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Abstract. Arabis paniculata has been reported as a hyperaccumulator and functions in cadmium (Cd) tolerance and accumulation.
However, the genes involved in Cd stress resistance in A. paniculata are still unknown. In this work, genes of the natural resistanceassociated macrophage proteins (NRAMPs) were characterized in A. paniculata, and their evolutionary relationship and expression patterns
were analysed. Expression proﬁles indicated that ApNRAMPs showed large differences in response to Cd stress. It was highly induced by
Cd in root and shoot tissues. To investigate the function of ApNRAMP4 under Cd stress, ApNRAMP4 was cloned and expressed in yeast and
Arabidopsis. The results indicated that yeast and Arabidopsis expressing ApNRAMP4 showed normal growth under Cd stress. In addition,
transgenic yeast and Arabidopsis showed the ability to concentrate Cd. Under 20 lM CdCl2, Cd concentrations in wild type (WT) and
transgenic yeast were 3.11 and 5.92 mg/kg, respectively. Cd concentrations in root tissues of WT and transgenic Arabidopsis were 0.18 and
0.54 mg/kg, respectively. In shoot tissues of WT and transgenic Arabidopsis, Cd concentrations were 0.13 and 0.49 mg/kg, respectively.
This report provides genomic information on hyperaccumulator A. paniculata. In addition, the present work identiﬁed key NRAMP genes
that may serve as resources for heavy metal phytoremediation.
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Introduction
Cd is a common toxic heavy metal in polluted soil and
has been regarded as highly toxic to plants, animals, and
humans (Meena et al. 2018). In plants, roots take up Cd
from the soil, and then, it is transported into cells through
epidermal cell gaps or by metal transporters (Oono et al.
2016). Natural resistance-associated macrophage protein
(NRAMP) mainly function as divalent metal transporters to
a range of divalent metal cations, including Fe2?, Mn2?,
Cd2?, and Zn2? (Wang et al. 2019). NRAMPs have been
reported in several plants, and some of the functions of
heavy metal tolerance have been characterized. In Arabidopsis, AtNRAMP1 was identiﬁed as a transporter of
Bin Zhu and Chenchen Gan contributed equally to this work.

Fe2?, Mn2?, and Cd2? (Cailliatte et al. 2010). AtNRAMP3
and AtNRAMP4 were found to be involved in Fe2? and
Mn2? transport (Lanquar et al. 2010). In Arabidopsis,
AtNRAMP2 and AtNRAMP6 were involved in the distribution of Mn2? and Cd2?, respectively (Alejandro et al.
2017). In rice, seven NRAMPs have been characterized
(Mani et al. 2018). Unlike NRAMPs in Arabidopsis,
OsNRAMP4 demonstrated the ability to act as a trivalent
Al3? transporter (Xia et al. 2010).
A. paniculata is widely distributed in southwest China. It
is regarded as a hyperaccumulator that showed the ability to
accumulate Cd, Pb, and Zn (Tang et al. 2009; 2016). Until
now, information on NRAMPs in A. paniculata is limited. In
this work, the full-length transcriptome of A. paniculata was
sequenced, and ApNRAMPs were characterized. Subsequently, the response of ApNRAMPs to Cd stress was
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analysed, and the function of ApNRAMP4 in transgenic
Arabidopsis was further investigated.

pYES2. The recombinant plasmid and the empty vector were
individually transformed into Saccharomyces cerevisiae
strain BY4743. Cd concentrations and growth curves of
yeast were calculated according to Peng et al. (2018).

Materials and methods
Plant materials

For this study, A. paniculata was collected from Huaxi,
Guiyang, Guizhou province. Arabidopsis (Col) was used as
a recipient material for gene transformation.
Plant growth conditions

A. paniculata seed was germinated in double distilled H2O
and grown in 1/2 Murashige and Skoog (MS) solution until
the stage of six leaves. Then, the plants were harvested and
washed thrice using double distilled H2O and frozen in
liquid nitrogen.

RNA preparation and PacBio sequencing

The plants were collected and stored at -80°C. For further
sequencing, the roots and shoots of A. paniculata were
collected from ﬁve independent plants. Samples were
immediately frozen in liquid nitrogen for RNA sequencing.
Total RNA from root and shoot tissues was extracted using
TRIzol reagent (CwBio, Beijing, China). To ensure the
accuracy of sequencing data, a Nanodrop 2000 was used to
detect RNA purity, and an Agilent 2100 was used to detect
RNA integrity. The same amount of RNA from the root and
shoot tissues was mixed for sequencing analysis. Sequencing
was carried out by BerryGenomics (Beijing, China) using
the Paciﬁc Bioscience RS II platform.
Analysis of ApNRAMP genes in response to Cd stress

Primers for qRT-PCR were designed according to the coding
sequences of ApNRAMP genes (table 1 in electronic supplementary materials at http://www.ias.ac.in/jgenet/). Total
RNA was extracted from root or shoot tissue of A. paniculata using an RNApure plant kit (CwBio, Beijing, China).
qRT-PCR was further carried out using an UltraSYBR One
Step RT-qPCR Kit (CwBio, Beijing, China). b-actin was
used as an internal control gene. The 2-DDCT method was
carried out to normalize gene expression (Livak and Schmitten 2001).

Yeast expression

The coding sequence of ApNRAMP4 was sub-cloned into
HindIII and EcoRI sites of the yeast expression vector

Generation of transgenic Arabidopsis expressing
ApNRAMP4

The coding sequence of ApNRAMP4 was inserted into
pCAMBIA3201, and transgenic Arabidopsis was generated
according to Peng et al. (2018). GUS histochemical assays
and GUS activity detection were carried out according to
Zhao et al. (2019).
Measurement of electrolytic leakage and antioxidant enzyme
activity

The WT and transgenic lines were grown in 1/2 MS medium
for three weeks and transferred to the 1/2 MS medium with
20 lM CdCl2 for three days. Electrolyte leakage was analysed as described by Lutts et al. (1996). H2O2 and MDA
content were measured according to Zhang et al. (2020).
SOD, CAT, and POD activity were measured using the
testing kit (Solarbio, Beijing, China).
Fluorescence detection of Cd in plants

Fluorescence detection of Cd was carried out using Leadmium Green AM Dye (Invitrogen, Shanghai, China).
Leadmium Green AM Dye was prepared according to the
operating instructions of the kit.
Primers and statistical analyses

All the primers used in this study are listed in table 1 in
electronic supplementary material. Data were statistically
analysed using Tukey’s test on the basis of three biological
replicates. Bars in histograms are presented as the mean ±
standard deviation (SD).

Results
Characterization of NRAMPs in A. paniculata

A total of 9.4 Gb clean data and 26,770 sequences were
annotated in the transcriptome. The clean data were uploaded
to BIG Sub (https://bigd.big.ac.cn/gsub/) with accession
CRA002602. Five NRAMP genes were characterized and
named ApNRAMP1–ApNRAMP5. The sequences of these
genes are shown in the electronic supplementary material. As
indicated in table 2 in electronic supplementary material, wide
variations were present in ApNRAMPs. The length of
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Figure 1. (a) Cd sensitivity of yeast grown on synthetic deﬁned (SD) plates with 20 lM CdCl2. (b) Cd concentrations in yeast grown in
liquid SD medium with 20 lM CdCl2 for 48 h. (c) OD600 values of empty yeast grown in liquid SD medium without CdCl2. The values
were measured at 0, 6, 12, 24 and 48 h. (d) OD600 values of yeast grown in liquid SD medium with 20 lM CdCl2. The values were
measured at 0, 6, 12, 24 and 48 h. Red and blue curve indicate pYES2-ApNRAMP4 and pYES2, respectively. (e) Phenotype of WT and
transgenic Arabidopsis under Cd tolerance; (f) Cd concentration of transgenic Arabidopsis under Cd tolerance, bar means 0.5 cm; (g) Cd
ﬂuorescence of transgenic Arabidopsis under Cd tolerance. **Signiﬁcant differences at P = 0.05 according to Tukey’s test based on three
independent biological replicates.
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ApNRAMPs ranged from 453 to 1575 bp, and the molecular
weight of the deduced protein ranged from 16.83 to 57.64 kDa.
Phylogenetic analysis of ApNRAMPs with published
NRAMPs

A phylogenetic tree was constructed with NRAMP genes
from A. paniculata and published NRAMP genes from
Brassica napus, Arabidopsis, and Oryza sativa (ﬁgure 1a in
electronic supplementary material). NRAMPs were divided
into two clades. ApNRAMP4 and ApNRAMP5 clustered in
one group and showed a close relationship with AtNRAMP4
from Arabidopsis. ApNRAMP1, ApNRAMP2 and ApNRAMP3 clustered in another group; ApNRAMP2 and ApNRAMP3 showed close relationships with BnNRAMP5 and
AtNRAMP2, respectively (ﬁgure 1a in electronic supplementary material).
NRAMP genes of A. paniculata in response to Cd stress

qRT-PCR was carried out to investigate ApNRAMPs in
response to Cd stress. ApNRAMP4 was highly induced by
Cd stress in root and shoot tissues. In addition, ApNRAMP5
was highly induced by Cd stress but only in shoot tissue
(ﬁgure 1, b&c in electronic supplementary material).
ApNRAMP4 increased Cd tolerance in transgenic yeast

The status and growth curve of yeast were highly inhibited
by Cd stress (ﬁgure 1, a–c). Compared with the WT yeast
strain, transgenic yeast showed higher OD values (ﬁgure 1,
b&c), demonstrating that the expression of ApNRAMP4
increased Cd tolerance in yeast. As an important index
reﬂecting the response to Cd stress in yeast, Cd concentrations in transgenic yeast were signiﬁcantly higher than those
of WT yeast (ﬁgure 1d). The results indicated that ApNRAMP4 increased Cd tolerance in transgenic yeast.
Detection of transgenic events in Arabidopsis

Double digestion by HindIII and EcoRI veriﬁed that the
vector was successfully constructed (ﬁgure 1 in electronic
supplementary material). PCR ampliﬁcation indicated that
the PCR products were only present in A. paniculata and
transgenic Arabidopsis (ﬁgure 2a in electronic supplementary material). To further explore the transcriptional activation of ApNRAMP4 in transgenic Arabidopsis, GUS staining
and activity were analysed (ﬁgure 2, b–d in electronic supplementary material). The results suggested that Cd stress
increased GUS dye and activity in transgenic Arabidopsis.
Two transgenic Arabidopsis lines expressing ApNRAMP4
and one transgenic line expressing the empty vector (EV)
were veriﬁed.

ApNRAMP4 increased Cd tolerance and accumulation
in transgenic Arabidopsis

Arabidopsis expressing ApNRAMP4 showed better growth
than that of WT or EV lines (ﬁgure 1e). The ﬂuorescence
intensity of Cd in root and leaf tissues indicated that Cd
accumulation was higher in Arabidopsis expressing ApNRAMP4 than in WT or EV lines (ﬁgure 1f). Cd concentrations in the plants further conﬁrmed these results (ﬁgure 1g).
Expression of ApNRAMP4 alleviated Cd-induced damage
to Arabidopsis

As indicated in ﬁgure 2, electrolyte leakage, H2O2 content,
and MDA content were increased by Cd stress in Arabidopsis. Compared with the WT and Arabidopsis expressing the empty vector, the transgenic lines exhibited lower
electrolyte leakage, H2O2 content, and MDA content. SOD
and POD activity were also increased by the expression of
ApNRAMP4.

Discussion
The NRAMP gene family in hyperaccumulator A. paniculata
was identiﬁed and characterized in the present work. The
expression of ApNRAMPs under Cd stress was analysed, and
ApNRAMP4 was identiﬁed as an important gene in response
to Cd stress. The results were further veriﬁed in transgenic
Arabidopsis.
Several NRAMPs have been identiﬁed in plants. In Arabidopsis, six NRAMPs were identiﬁed and further divided
into two groups according to phylogenetic analysis (Maser
et al. 2001). Hyperaccumulator Sedum alfredii possessed six
NTAMPs and showed high homology to NRAMPs in Arabidopsis (Zhang et al. 2020). ApNRAMPs in A. paniculata
were identiﬁed and further divided into two groups. ApNRAMP1, ApNRAMP2, and ApNRAMP3 belonged to one
group, while ApNRAMP4 and ApNRAMP5 belonged to
another group (ﬁgure 1a in electronic supplementary material). In addition, ApNRAMP4 and ApNRAMP5 showed a
close relationship with AtNRAMP4 of Arabidopsis, suggesting that they share a similar function in the response to
heavy metal stress.
Previous works indicated that NRAMPs increased heavy
metal accumulation in bacteria and plants (Wang et al.
2019). In this work, expression of ApNRAMP4 increased Cd
tolerance and concentration in transgenic yeast (ﬁgure 1a).
The results were further revealed by transgenic Arabidopsis
(ﬁgure 1e). Several works have demonstrated that many
NRAMPs are involved in Cd absorption and transport.
AtNRAMP4 and AtNRAMP6 in Arabidopsis are involved in
Cd transport of the intercellular (Lanquar et al. 2010);
OsNRAMP5 participates in Cd uptake in roots (Sasaki et al.
2012; Ishimaru et al. 2012), and OsNRAMP1 is responsible
for cellular Cd uptake and transport within plants (Takahashi
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Figure 2. ApNRAMP4 regulated the physiological and biochemical indexes of transgenic Arabidopsis. (a) Electrolyte leakage of WT and
transgenic A. thaliana under 0 lM or 20 lM CdCl2 stress. (b) SDS activity of WT and transgenic A. thaliana under 0 lM or 20 lM CdCl2
stress. (c) MDA content of WT and transgenic A. thaliana under 0 lM or 20 lM CdCl2 stress. (d) H2O2 content of WT and transgenic A.
thaliana under 0 lM or 20 lM CdCl2 stress. (f) POD activity of WT and transgenic A. thaliana under 0 lM or 20 lM CdCl2 stress. (g) CAT
activity of WT and transgenic A. thaliana under 0 lM or 20 lM CdCl2 stress. The data are the means±SD of three independent
measurements from three individual plants. * And **signiﬁcantly different at P=0.05 and 0.01, respectively. The results were calculated
according to Tukey’s test based on three independent biological replicates.
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et al. 2011). In the present work, expression of ApNRAMP4
enhanced Cd accumulation in the root and shoot tissues of
Arabidopsis, suggesting that ApNRAMP4 is involved in the
process of Cd uptake and transport.
Cd-induced toxicity in plants mainly causes growth inhibition and leaf chlorosis and damages the redox system
(Dias et al. 2013; Ehsan et al. 2014). Here, we investigated
the growth conditions of Arabidopsis expressing ApNRAMP4 compared to the WT. The reduced biomass of the
WT lines under Cd stress was obvious compared with
transgenic lines (ﬁgure 1e). Additionally, Cd-induced toxicity could be correlated with ROS accumulation, lipid peroxidation, and cell damage (Meena et al. 2018). In this work,
electrolyte leakage and H2O2 content in transgenic lines
were signiﬁcantly lower than that in WT lines, suggesting
that expression of ApNRAMP4 inhibits cell damage in
Arabidopsis. ROS accumulation induced oxidative deterioration when the plants were under Cd stress (Schutzendubel
et al. 2001). Moreover, the levels of antioxidative enzymatic
activity in the present work indicated that ApNRAMP4
increases tolerance to Cd stress in transgenic Arabidopsis
(ﬁgure 2, d–f).
In conclusion, the full-length transcriptome of hyperaccumulator A. paniculata was obtained, and NRAMP genes were
further identiﬁed. Further study indicated that ApNRAMP4
promoted Cd accumulation in transgenic Arabidopsis. This
work provides important information on genes in A. paniculate,
and the gene families involved in heavy metal absorption and
transport will be further analysed.
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