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• Shoot base played an important role as
switch in Cadmium (Cd)-safe rice line
D62B.

• Shoot base retained amounts of Cd,
resulting in low Cd translocation to
shoot.

• Glutathione (GSH) and phytochelatins
(PCs) biosynthesis was vital for Cd che-
lation.

• ExogenousGSH further promotedCd re-
tention in shoot base.
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factor.
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Cadmium (Cd) is harmful to rice and human, thus screening and understanding the mechanism of Cd-safe rice
lines, which accumulate little Cd in brown rice, is necessary. D62B was screened as a Cd-safe rice line with low
Cd translocation from roots to shoots, and there must be a switch restricting Cd transport from roots to shoots.
Here we found that shoot base played the role as switch. Cd concentration in the shoot base of D62B was 1.57
times higher compared with a high Cd-accumulating rice line (Wujin4B) and lower Cd translocation under Cd
stress. Glutathione (GSH) and phytochelatins (PCs) were important in this process. GSH and PCs concentrations
in the shoot bases of D62B were 1.01– 1.83 times higher than Wujin4B as well as the glutathione S-transferase
(GST) and phytochelatin synthase (PCS) concentrations, keeping in consistent with up-regulation of the genes
OsGST and OsPCS1. PCs synthesis was further promoted by exogenous GSH. Our results prove the role of shoot
bases as switch for restricting Cd transport in D62B due to its great potential for GSH and PCs biosynthesis, and
thereby Cd chelation. This could be considered a key mechanism for low Cd accumulation in brown rice of the
Cd-safe rice line.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Soil contamination with metals, especially with cadmium (Cd), has
become a severe global concern. Cd is a non-essential metal that can in-
hibit plant growth and entails a potential risk for human health (Astolfi
et al., 2012; Luo et al., 2016). Rice (Oryza sativa L.) is the main food
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related to human Cd intake, accounting for more than half of the total
Cd intake among the Chinese population (Song et al., 2017). Thus, it
is imperative to reduce Cd accumulation in brown rice. Four major
sequential processes determine the probability of Cd entry into
grains: Cd uptake by the root; Cd xylem-loading-mediated transloca-
tion to the shoot; Cd redistribution through the vascular system at
the nodes; remobilization from leaf blades via phloem and transport
into grain (Kobayashi et al., 2013; Yoneyama et al., 2015;
Ricachenevsky et al., 2018). Therefore, Cd transport from the root
to the shoot influences Cd accumulation in the shoot and eventually
in brown rice grains (Uraguchi et al., 2009; Nocito et al., 2011;
Ricachenevsky et al., 2018). The junction of the root with the shoot,
known as the shoot base, constitutes an important tissue for Cd load-
ing into xylem sap (Fujimaki et al., 2010; Shao et al., 2018). There-
fore, the shoot base may be a key tissue for inhibiting Cd transport
to the shoot, but its role has not been fully explored.

Once absorbed, Cd can be bound to chelators and transported into
vacuoles, thus affecting xylem loading and Cd transport from roots to
shoots (Lux et al., 2011; Yoneyama et al., 2015; Ricachenevsky et al.,
2018). Non-protein thiols (NPTs) such as glutathione (GSH) and
phytochelatins (PCs) are key metal chelators involved in metal trans-
port and homeostasis in cells (Hazama et al., 2015; Gao et al., 2016).
GSH, an indispensable tripeptide, is a key component for Cd scavenging
due to the high affinity of Cd to its thiol group (Zhang and Ying, 2008;
Delalande et al., 2010). PCs are a series of polypeptides synthesised
from GSH through the action of phytochelatin synthases (PCS); PC2–4
are reported as the predominant PCs (Hasan et al., 2016; Uraguchi
et al., 2017; Maria et al., 2018). PCs are considered the most effective
Cd chelators (Gupta et al., 2013; Degola et al., 2014); under Cd stress,
PCs synthesis is stimulated to metal homeostasis. In the plant cell, Cd
ions can bind to PCs immediately, and the Cd-PCs complexes formed
are typically transported into the vacuole for compartmentalisation. In
the vacuoles, the low-molecular-weight (LMW) complexes are con-
verted to high-molecular-weight (HMW) complexes with free Cd ions
(Szalai et al., 2013). The conjugation of Cd to the thiol groups of GSH
and PCs synthesis are catalysed by the enzymes glutathione S-
transferase (GST) and PCS, respectively (Zhang and Ying, 2008;
Delalande et al., 2010; Szalai et al., 2013), and their encoding genes,
GST and PCS, have been found in rice and other species (Kabir et al.,
2017; Srivastava et al., 2018; Li et al., 2019a). Some reports document
that the addition of exogenous GSH to roots significantly improved
the concentrations of GSH and PCs in that tissue, with the concomitant
mitigation of Cd toxicity and a decreasedCd transport from root to shoot
(Nakamura et al., 2013; Kim et al., 2017). In maize seedlings, increased
PCS expression and decreasedGST activity after exogenousGSH applica-
tion were also found (Li et al., 2017). Exogenous GSH can induce PCs
synthesis and inhibit Cd transport to the shoot, but its effect on the
shoot base has not been explored yet.

D62B is one of the Cd-safe rice lines which were selected from 146
rice lines in our previous study (Zhang et al., 2014). When grown in
Cd-contaminated soils, D62B accumulates less than 0.2 mg kg−1 of Cd
in the brown rice, which is within the limit established by the National
Food Hygienic Standard of China (GB2762-2017) (Zhang et al., 2014). A
high Cd concentration was observed in the roots of the line D62B along
with a low Cd concentration in the shoots, suggesting a low Cd translo-
cation from roots to shoots. Besides, increased amounts of GSH and PCs,
which may favour Cd retention in the roots, were documented in this
rice line (Li et al., 2019b). Based on these observations, we hypothesised
that shoot bases take part in inhibiting Cd transport from roots to shoots
as a switch in the D62B line. Moreover, we speculated that GSH and PCs
biosynthesis might be critical for Cd retention in rice shoot bases. To
verify the critical role of the shoot bases in Cd retention and understand
the basis of the reduced Cd transport to shoots in the rice line D62B, we
investigated: (1) Cd accumulation in the roots, shoot bases, and shoots;
(2) GSH and PCs accumulation in the shoot bases; and (3) GSH and PCs
biosynthetic potential in the shoot bases of the Cd-safe rice line D62B.
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2. Materials and methods

2.1. Plant material

Ourworkwas focused on the Cd-safe rice (Oryza sativa L.) lineD62B,
and the high Cd-accumulating rice line Wujin4B was used as a control.
These two rice lines were selected from 146 rice lines evaluated in our
previous studies (Zhang et al., 2014). D62B is a maintainer rice line
with a growth period of 150 ± 5 d. Wujin4B is also a maintainer rice
line with a growth period of 160 ± 5 d. Both are indica varieties and
were provided by the College of Agronomy, Sichuan Agricultural
University.

2.2. Hydroponic experiment and plant sampling

A hydroponic experiment was conducted with following
treatments: no Cd (CK), 20 μmol L−1 Cd (Cd), and a mixture of
20 μmol L−1 Cd and 50 μmol L−1 GSH (Cd + GSH). Cd was supplied
as a CdCl2·2.5H2O solution. Five replicates were arranged for each
treatment. As the basal nutrient medium, the formulation recom-
mended by the International Rice Research Institute was used
(Ponnamperuma, 1977). The seeds were soaked in 30% H2O2 for
30 min and sterilised with 0.1% sodium hypochlorite for 24 h.
Then, the seeds were germinated in a floating tray filled with
watered perlite at 25 °C and 60% of relative humidity. After germi-
nation, the seedlings were cultivated in 1/4 of the nutrient solution.
Uniform and healthy seedlings were selected and transplanted to
the hydroponic containers at the third-leaf stage (9th July 2018).
The hydroponic containers (80 cm × 45 cm × 10 cm, 36 L) were
covered with foam plates in which 20 uniform round holes were
previously made to allow the emergence of the seedlings, resulting
in 20 seedlings per container and a total of 6 containers were used.
One week later (16th July 2018), the Cd solutions and the mixed
solutions of Cd and GSH were added to the basal nutrient solutions,
as previously designed. No additions were made to the control
units. The seedlings were cultivated in a glasshouse under natural
light at 30 °C/25 °C (day/night temperature), and the nutrient
solution was renewed every 5 d.

The plant samples were collected at the tillering stage (26 days after
transplanting, 10th August 2018). The roots of all collected seedlings
were immersed in 20mmol L−1 of Na2-EDTA for 15min and then rinsed
with deionized water. Afterwards, plants were separated into the root,
shoot base (0.7 cm from the root-to-shoot junction), and shoot, as
shown in Fig. 1. The plant material obtained was stored at −80 °C for
further GSH and PCs analysis. For subsequent RNA extraction, some
samples were stored in DNase-free, RNase-free EP tubes at −80 °C.
For Cd analysis, other plant samples were dried at 105 °C for 2 h and
then 85 °C for another 48 h.

Additionally, some seedlings were cut to collect the xylem sap ac-
cording to the method of Ghnaya et al. (2013), with minor modifica-
tions. The seedlings were cut at 2 cm above the shoot base and the
exudation from cut surface was collected as the xylem sap. The xylem
sap was collected with degreasing cotton for 12 h; this material was
subsequently squeezed into centrifuge tubes. Xylem sap samples col-
lected from individual plants were pooled and taken as one replication.

2.3. Cd concentrations in plants and xylem sap

Dry plant samples were digested with HNO3 using a microwave
digestion system (TOPEX+, PreeKem, China), and the Cd concentra-
tions were determined by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES, X Series 2, Thermo Fisher, Finland).
Besides, 200 μL-samples of xylem sap were diluted to 4 mL with 2%
HNO3, and Cd concentrations were determined by an inductively
coupled plasma mass spectrometry (ICP-MS, 8900, Agilent Technol-
ogies, USA).



Fig. 1. The division of root, shoot base and shoot.
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2.4. GSH and PCs analysis

GSH and PCs concentrations were determined according to the
methods of Hasan et al. (2016), with minor modifications. Fresh shoot
bases (about 100mg) were frozen in liquid nitrogen, ground to homog-
enous powders, and extractedwith 1mLof an extraction buffer contain-
ing 0.1% of trifluoroacetic acid (TFA) and 6.3 mmol L−1 of DTPA. After
standing for 15 min on ice-cold water, the homogenates were centri-
fuged (12,000 ×g, 10 min, 4 °C), and the supernatants collected. GSH,
total PC, PC2, PC3, and PC4 contents in the supernatants were deter-
mined with the corresponding reagent kits (Baolai, China), following
the manufacturer's instructions. A microplate reader (Multiskan GO
1510, Thermo Fisher, Finland) was used to carry out the spectrophoto-
metric measurements.
2.5. GST and PCS analysis

GST concentration was measured according to the method of Roxas
et al. (2000), with minor modifications. Fresh shoot bases (about
100 mg) were frozen in liquid nitrogen, ground to homogenous pow-
ders, and extracted with 200 μL of an extraction buffer containing
0.2 mol L−1 of Tris-HCl buffer (pH 7.8), 1 mmol L−1 of EDTA, and
5 mmol L−1 of dithiothreitol (DTT). Following centrifugation
(12,000 ×g, 10 min, 4 °C), the supernatants were collected.

PCS concentration was determined according to the method of
Kühnlenz et al. (2014), with minor modifications. Homogenates were
prepared in a similar way as described above using Fresh shoot bases
(about 100 mg) were frozen in liquid nitrogen and ground to homoge-
nous powders, and then extracted by 200 μL as extraction solution
50 mmol L−1 of sodium phosphate buffer (pH 8.0) containing
0.5 mmol L−1 of dithiothreitol, 0.1× of protease inhibitor mix, 0.1%
(w/v) of sodiumdodecyl sulfate, and 0.1% (v/v) of Triton-X-100. Follow-
ing centrifugation (12,000 ×g, 10 min, 4 °C), the supernatants were
collected.
3

Both GST and PCS concentrations in the supernatants were deter-
mined with the corresponding reagent kits (Baolai, China), following
the manufacturer's instructions. Spectrophotometric readings were
performed using a microplate reader (Multiskan GO 1510, Thermo
Fisher, Finland).

2.6. RNA isolation and gene expression analysis

The expression levels of three genes, OsHMA3, OsPCS1, and OsGST,
were measured according to the methods of Shao et al. (2018). Total
RNA was extracted with a Trizol Reagent Kit (Sangon Biotech, China),
following the manufacturer's instructions. The first strand cDNA was
synthesised using a PrimeScript™ RT Reagent Kit (Takara, Japan) with
an oligo (dT)20 prirmer. The expression was determined with TB
Green™ Premix Ex Taq™ II (Takara, Japan) by a real-time PCR detection
system (CFX96, Bio-Rad, USA). Primers' sequences are shown in
Table S1. The expression levels were calculated using the equation
2−δδCt, with UBQ5 RT as the internal reference gene.

2.7. Statistical analysis

The translocation factor (TF) for Cd was calculated according to Li
et al. (2019b). The following equations were used to obtain the TF
from root to shoot base (TFR-SB) and the TF from shoot base to shoot
(TFSB-S):

TFR−SB ¼ Cd concentration in the shoot base=Cd concentration in the root;

TFSB−S ¼ Cd concentration in the shoot=Cd concentration in the shoot base:

Data were analysed by a two-way ANOVA with the Data Processing
System (DPS) statistical software package. The least significant differ-
ence (LSD) test was employed to determine differences among the
treatments at p = 0.05 level.

3. Results

3.1. Cd concentration in different tissues

Cd concentrations in the roots and shoot bases of both rice lines sig-
nificantly increasedwhen themixed solutions of Cd andGSHwas added
to the hydroponic solution; however, no increases were found in the
shoots (Fig. 2). Cd concentrations in the roots of D62Bwere significantly
lower than those found in the roots ofWujin4B under all treatments. Cd
concentrations in the shoot bases of D62B exposed to Cd and Cd+ GSH
were 1.57 times and 1.43 times higher than those detected in the shoot
bases of Wujin4B, respectively.

Translocation factors decreased in the treatment Cd + GSH, espe-
cially the TFSB-S (Table 1). The TFR-SB was significantly higher in D62B
than in Wujin4B. However, the TFSB-S in D62B was significantly lower
than in Wujin4B. These results suggest that shoot bases play an impor-
tant role in inhibiting Cd transport to the shoot in the line D62B, and ex-
ogenous GSH further improves this capacity for Cd retention.

3.2. GSH and PCs concentration in the shoot base

GSH and total PC concentrations significantly increased in the shoot
bases of both rice lines subjected to Cd treatment alone. Exogenous GSH
further increased theGSH and total PC concentrations in the shoot bases
by 24% to 107% (Fig. 3). GSH and total PC concentrations in the shoot
bases of D62B were 1.14– 1.61 times higher than those found in the
shoot bases of Wujin4B except for the GSH concentration in shoot
bases without exogenous GSH.



Fig. 2. TheCd concentrations of two rice lines grown in themedia containing 20 μmol L−1 Cd or exogenous 50 μmol L−1 GSH. (A) The Cd concentration in shoot. (B) The Cd concentration in
root. (C) The Cd concentration in shoot base. GSH represents glutathione. Data are mean ± SE, n = 5, and statistical analysis was performed by two-way ANOVA followed by LSD test.
Different letters indicate statistically significant differences between different treatments at p ≤ 0.05 and * indicates statistically significant differences between different rice at p ≤ 0.05.
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Cd treatment increased PC2 and PC3 concentrations and decreased
PC4 concentration in the shoot bases of both rice lines (Fig. 4). PC2 was
the predominant phytochelatin form, accounting for 46% to 70% of
total PCs content. The exposure to Cd + GSH significantly enhanced
PCs concentration in the shoot bases of both rice lines, with increases
of 61% to 141%. In this tissue, PCs concentrations in D62B were
1.01– 1.83 times higher than those found in Wuijn4B under Cd treat-
ment alone and 1.34– 1.90 times higher than that detected in Wuijn4B
exposed to Cd + GSH. These results evidence a stronger capacity of
D62B for GSH and PCs synthesis as compared to Wuijn4B.

3.3. GST and PCS activity in the shoot base

Cd treatment alone increased GST concentrations by 103% to 176% in
the shoot bases of both rice lines (Fig. 5A), while the combined addition
of Cd with exogenous GSH significantly decreased GST concentration in
the shoot bases of D62B. GST concentrations in D62B were 1.09– 2.50
times higher than those found in Wujin4B, considering all treatments.
Table 1
The Cd translocation factor between different tissues of rice grown on the media contain-
ing 20 μmol L−1 or exogenous 50 μmol L−1 GSH.

Treatment Root-shoot base Shoot base-shoot

D62B Wujin4B D62B Wujin4B

CK – – – –
Cd 0.41 ± 0.00⁎ 0.22 ± 0.02 0.20 ± 0.02 0.37 ± 0.02⁎

Cd + GSH 0.41 ± 0.05⁎ 0.21 ± 0.03 0.18 ± 0.04 0.28 ± 0.03⁎

Note: Data are mean ± SE, n = 5. “–” indicates not detectable.
⁎ Indicates statistically significant differences between different rice at p ≤ 0.05.
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PCS concentrations in the shoot bases of D62B and Wujin4B signifi-
cantly increased under Cd treatment alone, and exogenous GSH inclu-
sion led to increases in PCS concentrations even higher (Fig. 5B). Thus,
PCS concentrations in the shoot bases of D62B were 1.31 times and
1.36 times higher than those recorded for the shoot bases of Wujin4B,
respectively. The stronger capacity of D62B for Cd binding by GSH and
PCs was found to be coupled to greater concentrations of GST and PCS.

3.4. Expression of OsGST and OsPCS1 in the shoot base

OsGST expression levels in the shoot bases of both rice lines were
down-regulated under Cd + GSH treatment compared with Cd treat-
ment alone, while the expression levels of OsPCS1 were significantly
up-regulated. The expression levels of OsPCS1 in D62B andWujin4B ex-
posed to Cd + GSH were 311.26 times and 201.65 times higher than
those found in the shoot bases of plants subjected to Cd treatment
alone, respectively (Fig. 6). Besides, the expression levels of OsGST and
OsPCS1 in the shoot bases of D62B were significantly higher than
those detected in the same tissue ofWujin4B plants grown under differ-
ent treatments. The expression levels of OsPCS1 in the shoot bases of
D62B were 1.82 times and 1.54 times higher than those inWujin4B ex-
posed to Cd alone and Cd + GSH, respectively.

4. Discussion

4.1. The role of the shoot base in Cd retention

It has been reported that the presence of Cd induces structural
changes leading to restrict Cd diffusion, (Chen et al., 2018); therefore,
Cd is expected to be mainly distributed in the roots, from which it



Fig. 3. The GSH and total PC concentrations in shoot base of two rice lines grown in the
media containing 20 μmol L−1 Cd or exogenous 50 μmol L−1 GSH. PC represents
phytochelatin. GSH represents glutathione. Data are mean ± SE, n = 5, and statistical
analysis was performed by two-way ANOVA followed by LSD test. Different letters
indicate statistically significant differences between different treatments at p ≤ 0.05 and
* indicates statistically significant differences between different rice at p ≤ 0.05.
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would be transferred to shoots. In our previous studies, we found that
most of the Cd absorbed is retained in the root in the rice line D62B,
and a little proportion is transported to the shoot (Zhang et al., 2014;
Li et al., 2019b). In this study, we found that higher Cd concentrations
Fig. 4.ThePCs concentrations in shoot base of two rice lines grown in themedia containing 20 μm
PC3 concentration in shoot base. (C) The PC4 concentration in shoot base. PCs represent phytoch
performed by two-way ANOVA followed by LSD test. Different letters indicate statistically sig
significant differences between different rice at p ≤ 0.05.
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in the shoot base of D62B with lower Cd concentrations in the root
and lower translocation compared with Wujin4B (Fig. 2; Table 1).
Thus, the shoot base plays an important role in Cd retention in the Cd-
safe rice line D62B by inhibiting Cd transport to shoots. According to
previous reports, some transporters are involved in the process of Cd
transport from roots to shoots (Satoh-Nagasawa et al., 2013; Shao
et al., 2018). OsHMA3, an ATPase-coupled heavy metal transmembrane
transporter, has been found to exert a key role in limiting Cd transport
from root to shoot by sequestering Cd into root vacuoles (Ueno et al.,
2010; Miyadate et al., 2011; Yan et al., 2016). In our work, however,
there was no difference in OsHMA3 expression levels between D62B
and Wujin4B rice lines under Cd treatment alone (Fig. S1). Different
OsHMA3 expression levels were related to different promoters' se-
quences, and some authors postulated that the OsHMA3 allele might
have no function in high-Cd indica cultivars (Uraguchi and Fujiwara,
2013; Sun et al., 2019; Liu et al., 2020). In this sense, we highlight the
fact that Cd concentrations in brown rice of D62B and Wujin4B were
found to be quite different, despite being both indica subspecies. Differ-
ences in the OsHMA3 transporter function between D62B andWujin4B
lines may exist; nevertheless, further research is necessary to confirm
this hypothesis.

Exogenous GSH can inhibit Cd translocation to the shoot, but its local
effects on the shoot base tissue and the underlying mechanisms, which
result in the reduced translocation, are still unclear. GSH added to hy-
droponic media can be absorbed by the roots and then complexed
with cytosolic Cd ions, thus regulating the transcription of genes related
to Cd uptake and accumulation (Ding et al., 2017; Uraguchi et al., 2017).
In this study, Cd accumulation in the roots and shoot bases of both rice
lines assessed significantly increased with exogenous GSH application,
whereas Cd translocation was inhibited, especially from shoot bases to
ol L−1 Cdor exogenous 50 μmol L−1 GSH. (A) The PC2 concentration in shoot base. (B) The
elatins. GSH represents glutathione. Data aremean± SE, n=5, and statistical analysiswas
nificant differences between different treatments at p ≤ 0.05 and * indicates statistically



Fig. 5. The GST and PCS enzyme activity in shoot base of two rice lines grown in themedia containing 20 μmol L−1 Cd or exogenous 50 μmol L−1 GSH. (A) The GST concentration in shoot
base. (B) The PCS concentration in shoot base. GST represents glutathione S-transferase. PCS represents phytochelatin synthases. GSH represents glutathione. Data are mean± SE, n= 5,
and statistical analysiswas performed by two-way ANOVA followed by LSD test. Different letters indicate statistically significant differences between different treatments at p ≤ 0.05 and *
indicates statistically significant differences between different rice at p ≤ 0.05.
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shoots (Fig. 2; Table 1). It may be assumed that exogenous GSH pro-
moted Cd chelation under the catalysis of the related enzymes and stim-
ulated the formation of stable complexes in the cytosol. Thus, the
amounts of Cd ions in the symplastic sap may have decreased, resulting
in lower amounts of Cd translocated from roots to shoots (Nakamura
et al., 2013; Ding et al., 2017; Kim et al., 2017). Thesefindings confirmed
the central role of shoot base tissues in Cd retention displayed by the
rice line D62B, as well as the positive effect of exogenous GSH addition
on this capacity.

4.2. GSH and PCs involvement in Cd retention in shoot base

Chelationwith GSH and PCs is themost common strategy to accom-
plish Cd detoxification (Fan et al., 2018; Zhang et al., 2018). It is known
that PCs synthesis can be stimulated by Cd stress, to allow the binding of
Cd ions to their thiol moieties (Degola et al., 2014; Hazama et al., 2015).
The PC -SHmoiety (2× PC2+3×PC3+4× PC4) binds to Cd at a stoichio-
metric ratio of 2– 49 in Thalassiosiraweissflogji (Wu et al., 2016), indicat-
ing thatmore thiol moieties in PCs benefit Cd chelation. In this study, Cd
stress promoted GSH and PCs synthesis (except for PC4) in the shoot
bases of both rice lines evaluated (Figs. 3, 4). GSH supply provides pre-
cursors for PCs synthesis and triggers the transcription of genes
Fig. 6. Response pattern of OsGST and OsPCS1 in shoot base of two rice lines grown in the med
shoot base. (B) The OsPCS1 relative expression level in shoot base. GSH represents glutathione
followed by LSD test. Different letters indicate statistically significant differences between di
different rice at p ≤ 0.05.
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involved in GSH and PCs biosynthesis (Ding et al., 2017). In line with
these concepts, we found significantly higher GSH and PCs concentra-
tions in the shoot bases of D62B as compared to the shoot bases of
Wujin4B regardless of the treatment applied (Figs. 3, 4), indicating
that D62B has stronger capacity for GSH and PCs synthesis in their
shoot bases.

The presence of Cd\\S complexes, such as PCs, allows roots to retain
greater amounts of Cd, thus reducing the proportion of Cd readily avail-
able to be translocated to shoots (Wong and Cobbett, 2009; Cheng et al.,
2016). It has been proved that more than 75% of the intracellular Cd can
be complexedwith PCs (Figueira et al., 2014), and thenumber of Cd ions
loaded into the xylem sap of barley decreased linearly as PCs concentra-
tions in the root tissue increased (Akhter et al., 2012; Sghayar et al.,
2015). On the other hand, it has been reported that Cd-PCs complexes
are transported into the vacuoles through ABC transporters
(Verbruggen et al., 2009; Sharma et al., 2016; Cao et al., 2018), resulting
in decreased Cd translocation. We corroborated the occurrence of
higher PCs concentrations in the shoot bases and lower Cd concentra-
tions in the xylem sap of D62B plants as compared to those measured
in the Wujin4B line. Cd translocation from the shoot base to the shoot
was also lower in D62B (Fig. S2; Table 1). Meanwhile, significant posi-
tive correlations were observed between Cd concentration and PCs
ia containing Cd or exogenous GSH for 4 weeks. (A) The OsGST relative expression level in
. Data are mean ± SE, n = 3, and statistical analysis was performed by two-way ANOVA
fferent treatments at p ≤ 0.05 and * indicates statistically significant differences between
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concentrations in shoot base of both rice lines (Table S2). From these re-
sults, we conclude that PCs in shoot base play a predominant role in Cd
chelation in the rice line D62B.
4.3. The capacity of PCs synthesis and Cd chelation in shoot base

Biosynthesis andmetabolismof PCs and Cd chelation depend on two
key enzymes: GST and PCS. GST can catalyse the conjugation of the thiol
group of GSH with numerous xenobiotics, such as Cd (Zhang and Liu,
2011; Hossain and Komatsu, 2012), thereby facilitating the sequestra-
tion of Cd ions and their subsequent transfer to the vacuole (Anjum
et al., 2014). GST biosynthesis was induced by Cd stress in Brassica
campestris and Urtica dioica (Anjum et al., 2014; Tarhan and
Kavakcıoğlu, 2016). Similarly, we found significantly higher GST con-
centration after Cd treatment when applied alone (Fig. 5A). Conversely,
there was a significant decrease in GST concentration in the shoot bases
of both rice lines under the simultaneous addition of GSH and Cd,which
may be attributed to the down-regulated expression of the OsGST gene
compared to that detected under Cd treatment alone (Fig. 6A). GSTs
genes are observed in response to different heavy metals in various
plants (Kumar and Trivedi, 2018), but few research focus on the effect
of exogenous GSH on GSTs expression under heavy metal stress. It is as-
sumed that the down-regulation of OsGSTmay result from the decrease
of free Cd ion with the increase of PCs according to the pathway of GST
involved in PCs synthesis (Kumar and Trivedi, 2018). GST concentra-
tions in the shoot bases of D62B plants were always higher than those
in Wujin4B as well as the GSH concentrations, indicating that Cd-
chelating capacity in D62B is stronger than in Wujin4B; in this way,
more Cd ions can be conjugated with the thiol of GSH. Consistently,
the expression levels of OsGST in the shoot bases of D62B were higher
than in those of Wujin4B under all treatments considered (Fig. 6A).
Taken together, these findings demonstrate that D62B has a stronger
ability than Wujin4B for GSH biosynthesis, which would contribute to
Cd chelation and PCs synthesis.
Fig. 7. The potential model of Cd retention
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PCS is a determinant enzyme for PCs biosynthesis under Cd stress
(Kühnlenz et al., 2014). The main role of PCS in the process is catalysis,
including twoperiods. Firstly, the carboxyl groups of PCS detect signal of
Cd2+ and immediately combinewith Cys to form special space structure
with catalytic activity. Secondly, the γ-Glu-Cys moiety of GSH is trans-
ferred to a second GSH molecule (or an existing PCs molecule) to form
a higher molecular weight PCs by the function of activated amino
group of PCS (Liu et al., 2015). With the exogenous addition of GSH, to-
mato plants showed significantly elevated PCS expression and PCs accu-
mulation, and the addition of buthionine sulfoximine (BSO), a GSH
biosynthesis blocker, reversed these effects (Hasan et al., 2016).We ver-
ified that the PCS concentration in rice shoot bases significantly in-
creased when plants were exposed to Cd alone (Fig. 5B). Cd induced
the formation of PCS and Cd-PCs complexes by activating the expression
of several genes (Pál et al., 2017; Prasad, 2017). It is noteworthy that
OsPCS1 was significantly up-regulated after exogenous GSH addition,
in concordance with enhanced PCS concentrations (Fig. 6B). Irrespec-
tive of the treatment, PCs and PCS concentrations in the shoot bases of
D62B were significantly higher than those in the shoot bases of
Wujin4B, in accordance with the expression levels of OsPCS1 and Cd
concentrations detected. Positive correlations between the expression
of phytochelatin synthase genes of other plant species such as NnPCS1
or CdPCS1 and Cd accumulation potential in plant tissues were already
reported (Prasad, 2017; Talebi et al., 2019). To sum up, we found that
D62B has a remarkable capacity for Cd retention in the shoot base due
to its stronger potential for GSH biosynthesis and conversion into PCs,
under the catalysis of GST and PCS. Besides, theremay be amounts of in-
flux transporters on tonoplast, facilitating the transfer of Cd ions and Cd-
complexes into vacuoles (Fig. 7).
5. Conclusion

The shoot base plays a critical role in the Cd-safe rice line D62B, as
this tissue accumulates and retains greater amounts of Cd. In addition,
in shoot base of rice under Cd stress.
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this rice line demonstrated a stronger potential for GSH biosynthesis
and conversion into PCs. Under the regulation of OsGST and OsPCS1, in-
creased amounts of glutathione S-transferase (GST) and phytochelatin
synthases (PCS) are synthesised in the shoot base of the line D62B,
allowing enhanced PCs synthesis and Cd chelation. Exogenous GSH ad-
dition further promoted PCs synthesis and inhibited Cd transport from
roots to shoots. As compared to Wujin4B (another high Cd-
accumulating indica variety), the rice lineD62B shows a greater capacity
for GSH and PCs biosynthesis under Cd stress and, thereby, for Cd reten-
tion in the shoot base, resulting in a reduced Cd translocation to brown
rice.
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