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Abstract
Cadmium (Cd) is a highly toxic element to plants. Ethylene is an important phytohormone in the regulation of plant growth,
development and stress response. Mitogen-activated protein kinase (MAPK) activation has been observed in plants exposed
to Cd stress and was suggested to be involved in ethylene biosynthesis. We hypothesized that there may be a link between
MAPK cascades and ethylene signalling in Cd-stressed plants. To test this hypothesis, the expression of LcMKK, LchERF and
LcGSH1 genes, endogenous ethylene accumulation, GSH content and Cd concentration in Lycium chinense with or without
Cd stress treatment were studied. Our results showed that LcMKK gene expression can be induced by the treatment of Cd in
L. chinense. The transgenic tobacco expressing 35S::LcMKK showed greater tolerance to Cd stress and enhanced expression
of NtERF and NtGSH1 genes, indicating that LcMKK is associated with the enhanced expression level of ERF and GSH
synthesis-related genes in tobacco. We also found that endogenous ethylene and GSH content can be induced by Cd stress in
L. chinense, and inhibited by cotreatment with PD98059, an inhibitor of MAPK kinase. Evidences presented here suggest that
under Cd stress, GSH accumulation occurred at least partially by enhanced LcMKK gene expression and the ethylene signal
transduction pathways might be involved in this accumulation.

[Guan C., Ji J., Li X., Jin C. and Wang G. 2016 LcMKK, a MAPK kinase from Lycium chinense, confers cadmium tolerance in transgenic
tobacco by transcriptional upregulation of ethylene responsive transcription factor gene. J. Genet. 95, xx–xx]

Introduction

Around the world water and soil are increasingly being con-
taminated with cadmium (Cd) due to some anthropogenic
activities, such as nickel–Cd battery production, the use of
Cd-containing sewage sludge and the application of phos-
phate fertilizers (Semane et al. 2007). Cd is a nonessential
element for plant metabolism and can be easily taken up by
plant roots (Mendoza-Cózatl et al. 2011). Cd can disturb cel-
lular redox homeostasis, resulting in elevated reactive oxy-
gen species (ROS) levels in plants (Clemens et al. 2013).
This process in turn affects the distribution of the activity of
Ca2+-binding proteins, phospholipid signalling processes
and mitogen-activated protein kinase (MAPK) pathways
(Jonak et al. 2004; Opdenakker et al. 2012).

MAPK cascades are signalling modules conserved in
eukaryotic organisms. Exogenous signals are perceived by
receptors, which then initiates the MAPK cascades. Once
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activated, a MAPK kinase kinase (MAPKKK) phosphory-
lates its downstream MAPK kinase (MAPKK), which in turn
activates its downstream MAPK. To date, 80 MAPKKKs, 10
MAPKKs and 20 MAPKs have been identified in the Ara-
bidopsis genome, and the rice genome harbours 75 MAP-
KKKs, 8 MAPKKs and 15 MAPKs (Hamel et al. 2006;
Kumar et al. 2008; Rao et al. 2010). The small number of
MAPKKs suggests that MAPKKs may have multiple MAPK
targets and the same MAPKK may function in several differ-
ent MAPK cascades (Cristina et al. 2010). For example, the
Arabidopsis MKK3–MPK7 kinase cascade was reported to
participate in pathogen signalling, whereas the MKK3/CaM-
MPK8 mediates Ca2+ and ROS signalling in early wound
signalling (Tamura et al. 2007).

MAPK activation has been observed in several plant
species exposed to heavy metals. For example, MAPK activ-
ity was found to be higher in Cd-tolerant plants than in
Cd-sensitive plants (Yeh et al. 2007). Similarly, the result
of a study on Medicago sativa seedlings indicated that mul-
tiple MAPK pathways were involved in plant responses to
heavy metal stress (Jonak et al. 2004). In addition, MAPK
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transcript levels in Arabidopsis seedlings were shown to
increase following exposure to Cd and Cu (Opdenakker et al.
2012). Liu et al. (2010) showed that in Arabidopsis, MPK3
and MPK6 are activated by short-term exposure to CdCl2 by
the accumulation of ROS.

Ethylene is an important phytohormone involved in plant
development and defense responses under abiotic stress (Lin
et al. 2009; Shan et al. 2012). Zhang et al. (2014) reported
that ethylene was involved in alleviating Cd-induced stress
in tobacco. The stimulation of ethylene biosynthesis by Cd
stress has also been reported in other plant species (Sanità di
Toppi and Gabbrielli 1999; Iakimova et al. 2005; Liu et al.
2008b; Rodríguez-Serrano et al. 2009; Chmielowska-Bąk
et al. 2013). Ethylene biosynthesis is catalyzed by 1-amino
cyclopropane-1-carboxylic acid synthases (ACS). Cd expo-
sure was reported to increase the abundance of ACS iso-
forms, ACS2 and ACS6 transcript levels (Chae and Kieber
2005). Several groups presented data to suggest that the
MAPK cascade was involved in ethylene biosynthesis (Han
et al. 2010; Li et al. 2012). For example, the phospho-
rylation of ACS2 and ACS6 by MPK6 causes elevated
rates of ethylene biosynthesis (Liu and Zhang 2004). The
MKK9MPK3/6 pathway was shown to function in ethy-
lene biosynthesis. Constitutive expression of MKK9 induced
accumulation of ethylene through activation of MPK3/6 and
consecutive positive regulation of ACS2 and ACS6 gene
expressions (Xu et al. 2008; Han et al. 2010; Li et al. 2012).

The above reports indicate that MAPK cascades may be
involved in regulation of ethylene biosynthesis or ethylene
signal transduction, however, the relationship between MAPK
cascades and ethylene signalling in Cd-stressed plants is still
unclear. In our previous study, an ERF gene was cloned from
Lycium chinense and designated as LchERF (Wu et al. 2014).
We showed that Cd stress triggered ethylene induction and
LchERF gene expression in L. chinense. Overexpression of
LchERF in transgenic tobacco showed greater tolerance to
Cd stress (Guan et al. 2015b). It is likely that there may
be a link between activation of MAPK, ethylene biosynthe-
sis and upregulation of ERF gene in plants under Cd stress.
Studying the relationship between these signal transduction
pathways is expected to help in elucidating the function of
MAPK in plant response to Cd stress. As its fruit is used for
traditional Chinese medicine, L. chinense has attracted con-
siderable interests in recent years (Asano et al. 1997; Zheng
et al. 2010; Dong et al. 2013). L. chinense is also a decidu-
ous perennial halophyte grown in a large variety of soil types
(Zhang et al. 2010). In this study, the expression pattern of
a MAPKK gene (LcMKK) in Cd-stressed L. chinense and its
function in transgenic tobacco were investigated.

Materials and methods

L. chinense growth and Cd stress treatment

L. chinense plants were grown in pots containing a mixture
(v/v) of 20% washed concrete sand and 80% GB-Pindstrup

substrates no. 1 (Ryomgaard, Denmark). The pots were
placed in a controlled-growth chamber under conditions as
described previously (Guan et al. 2015b). Experiments were
carried out using 10 week-old plants with 24–28 leaves.

Before stress treatments, L. chinense plants were uprooted
and transferred to Hoagland’s solution to culture under the
same conditions as plants grown in pots for 7 d (adaptation
period). For Cd treatments, the L. chinense plants were placed
in different culture bottles containing Hoagland’s solution
plus 100 μM CdCl2. Since the beginning of the treatment,
the root tips were harvested for 0, 2, 4, 6, 8 and 12 h
from unstressed and stressed plants. Zero hour was the last
hour before treatments began. Each treatment contained five
plants, and all experiments were repeated at least three times.
For PD98059 and AVG (2-amino ethoxyvinlglycine) treat-
ments, the L. chinense plants were placed in different cul-
ture bottles containing Hoagland’s solution plus (1) control,
(2) 100 μM CdCl2, (3) 100 μM CdCl2 + 50 μM PD98059
and (4) 100 μM CdCl2 + 10 μM AVG. Since the beginning
of the treatment, the root tips were harvested on 6 h from
different stressed plants.

Cd treatment on transgenic tobacco overexpressing LcMKK

Seeds from T1 progeny of transgenic lines were surface-
sterilized and sown on MS medium (Wu et al. 2015). After
7 d, seedlings of tobacco were transferred onto MS agar
medium supplemented with or without 100 μM CdCl2 for
21 d. At the end of Cd treatment, the seedlings were used
for subsequent assay of root length, malondialdehyde (MDA)
production, glutathione (γ -Glu–Cys–Gly, GSH) content and
Cd accumulation in roots; the leaves were used for chloro-
phyll content and ROS assay; the total RNA in roots was
extracted and used for gene expression analysis.

Real-time quantitative PCR (qPCR) analysis

Total RNA was extracted according to manufacturer’s instruc-
tions (Life Technologies, Carlsbad, USA). The primers used
for the expression analysis of LcMKK, LchERF and LcGSH1
genes were designed based on the EST unigene of L. chinense
sequenced by BGI (Wang et al. 2015) and indicated in
table 1. The primers used for the expression analysis of
NtERF and NtGSH1 were designed according to Huang et al.
(2010) and Király et al. (2012), respectively. QPCR reactions
were carried out according to our previous study (Guan
et al. 2014a). The constitutively expressed ubiquitin gene
was used as an internal control to show the normalization
of the amount of templates in the PCR reaction; the relative
changes in target gene transcripts were calculated as ×-fold
changes relative to the control samples.

Determination of Cd content

The concentration of Cd was determined by flame atomic
absorption spectrophotometer according to our previous
study (Guan et al. 2015c).
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Table 1. Oligonucleotide primers used in this study.

Primer Primer sequences 5′–3′

LchERF-F TTGGAACTTACGAGACGGCT
LchERF-R CAGCTGATCGTCGCTTAACC
LcMKK-F TGCAGATGGCAGCAAGATAC
LcMKK-R GTTGTCTGATGGCTGTAT
LcGSH1-F GCTGCAAGTCCTCCAACAGAGG
LcGSH1-R CAATGATATATTTTGCTTTCCC
NtGSH1-F CAGGTAAATCTGGACTTCAG
NtGSH1-R CAATATACTTCTTCTTCCGATAC
NtERF-F CAAGTATTTGAAGAATCCTC
NtERF-R GGAAAATTAAGAAGAGACCAAGG
LcUBI-F GGAAACATAGTGCTCAGTGGTG
LcUBI-R GCTGAGGGAAGCCAAGATAG
NtUBI-F GTGAAAGAAAAGCTTGCTTAC
NtUBI-R CATGGTAGAGCCACCACTGA

Ethylene determination

For determination of endogenous ethylene production, fresh
roots (10–12 g) were placed in 80 mL hermetic vials, flushed
with ethylene-free air and incubated for 2 h at room temper-
ature. The ethylene concentration was determined on a gas
chromatograph as described (Guan et al. 2015b).

GSH content assay

Root samples were homogenized in a mortar according to de
Knecht et al. (1994). GSH was determined using postcolumn
derivatization with 300 mM Ellman’s reagent (5,5′dithio
(2-nitrobenzoic acid)), detected at 412 nm. Identification of
GSH was based on the comparison of their retention times
with standard GSH samples (Guan et al. 2015a).

Chlorophyll content

The fresh plant leaf disks (0.1 g) under different treatments as
indicated above were homogenized in 1 mL of 80% acetone
and the homogenate was centrifuged at 4000 g for 5 min. The
supernatant was retained and the absorbance was recorded
at 663 and 646 nm. The chlorophyll content was expressed
in micrograms per gram fresh weight (FW) (Lichtenthaler
1987).

In situ histochemical localization of O−
2

In situ accumulation of O−
2 was examined based on histo-

chemical staining by nitroblue tetrazolium (NBT) (Lu et al.
2013). For detection of O−

2 , the second leaves from the top
of the nontransgenic and transgenic lines were immersed
in NBT solution (0.1 mg mL−1) for 24 h at 25◦C in
the dark. The NBT solution was prepared using 10 mM
phosphate buffer. After staining, the leaves were soaked
in 95% ethanol overnight to remove chlorophyll, and then
photographed.

Analysis of lipid peroxidation

Lipid peroxidation in the plant roots was determined by
measuring MDA which was measured using the procedure
described by Guan et al. (2014b).

Preparation of protein extracts and in-gel kinase activity assay

The root tissue, collected from L. chinense grown under dif-
ferent treatments as indicated above was quickly frozen and
grounded in liquid nitrogen. Ground samples were dissolved
in extraction buffer (50 mM pH 7.5 HEPES, 5 mM EDTA,
5 mM EGTA, 2 mM DTT, 1 mM Na3VO4, 25 mM NaF and
20% glycerol). After centrifugation at 13000 g for 20 min
twice, the supernatant was used immediately or stored at
80◦C.

Proteins were separated using a 10% SDS-polyacrylamide
gel with 0.25 mg/mL myelin basic protein (MBP) embed-
ded as a kinase substrate. After electrophoresis, the gel was
washed thrice in washing buffer (25 mM pH 7.5 Tris-HCl,
0.5 mM DTT, 0.15 mM Na3VO4, 5 mM NaF, 0.05% BSA
and 0.1% Triton X-100) to remove SDS. The proteins were
then renatured overnight at 4◦C with three changes of rena-
turing buffer. The gel was incubated in 30 mL reaction buffer
(25 mM pH 7.5 Tris-HCl, 2 mM EGTA, 12 mM MgCl2,
1 mM DTT, 0.1 mM Na3VO4) at room temperature for
30 min, then phosphorylated in 20 mL of the same reac-
tion buffer containing 250 nM ATP and 50 μCi of γ -32P-
ATP at room temperature for 2 h. MBP phosphorylation was
visualized by autoradiography.

Statistical analysis

The significance of the differences between different exper-
imental groups was analysed by one-way ANOVA. Values
marked with different letters represented significant differ-
ences between the treatments (one-way ANOVA, P < 0.05).
All experiments were repeated at least thrice. Data were
expressed in means ± SD.

Results

Effect of Cd stress on L. chinensis plants

As shown in figure 1a, a continuous accumulation of Cd was
observed in L. chinense plants from 2 to 12 h of Cd treatment,
whereas Cd was not detected in nonCd-treated plants during
the same time course. The endogenous ethylene content in L.
chinense increased significantly in response to Cd treatment.
After 2 h of Cd stress, a major increase in endogenous ethy-
lene production in L. chinense was observed, in comparison
to the nontreated plants (figure 1b), whereas ethylene pro-
duction begin to decrease at 6 h of Cd treatment. As shown
in figure 1c, a significant induction of LcMKK expression
was detected in L. chinense after 2 h of Cd treatment. The
expression levels of LcMKK were decreased after 4 h of Cd
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Figure 1. The effect of Cd treatment on L. chinensis plants. The L. chinense plants were treated with 100 μM CdCl2. Since the beginning
of the treatment, the root tips were harvested for 0, 2, 4, 6, 8 and 12 h from different treatments for (a) the assay of Cd concentration,
(b) endogenous ethylene content, (c–e) LcMKK, LchERF and LcGSH1 transcripts levels and (f) GSH content. Data showed the average ±
SD of five independent experiments.

treatment. The LcMKK transcript levels of L. chinense under
nonCd conditions were maintained at low level from 0 to
12 h. As shown in figure 1, d&e, a significant induction of
LchERF and LcGSH1 expressions was detected after 2 h of
Cd treatment. However, the peaks of LchERF and LcGSH1
transcript levels appeared at 4 and 6 h, respectively, which
was later than the peak time of LcMKK expression. The GSH
content in root tissues followed a similar trend with LcGSH1
expression levels (figure 1f). The GSH content of L. chinense

plant under nonCd condition was monitored at a constant low
level from 0 to 12 h.

Endogenous ethylene and LchERF transcript levels may be
modulated by MAPK signalling pathway

The potential involvement of MAPK signalling in modula-
tion of ethylene content and LchERF transcript levels was
investigated after exogenous application of PD98059, an
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Figure 2. Application of PD98059 and AVG on Cd-treated L. chinensis plants. The L. chinense plants were treated with (1) control,
(2) 100 μM CdCl2, (3) 100 μM CdCl2 + 50 μM PD98059 and (4) 100 μM CdCl2 + 10 μM AVG. The root tips were harvested for 6 h (a)
for the assay of Cd concentration, (b) endogenous ethylene content, (c–e) LchERF, LcMKK and LcGSH1 transcripts levels, (f) GSH content
and (g) Cd activate MBP-phosphorylating protein kinases in L. chinense. Data showed the average ± SD of five independent experiments.

inhibitor of MAPK kinase (figure 2, b&c). Our result showed
that the exogenous PD98059 application reduced the induc-
tion of ethylene emission, LchERF and LcGSH1 gene

expression, however, caused no significant reduction in
LcMKK transcript levels in the same conditions (figure 2c–e).
GSH accumulation and Cd content showed a similar trend
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with LcGSH1 transcript expression in the same conditions
(figure 2, a&f), confirming the close link between MAPK
signalling and GSH synthesis in plants induced by Cd. As
shown in figure 2b, application of AVG, an inhibitor of
ethylene biosynthesis, significantly suppressed ethylene pro-
duction in L. chinense during 6 h of Cd treatment. Our
result showed that the exogenous AVG application reduced
the Cd induction of LchERF and LcGSH1 genes expression
(figure 2, c&e). However, AVG application caused no sig-
nificant reduction in LcMKK transcript levels and Cd con-
centration (figure 2, d&a). GSH accumulation showed a
similar trend with LcGSH1 transcript expression under treat-
ment of Cd plus AVG in L. chinense (figure 2f), confirming
that endogenous ethylene may be playing an important role in
L. chinense under Cd stress. The exogenous PD98059 appli-
cation reduced the induction of MAPK activity substantially;
however, AVG application caused no significant reduction of
MAPK activity in the same conditions (figure 2g).

Overexpression of LcMKK in transgenic tobacco confers Cd
tolerance

The phenotypes of nontransgenic and transgenic tobacco
with or without Cd treatment are shown in figure 3a. Plants

with Cd treatment exhibited less green leaves than that
without Cd treatment. This effect was more pronounced in
nontransgenic plants than in transgenic plants (figure 3a).
This result suggested that the LcMKK transgenics were more
tolerant to Cd stress which was consistent with the assay of
chlorophyll content. As shown in figure 3b, under nonCd-
stressed growth conditions, chlorophyll content did not differ
between transgenic and nontransgenic plants. Under Cd-
stress conditions, chlorophyll content of both transgenic
and nontransgenic plants declined. Chlorophyll content of
the transgenic lines was significantly higher than the non-
transgenic plants. The Cd content was also determined in
this study. Under nonCd-treated conditions, the Cd con-
tent was not detected in all plants. Under Cd stress condi-
tions, the Cd content was significantly higher in transgenic
plants than in nontransgenic plants (figure 3c). To further
study the difference between transgenic and nontransgenic
plants under Cd treatment, root length was measured. As
shown in figure 3d, root length of nontransgenic plants was
significantly shorter than that of transgenic plants under Cd-
treated conditions, while the transgenic plants did not dif-
fer from nontransgenic plants under nonCd-treated growth
conditions.
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Figure 3. The effect of Cd treatment on transgenic tobacco seedlings. (a) The seedling morphology of control (WT and Vec) and LcMKK-
overexpressing lines (L1 and L3). The seeds were planted on MS medium for 7 d and then transferred to MS medium supplemented with or
without Cd treatment. The photograph was taken 21 d later. (b) Total chlorophyll content of control and LcMKK-overexpressing lines after
21 d of Cd treatment. (c) Cd accumulation in tobacco plants subjected to Cd stress. (d) Primary root lengths of the seedlings. Data showed
the average ± SD of five independent experiments.
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LcMKK mediates the accumulation of ROS in transgenic plants

With the hypothesis that the transgenic lines might be sub-
jected to less serious oxidative stress than control plants, the
ROS accumulation was evaluated in the tested lines under
Cd stress. Histochemical staining by NBT was used to reveal
in situ accumulation of ROS. As shown in figure 4a, without
Cd treatment, slight NBT staining was detected in all tested
plants. After Cd treatment, although NBT staining in all these
lines deepened relative to the normal conditions, the

transgenic lines exhibited less intense NBT staining in
comparison with the control plants. Taken together with
figure 4b, these data indicated that the transgenic lines accu-
mulated lower levels of ROS under Cd stress. Lipid per-
oxidation is a good indicator of cellular oxidative damage,
and the change in lipid peroxidation induced by Cd was
measured by determining MDA content in this study. Under
nonCd-treated conditions, the MDA content did not differ
significantly between nontransgenic and transgenic plants.
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Figure 4. ROS burst and MDA content in tobacco seedlings with or without Cd treat-
ment. (a) Representative photographs showing accumulation of O−

2 in leaves of tobacco
plants with or without 100 μM CdCl2 for 21 d. (b) The DCF fluorescence intensity in
the leaves of tobacco. (c) MDA content in roots of nontransgenic and transgenic tobacco
plants. Data showed the average ± SD of five independent experiments.
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Under Cd stress conditions, however, the MDA content was
significantly lower in transgenic plants than in nontransgenic
plants (figure 4c).

MKK, ERF and GSH1 transcript levels in transgenic tobacco
with or without Cd treatment

To gain further insight into the molecular mechanisms under-
lying the enhanced Cd resistance in transgenic tobacco lines,
the transcript levels of MKK, ERF and GSH1 genes were
examined in all plants with or without Cd treatment. For
that, the MKK gene from L. chinense and N. tabacum can be
amplified by the primers provided in table 1. As shown in
figure 5a, the expression levels of MKK gene in transgenic
lines were significantly higher than those in nontransgenic
plants. MKK gene was induced by Cd at much higher lev-
els as compared to those plants without Cd treatment. The
expression levels of NtERF and NtGSH1 genes in transgenic
plants were ∼3 times and 1.7 times, respectively, higher than
in nontransgenic plants with Cd stress treatment. The content
of GSH in transgenic plants was similar to that in nontrans-
genic plants without Cd treatment. After Cd treatment, the
contents of GSH in both LcMKK transgenic and nontrans-
genic plants were all rose obviously. Especially this effect

was significant in transgenic plants, which had ∼1.6-fold
than that in the nontransgenic plants (figure 5d).

Discussion

The MAPK cascade is one of the most important signalling
pathways in plants (Xiong and Yang 2003). An increasing
number of investigations confirmed the important roles of
MAPK signalling in plant development, cell proliferation
and hormone physiology, as well as in abiotic stress signalling
(Nakagami et al. 2005). MAPK activation has been
observed in plants exposed to heavy metals. For exam-
ple, OsMAPK2 transcripts increased upon Cd treatment,
which suggests that the MAPK cascade may function in
the Cd-responsive signalling pathway in rice (Yeh et al.
2004). This accumulation of OsMAPK2 transcripts was also
found to be enhanced by copper in rice root tip cells
(Hung et al. 2005). In addition, MAPK transcript lev-
els in Arabidopsis seedlings were shown to increase in
a time-dependent manner following exposure to Cu and
Cd (Opdenakker et al. 2012). Similarly, in this study,
we found that a significant induction of LcMKK tran-
script levels was detected in L. chinense after Cd treatment
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Figure 5. The transcripts levels of (a) LcMKK, (b) NtERF and (c) NtGSH1 were determined using qPCR. Total RNA was isolated from
seedlings of control (WT and Vec) or transgenic tobacco plants overexpressing 35S::LcMKK construct subjected to 0 μM or 100 μM CdCl2.
Ubiquitin gene was used as an internal control to show the normalization of the amount of templates. The relative changes of gene transcripts
were calculated as X-fold changes relative to the WT samples under unstressed conditions as indicated. (d) GSH content in roots of control
or transgenic plants with or without Cd treatment. Data showed the average ± SD of five independent experiments.
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(figure 1c). The overexpression of LcMKK in transgenic
tobacco showed greater tolerance to Cd stress than WT
seedlings (figure 3).

The potential involvement of MAPK signalling in mod-
ulating the ethylene content and LchERF transcript levels
was investigated by application of PD98059, an inhibitor
of MAPK kinase (figure 2). Our result showed that the
exogenous PD98059 application reduced the Cd induction of
ethylene emission and LchERF gene expression. Moreover,
the expression levels of NtERF gene in transgenic plants
were ∼3 times higher than in nontransgenic plants with Cd
stress treatment (figure 5b). Ethylene biosynthesis in plants
is tightly regulated by both endogenous developmental cues
and exogenous stimuli, mostly through regulation of ACS
activity. Precise control of ethylene biosynthesis is clearly
important in various developmental and physiological pro-
cesses, and emerging evidence has indicated the involvement
of MAPK cascade in regulating ethylene biosynthesis under
stress (Joo et al. 2008). Further study indicated that phospho-
rylation of ACS2/ACS6 by MAPK prevented rapid degra-
dation of ACS2/ACS6 by 26S proteasome resulting in an
increase in ACS activity and ethylene production (Han et al.
2010). In Arabidopsis, MPK3 and MPK6 can contribute to
the induction of ethylene production in response to both abi-
otic and biotic stresses (Liu et al. 2008a; Li et al. 2012), and
these two MAPKs have previously been reported to be acti-
vated by salt stress (Xu et al. 2008) and pathogen infection
(Li et al. 2012).

In this study, LcMKK might induce the emission of ethy-
lene, which in turn activated the expression of ERF gene in
L. chinense. A proposed working model for the Cd-triggered
MAPK signalling pathway is shown in figure 6. This result is
in accordance with the work published by Yoo et al. (2008),
constitutively active MKK9 was able to induce MPK3 and
MPK6 kinase activities and to upregulate the transcript
amount of ERF gene in plant. Recent research has eluci-
dated the significant role of ERF in plant adaptation to abi-
otic stresses (Schmidt et al. 2013). Transgenic tobacco plants
overexpressing the GmERF3 gene showed increased resis-
tance to high salinity and dehydration stresses (Zhang et al.
2009). TaERF3 from Triticum aestivum positively regulated
wheat adaptation responses to abiotic stresses through the
activation of stress-related genes (Rong et al. 2014).

In the present study, the nontransgenic plants accumu-
lated more ROS than LcMKK-overexpressing lines under Cd
stress condition. Previous studies showed that the MAPK
pathway plays an important role in ROS homeostasis.
Overexpression of AtMKK1 in Arabidopsis can decrease
stress-associated ROS accumulation and increase drought
tolerance; conversely, AtMKK1 deficiency results in elevated
ROS generation as well as increased sensitivity to drought
tolerance (Xing et al. 2008). Our result showed that the con-
tent of GSH in transgenic tobacco was higher than in non-
transgenic plants under Cd treatment (figure 5d). Since GSH
is well known as a major antioxidant (Noctor et al. 2012;
Zhang and Forman 2012), there may be a link between ROS

Figure 6. Proposed working models for the Cd-triggered MAPK
signalling pathway.

accumulation and GSH synthesis in the transgenic tobacco
expressing 35S::LcMKK under Cd treatment.

Ethylene signalling was recently indicated to regulate
GSH synthesis for better adaptation of plants against stress
(Iqbal et al. 2013). The involvement of ethylene in regulation
of GSH to overcome metal stress (nickel and zinc) in Bras-
sica juncea (Khan and Khan 2014) was indicated. Ethylene
has also been found to regulate GSH synthesis and Cd stress
tolerance (Masood et al. 2012a, b). Our previous study pre-
sented the evidence that the overexpression of LchERF was
important for the upregulation of NtGSH1 and NtGSHS genes
expression in transgenic tobacco. The enhancement of Cd-
tolerance in transgenic tobacco might be due to the associa-
tion of LchERF with the induction of GSH synthesis-related
genes (Guan et al. 2015b).

Conclusions

In L. chinense, under Cd stress, we found that GSH accu-
mulation occurred by enhanced gene expression of LcMKK,
LchERF and LcGSH1 and the ethylene as a signal molecule
may be involved in these accumulations. Further, the overex-
pression of LcMKK in transgenic tobacco resulted in greater
tolerance to Cd stress. Evidence presented here suggests that
the overexpression of LcMKK may account for the upreg-
ulation of GSH accumulation in transgenic tobacco. The
enhancement of Cd-tolerance in transgenic tobacco express-
ing LcMKK might due to the upregulation of ERF expres-
sion which has a positive effect on the induction of GSH
synthesis-related genes.
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