processes and the relation between Cd and
normal micronutrient, which is essential elements for
plant growth ( Uraguchi and Fujiwara, 2013; Choppala et
al., 2014).

Transport proteins, which embedded within cell
membranes, are a key channel for nutrient and heavy metal
import and translocation in plants. With the development of
genome sequencing technology and experimental systems
for the transporter function, many of the major families of
metal transporters have been well characterized in model
plants and crops (Gallego et al., 2012). The cation diffusion
facilitators (CDF) have been implicated in metal tolerance
mechanisms in many organisms. The subgroup of CDF,
named MTP, was reported to be involved in Manganese
(Mn) transport (Delhaize et al., 2003; Fujiwara et al., 2015).
In Arabidopsis, the identified 12 AtMTP genes were
classified into three subgroups depending on their
phylogenetic relationships. AtMTP1, AtMTP2, AtMTP3 and
AtMTP4 were thought to be Zn transporters (Maser et al.,
2001; Kobae et al., 2004). The AtMTP3 was characterized
to mediate Zn exclusion from shoot under Fe deficiency and
Zn oversupply (Arrivault et al., 2006). The proteins
AtMTP8 to AtMTP11, which are related to the Mn
transporter ShMTP1 in Stylosanthes hamate, were
suggested to be involved primarily in Mn transport
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(Delhaize et al., 2003). The Arabidopsis AtHMA proteins
belong to the Pyg-adenosine triphosphatase (ATPase)
transporter family, and are implicated in heavy metal
transport (Gravot et al., 2004). The eight AtHMA members,
named AtHMAI1-AtHMAS8, are classified into two
subgroups: the AtHMAL-4 exhibit high similarity with
Zn/Cd/Pb/Co ATPases characterized in prokaryotes, and the
AtHMAS5-8 are involved in Cu trafficking in plants
(Williams and Mills, 2005; Sasaki et al, 2014,
Siemianowski et al., 2014).

The range of metals transported by AtHMAs has been
confirmed by expressing them in E. coli and yeast. The
hma2hmad4 double mutant in A. thaliana displayed a
chlorotic and stunted phenotypes which could be rescued
solely by excess Zn supplying to the soil (Hussain et al.,
2004). This phenotype in the double mutant, not in
individual mutants, revealed that there were overlapping
functions for AtHMA2 and AtHMA4 transporters
(Siemianowski et al., 2014). The AtHMAS3 was reported to
contribute to metal detoxification, sequestering Cd and Pb in
the vacuole (Gravot et al., 2004). Phylogenetic analysis of
the HMA family revealed that this family includes eight
genes in A. thaliana, nine in the rice (OsHMA1-OsHMA9)
and ten in barley (HYHMA1-HVHMA10) (Satoh-Nagasawa
et al., 2013; Sasaki et al., 2014). Obviously, the HMA
family is very important for the micronutrient and heavy
metal translocation in plants. The Nramp gene family was
implicated in heavy metal transport according to the Nramp
homologue in yeast, SMF1, which encodes the Mn
transporter (Thomine et al.,, 2000; Sasaki et al., 2012;
Takahashi et al., 2011). In A. thaliana, six AtNramp genes
were identified and characterized. AtNramp3 and
AtNramp4 can complement the Cd and Fe uptake mutants
in yeast (Thomine et al., 2000). OsNramp1 in rice can only
complement the Cd-deficient phenotype of the yeast mutant,
not Mn or Fe (Takahashi et al., 2011). However, the
previous study revealed that OsNramp5 contributed to Mn,
Cd, and Fe transport in rice (Ishimaru et al., 2012; Sasaki et
al., 2012). In B. juncea, four novel cation-efflux family
transporters  (BjCET1-BjCET4) were identified and
recombinantly expressed in Cd treated seedlings of B.
juncea. BJCET?2 was confirmed to be involved in Cd and Zn
transport (Xu et al., 2009). Expression of BjCET3 and
BjCET4 in yeast revealed these two BjCETSs contributed to
Zn efflux, and possibly Cd, Co, and Ni transport (Lang et
al., 2011).

It is known that Cd shares chemical similarity to Zn,
Fe, and Mn and can thus replace them in the iron-related
groups of many proteins in plant cells (D'Alessandro et al.,
2013). OsIRT1 (iron regulated transportersl, OsIRT2, and
OsNrampl are Fe transporters with limited specificity and
are induced under Fe deficiency condition. Overexpression
of OsNramp1 increased Cd sensitivity and Cd accumulation
in leaves. OsNramp3 was shown to play an important role in
the accumulation of Cd under different Fe supply
conditions. Many metal transporters share the same
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transport pathways with heavy mental (Ahmad et al., 2015;
Wu et al., 2016). Therefore, the research to clarify the
connection between micronutrient and toxic metals are very
important to understand the influence of heavy metal stress
to micronutrient uptake and plant growth.

Among the members of Brassicaceae family, Brassica
junceais a potential Cd hyperaccumulator species.
Especially, the Indianmustard (B. juncea) represented the
model cultivar of B. juncea to investigate the Cd uptake and
accumulation mechanism (D'Alessandro et al., 2013). In
this study, the Indian mustard were treated with different Cd
concentration from 0 to 25 uM. The dry weight, Cd content
and Cu, Zn, Mn, Fe content in root and shoot of B. juncea
were detected respectively. Furthermore, the metal transport
genes from Nramp, HMA, CET and MTP families were
identified and the gene expression levels in roots, stems and
leaves of B. juncea under 0, 1 and 5 uM were analyzed by
gRT-PCR assays. The present study is necessary to reveal
the effect on micronutrient uptake and translocation in B.
juncea under Cd stress. Furthermore, this study provides
important information for in-depth studies on the molecular
mechanism of the micronutrient and Cd accumulation in the
Cd hyperaccumulator Indian mustard.

Materials and Methods
Plant Growth Condition and Cd Treatment

Seeds of Indian mustard (B. juncea cultivar with n0.426308)
were obtained from the North Central Regional Plant
Introduction Station (D'Alessandro et al., 2013). Seeds were
surface sterilized by 6% (w/v) NaClO (including 0.05%
Twain20) for 3 min, rinsed completely using sterile water
and then vernalized in Petri dishes at 4°C in the dark for 2
days. The seeds were cultivated on filter paper in cultur
room (25°C, 80 pmol/m%slight 16 h/dark 8 h). Seedlings
were transferred to plastic pots filled with 4 L of nutrient
solution 6-day after germination, and solutions were
renewed 3 days. The nutrient solution contain 2.0 mM
Ca(NO;),-4H,0, 1.0 mM KH,PO,, 3.0 mM KNOj;, 0.6 mM
MgSO,-7H,0, 60 uM H3BO3, 20uM MnCl,-4H,0, 2.0 uM
ZnS0O4-7TH,O, 24 pM CuSO4-5H,0, 0.6 pM (NHy)
sM0,024-4H,0, 40 |J.M FeSO,-7H,0, 40 LIM EDTA-2Na.

After growing for 14 days, the seedlings were
transplanted to other nutrient solutions with different
concentrations of Cd i.e., 0, 1, 5, 10, 15 and 25 uM. We
harvested the seedlings grown 12-day under Cd stress.
After getting the total fresh weight of seedling, the shoot
and root were separately held for measuring shoot and
root fresh and dry weight by drying in an oven, and the
content of metal elements.

Metal Element Contents

In order to measure the content of metal elements (Cd, Ca,
Mg, Cu, Zn, Fe and Mn) in plant tissues, the Flame Atomic
Absorption Spectrometry (FAAS) was used after the
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Fig. 1: The physiology phenotype of B. juncea after
gradient Cd concentration treatment.After growing 14
days, the seedlings were transplanted to other nutrient
solutions with different concentrations of Cd, and the Cd
concentrations were 0, 1, 5, 10, 15 and 25uM, respectively.
We harvested the seedlings grown 12-day under Cd
treatment

digestion of plant samples with diacid (3 HNOj;: 1
HCIO,) and LaCl; a release agent to eliminate
interference of phosphate (PO,*) and sulfate (SO,%), was
used to dispose the solution.

RNA lIsolation, and Real-time
Quantitative-PCR

cNDA  Synthesis

Total RNAs in the B. juncea samples were extracted
from frozen roots, stems and leaves using the EZ-10
DNA away RNA Mini-prep Kit (Sangon, Shanghai)
according to the manufacturer’s protocol. NanoDrop 2000
spectrophotometer (Thermo Scientific, USA) was used
to measure the concentration and quality of RNA
samples. The synthesis of cDNA was relied on
PrimeScript RT Reagent Kit with gDNA Eraser
(TaKaRa, Tapan).

The relative expression of genes about ion transport
was measured by Real-time quantitative-PCR. The
sequences were obtained and downloaded from NCBI. All
primers for RT-qgPCR were designed based on Primer3
(http://bioinfo.ut.ee/primer3-0.4.0/primer3/) and
synthesized commercially (BGI, Beijing, China). All the
expression data were obtained from two individual
biological replicates and two independent technical
replicates. BjCAC was treated as internal control gene.

Statistical Analysis

All data were from at least three replicates and were
expressed as the mean * standard error (SE). One way
ANOVA was carried out with multiple comparisons
using Duncan’s test to compare the means of different
treatments at P<0.05. All statistical analyzes were
performed using the SPSS 17.0 statistical package
(SPSS Inc., Chicago, IL., USA).

Results
Physiological Changes of B. juncea After Cd Treatment

To investigate the physiological and biochemical changes of
B. juncea after Cd treatment, we detected the biomass of
root and shoot of B. juncea grown in 1, 5, 10, 15 and 25 uM
Cd concentration for 12 days. The result showed that the
biomass of B. juncea was severely affected with increased
concentrations of Cd. The leaves showed significantly
chlorosis phenotype due to Cd toxicity (Fig. 1). The root
morphology showed bending phenotype. Furthermore, we
also measured the fresh weight of B. juncea under Cd
treatment. The result showed that the biomass of root was
significantly increased after 1 uM Cd treatment, but quickly
decreased under 5 uM or higher Cd concentration treatment
(Fig. 2A). This result revealed that B. juncea has strong
ability against the Cd stress under lower Cd concentration.
We further detected the Cd concentration in root and shoot
of B. juncea under gradient Cd concentration stress. The
result also showed that the root accumulated 5 times more
Cd comparing with the shoot (Fig. 2B). To evaluate the
translocation efficiency of Cd from nutrient to root or shoot,
the translocation factors (TF) and Bioaccumulation factors
(BCF) were investigated, respectively (Table 1). The result
showed that both BCFyoysotion aNd BCFgnootisolution WEre
decreased with the gradient increased Cd concentration
treatment. The TF of all detected micronutrients and Cd
content showed no significant difference under different Cd
treatment conditions.

Cd Stress Affected the Accumulation of Cu, Zn, Mn,
and Fe in B. juncea

It is known that B. juncea were significantly affected by Cd
stress. And previous studies revealed that light-independent
carbon fixation reactions, ATP synthesis, photosynthesis
efficiency etc. were significantly affectedly by Cd stress
using proteomics and metabolomics analysis (Mohamed et
al.,, 2012; D'Alessandro et al., 2013; Irfan et al., 2014;
Kapoor et al., 2014; Wu et al., 2015; Benakova et al., 2017).
However, the research on the effect of other metal
accumulation and translocation in B. juncea under Cd stress
remains unknown. Therefore, we investigated the affection
of Cd on the accumulation of Copper (Cu), Zipper (Zn),
Manganese (Mn) and Iron (Fe) in root and shoot of B.
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Table 1: BCF and TF for Cd and four mineral nutrition of different tested

Cd treatment /uM Cd TF
BCFrootrsolution BCFshootisolution Cd Zn Mn Fe Cu
0 NS NS NS 0.401+0.078 a 0.114+0.004 cd  0.061+0.008 ab  0.118+0.019 ab
1 1.226+0.229a  0.171+0.034a  0.141+0.030b  0.291+0.050bc  0.080+0.030d  0.070+0.030ab  0.127+0.042 ab
5 0.394£0.093b  0.072#0.003b  0.196+0.060ab  0.293+0.037bc  0.114+0.056cd 0.080+0.023a  0.159+0.024 a
10 0.375+0.106 bc  0.059+0.012bc  0.162+0.030ab  0.257+0.036 ¢ 0.290+0.089 a 0.059+0.003ab  0.120+0.031 ab
15 0.264+0.024bc  0.048+0.012bc  0.183+0.049ab  0.317+0.092abc  0.198+0.041bc  0.077+0.035ab  0.093+0.023 b
25 0.195+0.033 ¢ 0.040+0.007 ¢ 0.208+0.026a  0.365+0.048 ab 0.282+0.077ab  0.043+0.009b  0.096+0.015b
A Total weight B Root weight
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Fig. 2: The biomass of B. juncea and Cd accumulation in root and shoot of B. juncea after Cd treatment. (A, B) the total
weight and root weight of B. juncea after Cd treatment. (C, D) the Cd content in root and shoot of B. juncea after Cd

treatment

juncea. The result showed that the Cu content in root was
increased with the gradient increase of Cd treatment
concentration from 0 until 25 pM (Fig. 3A). The Zn content
was also increased under all Cd treatment condition
comparing with normal condition. However, the Zn content
in root was up to the peak amount under 5 uM Cd treatment
condition and was stable or even decrease under 10, 15 or 25
puM Cd treatment condition (Fig. 3B). Interestingly, the Mn
content in root was quickly increased under 1 uM Cd
treatment condition and then decreased with the gradient
increase of Cd treatment (Fig. 3C). The Fe content in root
was not significantly affected by Cd stress (Fig. 3D). The Cu
content, Zn content and Mn content in shoot were all
increased with the gradient increased Cd treatment. However
the Fe content in shoot was also not significant affected by
Cd stress (Fig. 4). The result revealed that Cd stress mainly
affected the accumulation of Cu, Zn, and Mn, but not Fe.
And the affection was not constantly increase with the
gradient increase of Cd treatment. The upper limit of the Cd
concentration, which caused affection on Cu, Zn and Mn
was between 1-5 pM Cd treatment.

Identification of BjNramp Family in B. juncea under Cd
Treatment

To further investigate the regulation of iron uptake and
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translocation under Cd treatment, we further analyzed the
change of gene expression levels in some iron transporter
families. NRAMPs were a large family of metal ion
transporters. The previous studies revealed that NRAMPs
are a major route of Cd transporters in plants (Takahashi et
al., 2011). The Nramp3 in A. thaliana and Thlaspi
caerulescens transported Fe, Mn and Cd, but not Zn. The
Nramp4 in Thlaspi caerulescens can transport Fe, Mn, Cd
and Zn (Oomen et al., 2009). The phytogenetic tree of
NRAMP families in A. thaliana, B. napus, and B. juncea
were constructed according to the related NRAMP protein
sequences (Supplementary Fig. S1). The result revealed that
18 homologous of NRAMP members were identified in B.
juncea. We then detected the changes of BjNramp genes in
root, leaf and shoot under gradient Cd treatment conditions.
The result showed that the expression levels of BjNramp1;4,
BjNramp3;5, BjNramp3;10, BjNramp4;4 in root were
increased under 1 pM Cd treatment condition comparing
with normal condition.

However, the expression levels of BjNramp3;l,
BjNramp3;2, BjNramp3;3, BjNramp3;4, BjNramp3;9,
BjNramp4;1, and BjNramp4;3 in root were decreased under
1 uM Cd treatment condition comparing with normal
condition. In the shoot tissues, the expression levels of
almost all BjNramp genes were down regulated in stems
under 1 uM Cd treatment condition comparing with normal
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Fig. 3: The accumulation of Cu, Zn, Mn and Fe in the root of B. juncea after Cd treatment.
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Fig. 4: The accumulation of Cu, Zn, Mn and Fe in the shoot of B. juncea after Cd treatment

condition, except the levels of BjNramp6;3 and
BjNramp6;4. Furthermore, the expression of 7 BjNramp
genes  (BjNrampl;4,  BjNramp3;4,  BjNramp3;10,
BjNramp4;1, BjNramp4;3, BjNramp6;3 and BjNramp6;4)
were up regulated in leaves under 1 uM Cd treatment
condition comparing with normal condition. To be mentioned,
almost all genes in all tissues were down regulated under 5
UM Cd treatment condition comparing with normal or 1 uM
Cd treatment conditions, except BjNramp1;4, BjNramp6;3
and BjNramp6;4 in leaves (Fig. 5).

Identification of BjHMA and BjCET Family in B.
juncea under Cd Treatment

The P1B-ATPase subfamily HMA (for Heavy Metal
Associated) plays an important role in the process of
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micronutrient translocation or heavy metal detoxification
(Morel et al., 2009). The eight HMA genes in A. thaliana
cluster in two subgroups depending on heavy metal
specificity. AtHMA1-4s belong to Zn/Co/Cd/Pb subgroup
and AtHMA5-8s belong to Cu/Ag subgroup (Williams and
Mills, 2005). The phylogenetic analysis revealed that three
HMA genes exist in B. juncea (Supplementary Fig. S2).
We further investigated the expression levels of BjHMA
genes, which were homologues of AtHMA3 and
AtHMAA4. The result showed that both the expression
levels of BjHMA3 and BjHMAA4 in root were obviously
higher than that in stem and leaf, and both were up
regulated under 1 pM Cd treatment condition comparing
with normal condition. However, both were then
significantly decreased under 5 uM Cd treatment condition
comparing with 1 pM Cd treatment condition and normal
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Fig. 5: The expression regulation of BjNramps in the roots, stems and leaves of B. juncea after Cd treatment

condition (Fig. 6). The result revealed that the detoxification
system of BjHMA3 and BjHMA4 were positively regulated
under lower (1 uM) Cd treatment condition.

The cation-efflux family transporters (CET) was
previously identified from Cd treated seedlings of B. juncea.
BJCET2 was characterized in mediating Zn and Cd
accumulation in B. juncea (Xu et al., 2009). And
heterologous expression of BJCET3 and BjCET4 in yeast
revealed their functions in transport Zn, and possibly Cd,
Co, and Ni (Lang et al., 2011). To investigate the relation
between the Cd/Zn accumulation in B. juncea and the
expression of BJjCET family, we further measured the
expression of all 4BjCETgenes in B. juncea (Supplementary
Fig. S3). The result showed that the BJCET1-4 was mainly
expressed in leaves. And the expression levels of BjCET1-4
in leaves were all down regulated under 1 uM and 5 uM Cd
treatment condition comparing with normal condition (Fig. 6).

Identification of BjMTP Family in B. juncea under Cd
Treatment

Another cation-efflux protein family, named MTP was
shown to be specific for Mn and Zn export from the
cytoplasm (Peiter et al., 2007). In A. thaliana, the 12 MTP
proteins can be divided into three distinct groups. AtMTP1-
4 form a phylogenic subgroup. AtMTP1 and AtMTP3 are
two Zn transporter, which are localized to the vacuolar
membrane. AtMTP8-11 form another subgroup according
to the phylogenetic tree. AtMTP1l encoded a Mn
transporter (Delhaize et al., 2007). AtMTP12 formed a
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functional complex with AtMTP5 for Zn transport into the
Golgi (Fujiwara et al., 2015). To investigate the role of
MTP for the Zn/Mn accumulation in root or shoot of B.
juncea, the MTP genes were identified and the related
expression levels were analyzed under gradient Cd
concentration treatment. The phylogenetic tree revealed that
nine BJMTP genes exist in B. juncea (Supplementary Fig.
S4). We then chose 5 BJMTP genes for gRT-PCR assay.
The expression levels of BJMTP3 and BjMTP5 in leaves
were significantly up regulated under 1 uM Cd treatment
condition comparing with normal condition. BjMTP4 was
mainly expressed in leaves of B. juncea. However, the
expression of BjMTP4 was significantly decreased in both
roots and leaves under 1 or 5 uM Cd treatment condition
(Fig. 7). Both BjMTP11;1 and BjMTP11;4 in leaves was up
regulated under 1 uM Cd and down regulated later under 5
uM Cd treatment condition.

Discussion

As already known, the agricultural soil Cd contamination
concentration is lower or near 1 puM. Therefore, it is
important to know the key genes regulate the Cd and other
metal uptake into root of B. juncea. Cd is not only toxic to
animals, humans, and some microbes, but also unnecessary
to plant growth (Uraguchi and Fujiwara, 2013).
However, Cd shares chemical similarity to Zn, Fe, and
Mn and can thus replace them in the ironic related
groups of many proteins in plant cells (D'Alessandro et
al., 2013). Therefore, Cd can selectively share different
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micronutrient uptake and translocation pathway in result revealed that the transfer efficiency of Cd was
plants, and further affect the plant growth. As shown in increased with the increase of Cd treatment (Table 1).
Fig. 1 and Fig. 2, the B. juncea biomass, especially the Considering that Cd may compete with many

shoot biomass, was severely affected with the gradient micronutrients for translocation in plants, it is necessary to
increased Cd treatment. Furthermore, the BCF and TF know the detail affection to each micronutrient. In the
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present study, we detected the Zn, Fe, Mn and Cu contents
of root and shoot under 0 to 25 pM Cd treatment. The result
revealed that Cd significantly improved the accumulation of
Cu in roots, and weakly increased Zn accumulation in roots.
Mn content was firstly increased under 1 pM Cd treatment
comparing with normal condition, but then decreased under
gradient increased Cd treatment from 5 uM to 25 uM (Fig.
3). It is known that mitigation of Cd accumulation in rice
affected by Fe fertilization (Chen et al., 2017). However, Cd
weakly decreased the Fe accumulation in roots.
Interestingly, Cd treatment very weakly affected the
micronutrient content in shoot (Fig. 4). The detection of Cd
in shoot revealed that only 20% Cd accumulated in shoot
when comparing with the Cd content in root. Therefore, the
Cd content in shoot is too low to make significant affection
to micronutrient Zn, Fe, Mn and Cu.

Many studies have shown that some micronutrient and
heavy metal uptake and accumulation is closely related to
the characters of Nramp, HMA, and MTPs in other plants.
However, the related research in the hyperaccumulator B.
juncea remains unknown. In the present study, the
phylogenetic analysis of Nramp, HMA, CET and MTPs in
A. thaliana, B. napus, B. juncea identified 18 BjNramp, 4
BjHMA, 3 BjJCET, and 9 BjMTP genes in B. juncea
(Supplementary Fig. S1-S4 and Supplementary Table S1).
In A. thaliana, AtNramps were implicated in the Mn and Cd
transport. AtHMAs were mainly involved in Zn, Cu and Cd
transport. As shown in previous studies, BjCETs were
characterized as Fe and Cd transport. AtMTPs were related
to Zn and Fe transport. gRT-PCR analysis showed that the
expression  levels of  BjNrampl;4, BjNramp3;5,
BjNramp3;10, BjNramp4;4 , BjHMA3, and BjHMAA4 in root
were increased under 1 pM Cd treatment condition
comparing with normal condition. Oppositely, neither
BjCETs nor BjMTPs in roots was increased under Cd
treatment condition. This result revealed that the candidates
from BjNrampl;4, BjNramp3;5, BjNramp3;10, BjNramp4;
4, BjHMAZ, and BjHMA4 are involved in the uptake of Cd,
Cu, Zn and Mn into roots under low (1 pM) Cd treatment
condition (Fig. 5, 6 and 7). To be mentioned, there should
also be many other enzymes and proteins, which are related
to Cd and other micronutrients uptake and translocation, and
these proteins were not analyzed here (Uraguchi et al.,
2014; Chen et al., 2015).

Conclusion

The biomass of B. juncea was severely decreased with Cd
stress. Furthermore, the accumulation of the plant essential
nutrients Zn, Mn, Fe and Cu were affected in varying of
degrees. Cd treatment significantly improved the uptake of
Cu, and maybe the Zn, but negatively affected the uptake of
Mn (>1 pM Cd condition). The qRT-PCR assays of
BjNramp, BjHMA, BJjCET and BjMTP showed that low
concentrations of Cd (1 uM) can promote the Mn, Zn and Cu
accumulation system, which improve the increase of root
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biomass. The result revealed that BjNramp1;4, BjNramp3;5,
BjNramp3;10, BjNramp4;4 , BjHMA3, and BjHMA4 may
plan a key role for the uptake and accumulation of Cd into
roots. The In-depth studies on the molecular mechanism of
the micronutrient and Cd accumulation for developing safe
plant-derived food are imperative in future.
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