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Abstract

Metallothioneins (MTs) are small, cysteine-rich, heavy metal-binding proteins involved in metal homeostasis and
detoxification in living organisms. In the present study, we cloned two MT genes (OcMT1 and OcMT2) from Oxya chinensis,
analyzed the expression patterns of the OcMT transcripts in different tissues and at varying developmental stages using real-
time quantitative PCR (RT-qPCR), evaluated the functions of these two MTs using RNAi and recombinant proteins in an E.
coli expression system. The full-length cDNAs of OcMT1 and OcMT2 encoded 40 and 64 amino acid residues, respectively.
We found Cys-Cys, Cys-X-Cys and Cys-X-Y-Z-Cys motifs in OcMT1 and OcMT2. These motifs might serve as primary chelating
sites, as in other organisms. These characteristics suggest that OcMT1 and OcMT2 may be involved in heavy metal
detoxification by capturing the metals. Two OcMT were expressed at all developmental stages, and the highest levels were
found in the eggs. Both transcripts were expressed in all eleven tissues examined, with the highest levels observed in the
brain and optic lobes, followed by the fat body. The expression of OcMT2 was also relatively high in the ovaries. The
functions of OcMT1 and OcMT2 were explored using RNA interference (RNAi) and different concentrations and treatment
times for the three heavy metals. Our results indicated that mortality increased significantly from 8.5% to 16.7%, and this
increase was both time- and dose-dependent. To evaluate the abilities of these two MT proteins to confer heavy metal
tolerance to E. coli, the bacterial cells were transformed with pET-28a plasmids containing the OcMT genes. The optical
densities of both the MT-expressing and control cells decreased with increasing concentrations of CdCl2. Nevertheless, the
survival rates of the MT-overexpressing cells were higher than those of the controls. Our results suggest that these two
genes play important roles in heavy metal detoxification in O. chinensis.
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Introduction

Metallothioneins (MTs) were first discovered as cadmium-

binding proteins and isolated from horse kidneys in 1957 [1]. MTs

are low-molecular-mass (,10 kDa), cysteine-rich proteins (15–

30% of their amino acid contents) that lack aromatic residues,

resulting in their optimal capacities for metal ion coordination.

These high cysteine levels are necessary for the coordination of

metal ions through the thiolate cluster as facilitated by the Cys-X-

Cys and Cys-X-Y-Cys motifs, in which X can be any amino acid

other than cysteine [2]. These types of metal-binding proteins have

been widely found in all organisms, including bacteria, plants,

invertebrates and vertebrates [3–5]. More complete information is

available in recently published reviews [6–9]. Studies involving

MTs have been performed in various fields, including toxicology,

physiology and molecular and developmental biology [10].

MTs play an important role in zinc and copper homeostasis as

well as in the detoxification of non-essential trace elements, such as

cadmium (Cd) and mercury (Hg), because of their characteristic

high cysteine levels [11]. MTs also aid in protecting cells from

oxidative stress via the intracellular scavenging of free radicals

[9,12]. Because of their high affinities for heavy metals, the roles of

MTs in the detoxification of heavy metals and in maintaining

essential metal ion homeostasis within cells have been widely

investigated [7,13]. Drosophila metallothioneins play important

roles in copper homeostasis as well as in the detoxification of

cadmium [14]. Paul (2000) found that 99.0% of cadmium is

present in the gut epithelium in the form of metallothionein-bound

cadmium after exposing O. cincta to different cadmium concen-

trations [15]. Several pieces of evidence have indicated that MTs

can also act as scavengers of free hydroxyl and superoxide radicals.

MT synthesis can be induced by oxidative stress and hormonal

stimuli similar to heavy metals [16–18]. MTs are mainly

considered to involved in the protection against oxidative stresses

and neuroprotective mechanisms [19].

A number of studies have reported the detailed molecular

structure of MT by molecular sequencing and nuclear magnetic

resonance spectroscopic analysis and have investigated the roles of

MTs in the detoxification of heavy metals. However, these studies

have focused primarily on mammalian and aquatic organisms and

plants [9]. Few studies have examined the interactions between
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MTs and metal ions in Diptera and Collembola insects [20,21].

Little is currently known regarding the molecular characteristics

and functions of MT genes in Orthoptera insects, especially

grasshohper Oxya chinensis.
Oxya chinensis, which is an agricultural pest, feeds on the leaves

of gramineous plants, particularly rice, and inhabits rice-growing

areas of China. Due to grasshopper behavior in the farmland

ecosystems, heavy metals (such as cadmium) in the agricultural

environment transfer into the bodies of the grasshoppers through

the food chain. Previous studies performed by our laboratory have

indicated that heavy metals can accumulate in O. chinensis
through the food chain [22,23]. Our previous research has also

found that MT levels increase in O. chinensis when the

grasshoppers feed on wheat leaves containing heavy metals (data

unpublished). It has been difficult to clone the MT sequences

based on only several conserved cysteines, and thus, the molecular

characteristics of the MTs and their roles in the detoxification of

heavy metals have not been further studied. However, two MT

sequences have been recently described in the O. chinensis
transcriptome database, allowing additional analyses to be

performed.

The present study aimed to 1) clone and identify two full-length

cDNAs of MT genes from O. chinensis, 2) analyze the expression

patterns of these two MT genes in different tissues and at different

developmental stages, 3) investigate the functions of these two MT

genes by RNAi, and 4) evaluate the tolerances of the two MT

proteins to Cd using recombinant MT in an E. coli expression

system. The present study will help to elucidate the characteristics

and functions of MTs in O. chinensis and demonstrate the

potential value of heavy metal pollution prevention.

Materials and Methods

Insects
Oxya chinensis, which is an important agricultural pest, inhabits

a wide range of rice-growing areas spanning most of China. The

O. chinensis used in this study were collected from paddy fields in

the Jinyuan District, Taiyuan, Shanxi province (north latitude:

34.28, east longitude: 112.45) where there is no land protection of

any type. Local farmers must use pesticides to kill these

grasshoppers. We explicitly confirmed that no specific permissions

were required for these locations/activities and that the field

studies did not involve endangered or protected species.

The O. chinensis eggs were incubated in a climate chamber

(Yiheng Co., Ltd. Shanghai, China) at 2862uC with a 14:10-h

(light: dark) photoperiod at 60–75% humidity. After hatching, the

nymphs were raised in nylon net cages, and all grasshoppers were

reared using fresh wheat leaves. Healthy and uniform sets of

insects were selected for our experiments.

Identification and sequencing of two OcMT cDNA
fragments

Two cDNA sequences were obtained from the O. chinensis
transcriptome database from samples that included 1st-5th instar

nymphs, adults, and cadmium-treated insects. Two full-length

cDNA sequences were identified using BLASTX and were

designated as OcMT1 and OcMT2. To confirm the predicted

coding sequences of these two genes, two specific primers were

used to amplify the cDNAs by reverse transcription PCR (RT-

PCR) using cDNA templates prepared from the whole insect body.

The RT-PCR products were run on a 1.5% agarose gel, purified

using a Gel Extraction Kit (Omega, Doraville, CA, USA) and

subcloned into the pEASY-T3 Cloning Vector (TransGen Biotech

Co., Ltd. Beijing, China) and then sequenced by GBI Biotech-

nology Co., Ltd. (Beijing, China).

The physical and chemical properties of OcMT were analyzed

using the ExPASy online tools (http://us.expasy.org/tools). The

similarities and characteristics of the two OcMTs were compared

with those of other known insect species on the basis of the

deduced amino acid sequences. The amino acid features were

analyzed using the online BLAST program provided by NCBI

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Total RNA extraction and cDNA synthesis
Total RNA was isolated from the liquid nitrogen-preserved

samples using RNAiso Plus (TaKaRa, Dalian, China) according to

the manufacturer’s protocol. The RNA purity was estimated using

a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo, Wal-

tham, MA, USA) according to the absorbance ratio of A260/280,

and its integrity was assessed by 1.5% agarose gel electrophoresis.

One microgram of RNA was used to synthesize the first-strand

cDNA using M-MLV Reverse Transcriptase (Promega, Madison,

WI, USA) and an oligo-(dT) 18 primer.

Expression patterns of OcMT1 and OcMT2 at the
developmental stages and in the tissues

To determine the expression patterns of the OcMT1 and
OcMT2 genes at the seven developmental stages, including the

egg, first-, second-, third-, fourth-, and fifth-instar nymphs and the

adults, insects at day 3 of each stage were collected for total RNA

extraction. To detect the tissue-dependent expressions of OcMT1
and OcMT2, eleven selected tissues were dissected from the adults

(pooled from ten adults) under a binocular microscope, including

brain, optic lobe, muscle, foregut, midgut, hindgut, gastric caeca,

Malpighian tubule, fat body, testis and ovary tissues.

RT-qPCR was conducted in a 20-mL reaction containing 2 mL

of 20-fold diluted cDNA, 0.8 mL of each primer, 6.4 mL distilled

water and 10 mL SYBR Green Real-time Master Mix (TOYABO,

Japan) using the Applied Biosystems 7300 Real-time PCR System

(Applied Biosystems, USA). b-actin was used as the reference gene.

The optimized RT-qPCR program that was used for both b-actin
and the OcMTs consisted of an initial step at 95uC for 15 s

followed by 40 cycles of 95uC for 15 s and 60uC for 34 s. A

melting curve was evaluated for each RT-qPCR experiment to

confirm the amplification efficiency. All experiments were

performed in triplicate, each with two technical replicates.

Amplification specificity was verified using the dissociation curve.

The fold changes for comparing the relative gene expression levels

to those of the controls in the different tissues and at the different

developmental stages were determined using the 22DDCt method

[24]. The sequences of the primers used for the RT-qPCR analysis

are shown in Table 1.

Functional analysis of OcMT1 and OcMT2 by RNAi
To evaluate their vital biological functions, an RNA interfer-

ence analysis of both the OcMT1 and OcMT2 genes was

performed by injecting sequence-specific double-stranded RNA

(dsRNA) into O. chinensis. The specialized PCR was performed

using cDNA from the whole bodies of the adults to prepare the

templates for the OcMT1 and OcMT2 dsRNA syntheses. The

primers used for the synthesis of the dsRNA and the transcript

analysis are shown in Table 1. The PCR products of OcMT1 and

OcMT2 were subcloned and sequenced to confirm their specific

identities. The OcMT1 and OcMT2 dsRNA and GFP were

prepared and synthesized using the T7 RiboMAX Express RNAi

System (Promega, Madison, WI, USA) following the manufactur-
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er’s instructions. The prepared dsRNA was dissolved in nuclease-

free water, and a product contained within a single band was

verified using a 1.5% agarose gel. The concentration of dsRNA

was adjusted to 1.5 mg.mL21. Aliquots of 4 mL of the OcMT1 and

OcMT2 dsRNA (containing 6 mg dsRNA) were injected into the

abdomens between the second and third abdominal segments of

the adult insects using a manual microinjector (Ningbo, China).

The control groups were injected with equivalent volumes of

dsGFP alone. All experiments were performed in triplicate.

The whole bodies of three adults from each replicate were

pooled for total RNA extraction at 12, 24 and 48 h after the

injections of dsOcMT1, dsOcMT2 and dsGFP, respectively. The

efficiencies of the RNA silencing of the two MT genes were

evaluated by measuring their mRNA transcription levels using

RT-qPCR as described in Section 2.4.

To evaluate the roles of OcMT1 and OcMT2 in the

detoxification of heavy metals, five concentration gradients of

CdCl2 (0.87, 1.74, 2.61, 3.48, 4.35 mM), CuCl2 (8.79, 11.73,

14.67, 17.61, 20.55 mM) and ZnSO4 (15.65, 19.13, 22.61, 26.09,

29.57 mM) were prepared. Injections of dsOcMT1, OcMT2 and
dsGFP dsRNA was administered, and after 24 h, 4 mL of the

heavy metal solutions were injected into the abdomens of the

insects. Each replicate contained 50 insects, and the experiments

were performed using three replicates. The mortalities for each

group were measured at 48 h after the heavy metal injections.

Recombinant expressions of OcMT1 and OcMT2 in
Escherichia coli

To further determine the roles of OcMT1 and OcMT2 in

heavy metal detoxification, we constructed a recombinant plasmid

that produced the OcMT1 and OcMT2 proteins in an E. coli
expression system. The coding sequences of OcMT1 and OcMT2

were obtained by PCR amplifications with primers (Table 1)

containing BamHI and HindIII sites, and the products were then

digested with these two restriction endonucleases. The resulting

digests were ligated into the BamHI and HindIII sites of the

expression vector pET-28a, in which OcMT was expressed under

the T7 bacteriophage promoter. The recombinant plasmids, pET-

28a-OcMT1 and pET-28a-OcMT2, were transformed into E. coli
DH5a-competent cells and were then sequenced (Invitrogen

China Limited, Shanghai, China). The transformation mixture

was plated onto LB agar, containing 100 mg mL21 kanamycin.

One positive clone for each cDNA was transformed into

competent E. coli BL21 (DE3) cells for the expressions of the

proteins. The OcMT fusion protein was expressed in E. coli and

induced with 1 mM isopropyl b-D-thiogalactoside (IPTG) for 6 h

at 33uC. A parent vector lacking an OcMT gene insert was used as

a negative control. The cells were harvested by centrifugation at

12,000 g for 10 min. The cells were then lysed by mild sonication

at 4uC and centrifuged at 12,000 g for 15 min, and the fusion

proteins were isolated from the supernatants. The fractions in the

crude BL21 (DE3) cell lysates harboring pET-28a-OcMT1 and

pET-28a-OcMT2 were detected by 15% SDS-PAGE.

Evaluation of heavy metal tolerance using recombinant
OcMTs

To further investigate the metal tolerance of the transformed E.
coli BL21 (DE3) cells, 5 mL of each culture at OD600 = 0.6 was

inoculated into new tubes, containing 5 mL of liquid nutrient LB

medium. The tubes were shaken at 37uC until the OD600

measurements were between 0.50 and 0.55. The cells containing

pET-28a-OcMT were divided into two groups. One group was

induced by 1 mM IPTG, and the other was not. A parent vector

(pET-28a) without inserts was used as a negative control. The

Table 1. List of primers used in this study.

Application of primers Gene name Primer sequence (59-39) Product size (bp)

cDNA cloning OcMT1 F: GTTGCTGAAGCCGCCTACT 172

R:CATCTTGGGTGGCTGGTG

OcMT2 F: CCGCTCTGACAAGCAGGAAC 259

R: CTGCCTGGTGATCTATGGGT

RT-qPCR analysis OcMT1 F: GTTGCTGAAGCCGCCTACT 172

R: CATCTTGGGTGGCTGGTG

OcMT2 F: ATGTCGTCTCCGTGCTGT 123

R: GCCCTTTGTTTCCTCCTT

b-actin F: CGAAGCACAGTCAAAGAGAGGTA 156

R: GCTTCAGTCAAGAGAACAGGATG

dsRNA synthesis OcMT1 F:TAATACGACTCACTATAGGG GCTGAAGCCGCCTACTTCTA 169

R: TAATACGACTCACTATAGGG CATCTTGGGTGGCTGGTG

OcMT2 F:TAATACGACTCACTATAGGG CGCTCTGACAAGCAGGAACT 193

R:TAATACGACTCACTATAGGG ATCGTCTCCCTGTTTGCACT

GFP F: TAATACGACTCACTATAGGG GTGGAGAGGGTGAAGG 712

R: TAATACGACTCACTATAGGG GGGCAGATTGTGTGGAC

Heterologous gene
expression

OcMT1 F: GTGGGATCCATGCCTGACCCGTG 141

R:ACGAAGCTTTCACTTAGAGGTGGT

OcMT2 F: GTGGGATCCATGTCGTCTCCGTGC 213

R:ATTAAGCTTTCATTCACATTTGCAGC

doi:10.1371/journal.pone.0112759.t001
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desired concentrations of CdCl2 (0, 0.82, 1.64 and 3.27 mM) were

added to the cells containing pET-28a-OcMT and the pET-28a

control vector in the 5-mL cultures (LB medium plus kanamycin).

Bacterial growth was monitored by measuring the optical densities

of the cultures at 600 nm using a SpectraMAX 190 (Molecular

Devices, California, USA) at 1-h intervals. Three independent

experiments with three replicates for each concentration were

performed.

Data analysis
The MT mRNA levels in the different tissues and at the various

developmental stages and the mortalities between the control and

the exposed groups were analyzed using a one-way ANOVA

followed by Tukey’s HSD test. Differences were considered

statistically significant at P,0.05. All data are shown as the mean

6 standard deviation, and the statistical analyses were performed

using the SPSS version 11.5 software (SPSS Inc., Chicago, IL,

USA).

Results

Analysis of cDNAs and deduced amino acid sequences of
OcMTs

Two full-length cDNA sequences were obtained from the O.
chinensis transcriptome database putatively encoding two different

OcMTs, which were named OcMT1 and OcMT2 (GenBank

accession numbers KJ153014 and KJ153015) (Fig. 1). The full-

length cDNA sequence of OcMT1 was 552 base pairs (bp) long,

with an open reading frame of 123 bp that encoded a 40-amino

acid peptide with a predicted molecular weight (MW) of

approximately 3.74 kDa. OcMT1 had a theoretical isoelectric

point (pI) of 8.11 and one Cys-Cys and three Cys-X-Cys motifs

(CCXXXXXCXXXXCKCXXXCTCTNCAC). The full-length

cDNA sequence of OcMT2 was 363 bp, with an open reading

frame (ORF) of 195 bp that encoded a 64-amino acid peptide.

The predicted peptide molecular mass and isoelectric point (pI)

were 6.92 kDa and 4.88, respectively, according to the ExPASy

Proteomics website. OcMT2 contained two Cys-Cys, three Cys-X-

Cys and three Cys-X-Y-Z-Cys motifs. One Cys-Cys and three

Cys-X-Y-Z-Cys motifs (CCDVCXXXCKEEEKCXXXCKCX-

XXCK) were at the N terminus, and one Cys-Cys and three Cys-

X-Cys motifs (CCQSGKEETKGSPCECKQGDDAPCVC-

PENSCKCE) were at the C terminus, which is a structure typical

of MT proteins. The cysteine concentrations of the deduced

OcMT1 and OcMT2 protein sequences were 22.5% and 25%,

respectively (Fig. 2). Two OcMT sequences contained 9 and 16

cysteines, respectively, and all cysteine residues were in the

characteristic Cys-Cys, Cys-X-Cys, Cys-X-Y-Cys or Cys-X-Y-Z-

Cys configuration similar to that observed in other MTs. The

polyadenylation signal (AATAAA) was located upstream of the

poly (A) tract. The deduced amino acid sequences of the MTs

from O. chinensis were compared with the other insect MTs using

the GeneDoc FASTA sequence comparison program. As shown in

Fig. 2, the two OcMTs shared low amino acid sequence

similarities but high identities. Importantly, they were found to

code for conserved cysteine residues and functional motifs, such as

Cys-Cys, Cys-X-Cys and Cys-X-Y-Cys, that are found in other

species.

Tissue expression patterns of OcMT1 and OcMT2
The RT-qPCR analysis indicated that OcMT1 mRNA was

widely expressed in all tissues examined. Its expression levels were

highest in the optic lobes, which exhibited 2.5- and 3-fold higher

levels compared with those of the fat bodies and brain,

respectively. The OcMT1 transcript levels found in the optic lobe

were 7- to 30-fold higher compared with all other tissues examined

(Fig. 3). The highest OcMT2 expression levels were detected in the

brain, and high levels were also found in the optic lobes; however,

low levels were observed in the muscles, foregut, midgut, hindgut,

gastric caeca, Malpighian tubules, fat bodies, testes and ovaries.

The OcMT2 expression levels in the brain were approximately 5-

to 350-fold higher compared with the other tissues.

Stage-dependent expression patterns of OcMT1 and
OcMT2

The relative mRNA expression profiles of the OcMT1 and
OcMT2 genes indicated that their expression levels varied

significantly throughout the seven life stages (Fig. 4). The highest

expression levels of OcMT1 were detected at the egg stage (3.5- to

8-fold higher than in the other stages), and the lowest levels were

observed at the 1st-instar nymph stage. OcMT2 displayed the

lowest expression levels at the 4th-instar nymph stage and the

highest levels at the egg stage (1.5- to 7-fold higher than in the

remaining stages).

Functional analysis of OcMT1 and OcMT2 by RNAi
After the injections of the dsRNAs, the OcMT1 and OcMT2

transcript levels in the whole bodies of the adults decreased by

approximately 63.1% to 70.9% by 24 h and 48 h post-injection,

but no significant differences were observed at 12 h (Fig. 5). As

shown in Fig. 6, when OcMT1 was silenced at 48 h, the

mortalities increased from 64% to 72.5% for CdCl2, from

72.3% to 83.7% for CuCl2, and from 69% to 79.5% for ZnSO4.

Similarly, the mortalities of the grasshoppers increased from

80.5% to 97.2% for CdCl2, from 76.5% to 91.5% for CuCl2, and

from 70.9% to 84.7% for ZnSO4 after OcMT2 was silenced. The

mortalities of each group displayed dose-dependent increases of

8.5% to 11.4% and 13.8% to16.7% after the silencing of OcMT1
and OcMT2, respectively.

Roles of OcMTs in heavy metal tolerance as determined
using recombinant proteins

OcMT1 and OcMT2 were expressed successfully as shown in

Fig. 7, lanes 2 and 5. The theoretical molecular weights of

OcMT1 and OcMT2 are 3.74 and 6.92 kDa, respectively. Our

results indicated that the OD values of the BL21(DE3) cells (pET-

28a-MT1-IPTG group) were 1.37–2.82-fold higher than those of

pET-28a-MT1 and pET-28a, and the OD values of the

BL21(DE3) cells (pET-28a-MT2-IPTG group) were 1.15–3.92-

fold higher than those of pET-28a-MT2 and pET-28a (Fig. 8).

The OD values of the BL21 (DE3) cell pET-28a-MT1/2 strains

were higher than those of the pET-28a groups, which may have

been due to leaky expression caused by the presence of beta-

galactosidase in the liquid nutrient LB medium.

Discussion

There have been several reports of MTs in various species,

including insects and animals. The numbers of MTs vary among

different species. For example, Drosophila melanogaster has five

MTs [21], but only a single MT has been identified in Orchesella
cincta [15]. In the present study, two full-length MT cDNA

sequences were obtained from the O. chinensis transcriptome

database. These two MTs possessed different coding sequences,

peptides, and cysteine concentrations. In particular, the amino

acid sequence of the OcMT1 protein was similar in length to those

of the metallothioneins (MTA, MTB, MTC and MTD) in

Drosophila, which vary from 40 aa to 44 aa [25] and are much
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shorter than the MTs of most other species, which range in size

from 58 aa to 61 aa.

Importantly, both the OcMT1 and OcMT2 transcripts code for

most of the conserved cysteine residues and functional motifs (such

as C-C, C-X-C and C-X-Y-C) that are typical of metallothionein

structures. The conserved structural patterns are CCX(5)CX(4)CX-

CGASCXCTNCXC X(10) in OcMT1 and CCXXCKDTCKX(4)-

CGKQCKCPETCK at the N terminus and CCX(11)CECX(7)-

CVCX(4)CKC at the N terminus and the C terminus of OcMT2.

The non-cysteine-rich spacer region between the two termini has

been proposed to play important roles in the stabilization and

subcellular localization of MTs [26]. A total of 16 cysteine residues

were found along the entire OcMT2 sequence, and cysteine and

lysine (Lys, K) were adjacent at four positions. The Cys residues

adjacent to Lys have been suggested to play roles in the structures

and stabilities of the metal-binding sites of the protein [27]. These

important structural characteristics suggest that OcMT1 and

OcMT2 may be involved in heavy metal detoxification by

capturing the metal within the tissues and that these residues

may serve as primary chelating sites [28,29].

A previous study has reported high MT protein levels in the

nervous systems of grasshoppers (data not published). In this study,

the OcMT mRNA levels were very highly expressed in the brain

and optic lobe. This may suggest that the MTs in insects are the

most responsive to harmful environmental stresses and are

associated with neuroprotective mechanisms. There is no infor-

mation available regarding the neuronal distribution of the MTs in

insects. Studies of MT expression in the nervous system have been

focused on humans, model animals and aquatic organisms. In

mammals, three major MT isoforms are expressed widely

throughout the adult central nervous system [30,31]. MTs have

been consistently found to be upregulated in mammalian brains in

which neuroinflammation and oxidative stress are present, for

example, in cases of acute or chronic brain injury [32,33]. These

studies concluded that MTs have important functions in the

central nervous system and brain because MT-1 and MT-2

protect the central nervous system from damage induced by

chemical and physical injuries [34,35].

We found that two OcMT genes were widely expressed in the

digestive tissues (FG, GC, MG and HG). These results are

Figure 1. Nucleotide and deduced amino acid sequences of OcMT1 and OcMT2 cDNAs from Oxya chinensis. The deduced amino acid
sequence is shown below the nucleotide sequence. Blue letters indicate the start codon (ATG), and an asterisk (*) indicates the stop codon. The
putative polyadenylation signal sequence (AATAAA) is underlined. The numbers on the right refer to the amino acid residues. The cysteines (C) are
highlighted in red. The deduced amino acid sequences of OcMT1 and OcMT2 are shown, with the cysteine residues arranged as C-C, C-X-C and C-X-X-
C motifs, in which X can be any amino acid other than cysteine.
doi:10.1371/journal.pone.0112759.g001

Figure 2. Multiple sequence alignments of the deduced amino acid sequences of OcMT1 and OcMT2 with other known homologues
species using the GeneDoc software. Amino acid residues are shaded in color. Conserved and identical cysteine amino acids are highlighted in
red and blue, respectively. The species and the GenBank accession numbers are as follows: Oxya chinensis (OcMT1 KJ153014 and OcMT2 KJ153015),
Drosophila melanogaster (DmMTB: NP524413, DmMTC: NP650882, DmMTD: NP788695, and DmMTE: NP001189254) Musca domestica (MdMT2:
AEO50699), Anopheles gambiae (AgMT1: AAX86006 and AgMT2: AAX86007), Chironomus riparius (CrMT: ADZ54163), Tabanus yao (TyMT1: ABX80078
and TyMT2: AAX860079).
doi:10.1371/journal.pone.0112759.g002
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consistent with previous findings. In other insects, such as D.
melanogaster and Callinectes sapidus, MTs are expressed princi-

pally in the larval midgut [14,36]. Durliat et al (1995) and

Hensbergen et al (2000) have reported that the insect gut is the

main organ for MT expression in both D. melanogaster and

Orchesella cincta [37,38] because the gut plays key roles in food

absorption, water uptake and waste expulsion. Similarly, metals

and other exogenous chemicals can enter the body through the

digestive tract during the ingestion of food and water [39].

Surprisingly, MT expression levels were relatively lower in the gut

than in the nervous system (brain and optic lobe) in O. chinensis.
Differing patterns of MT expression may occur according to

particular insect species, stages, habitat conditions and dietary

habits. Although no studies have focused on MT expression in the

nervous system, it is possible that these proteins are highly

expressed in the nervous systems of other insects. In this study, the

MTs were widely expressed throughout the digestive system and

highly expressed in the nervous system. Thus, the digestive system

was an important region involved in heavy metal detoxification.

The expressions levels of OcMT1 and OcMT2 in the fat bodies

were higher compared with those in the other tissues with the

exception of the brain and optic lobe. These findings suggest that

OcMT1 and OcMT2 can detoxify exogenous chemicals. The

higher expression levels of OcMT2 in the ovaries suggest that this

MT may be related to the protection of O. chinensis reproduction

from metal toxicity or from oxidative stress [13]. Similar results

have been reported in several studies of crabs and rats [40,41].

Therefore, we propose that these two MTs may play important

roles in the detoxification of exogenous chemicals. Generally, MTs

appear to act as multifunctional stress proteins in higher

eukaryotes [42].

MTs are stress proteins that bind with metals and regulate the

homeostasis of essential trace metals, counteracting the toxic

effects of heavy metals such as Cd, Hg and Ag in insects [43]. The

expression patterns of the two OcMT genes were evaluated at all

developmental stages. The highest expression levels were found in

Figure 3. Tissue-specific transcript expressions of OcMT1 and
OcMT2 in adults on day 3. The b-actin gene was used as an internal
control. The tissues include the brain (BR), optic lobe (OL), muscle (MU),
foregut (FG), midgut (MG), hindgut (HG), gastric caeca (GC), Malpighian
tubule (MT), fat body (FB), testis (TE) and ovary (OV). The different
letters on the error bars indicate significant differences in the
expression of the same gene in different tissues. The data are expressed
as the means 6 SE of three biological replicates. The relative
expressions of OcMT1 and OcMT2 were calculated using 22DDCt. The
vertical bars represent the mean 6 SE. (P,0.05, Tukey’s HSD test; n = 3).
doi:10.1371/journal.pone.0112759.g003

Figure 4. Analysis of stage-dependent expressions of OcMT1
and OcMT2 in O. chinensis by RT-qPCR. The same letters on the
error bars indicate no significant differences in the expression of the
same gene in the seven developmental stages. The relative expression
of OcMT gene was calculated using 22DDCt. The vertical bars represent
the mean 6 SE. (P,0.05, Tukey’s HSD test; n = 3).
doi:10.1371/journal.pone.0112759.g004

Figure 5. Efficiency of RNAi of OcMT1 and OcMT2. Insects were
injected with OcMT1 and OcMT2 dsRNA, and the control group was
injected with dsGFP. The expression of OcMT1 and OcMT2 in the whole
body was detected by RT-qPCR after 12, 24, 48 h of treatment. The
expression levels of OcMT1 and OcMT2 mRNA for the control groups
were set as 100%. An asterisk (*) on the error bars indicates significant
differences (P,0.05, n = 3).
doi:10.1371/journal.pone.0112759.g005
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the eggs, which cannot be considered the first target of heavy

metals. These results suggest that high MT mRNA expression may

be associated with the oxidative stress response. MTs may also be

sensitive to the perturbations of the homeostasis of essential metals,

such as Cu and Zn, during embryonic development [44]. MTs

may also act in the regulation of redox buffering because redox

gradients are important during embryonic development [45]. In

aquatic organisms, the early embryo–larval stages appear to be

highly sensitive to micropollutants, particularly metals [46]. MTs

likely remove O22N and NOH simultaneously, especially consider-

ing that MTs react with hydroxyl radicals (OH) at approximately

10,000 times faster rates than superoxide dismutase (SOD) in

aquatic invertebrates [47,48]. In mammals, cells containing

increased MT levels are protected against heavy metal toxicity

and oxidant stress, whereas the decreased expressions of MTs in

cell lines or in MT-null mice has been shown to lead to heightened

sensitivities to metal balance disorders and oxidative stress [47,49].

MTs have high affinities for metals and may play special roles in

the regulation of cellular metal distribution [50]; thus, they play

key roles in the oxidative stress response and metal homeostasis.

Further research is needed to fully elucidate the associated

underlying mechanisms.

MTs are known to play physiological roles in essential metal

chelation, metal homeostasis, heavy metal detoxification [7,51],

the alleviation of several types of abiotic stresses [52,53],

developmental regulation [54], and the scavenging of reactive

oxygen species (ROSs) [55]. Studies have demonstrated that MT

concentrations increase in O. chinensis when the grasshoppers

ingest wheat leaves containing heavy metals. However, the crucial

roles of MTs in insects have not been properly elucidated due of

the difficulties of purifying the native proteins and cloning the MT

sequences [56]. In this study, we evaluated the roles of OcMTs

using RNAi and recombinant proteins in an E. coli expression

system.

RNAi is a meaningful tool in functional genetic analyses. We

used this technique to achieve a high degree of silencing of the

OcMT genes by injecting the dsRNAs into the adult hemocoels.

The grasshopper mortality increased after the silencing of OcMT1
and OcMT2. These findings suggest that both genes play

important roles in the detoxification of the three metals by

chelation, which occurs through their Cys-X-Cys and Cys-X-X-

Cys motifs. MTs have been considered to be involved primarily in

the detoxification of non-essential and excess essential metals by

most authors working in the MT field, and these functions have

been observed in species ranging from fungi to mammals [57]. For

example, Lumbricus rubellus, Jatropha curcas, and Perinereis
nuntia all express distinct MT isoforms that have analogous

Figure 6. Mortalities of O. chinensis injected with different heavy metals after OcMT1 and OcMT2 gene silencing by RNAi. A: OcMT1
RNAi; B: OcMT2 RNAi. Insects were injected with OcMT1 and OcMT2 dsRNA, and the control groups were injected with the same amount of dsGFP.
After 24 h, at least 100 insects were randomly selected, and 4 mL of a concentration gradient of CdCl2 (0.87, 1.74, 2.61, 3.48, 4.35 mM), CuCl2 (8.79,
11.73, 14.67, 17.61, 20.55 mM) and ZnSO4 (15.65, 19.13, 22.61, 26.09, 29.57 mM) solution were injected. The control groups were injected with
distilled water. Mortalities were recorded at 48 h after the injections of the metal solutions. An asterisk (*) on the error bars indicates significant
differences (P,0.05, Tukey’s HSD test; n = 3).
doi:10.1371/journal.pone.0112759.g006

Figure 7. SDS-PAGE analysis of His and two His-OcMT fusion
proteins expressed in E. coli BL21 (DE3) cells. Protein samples
were separated by 15% SDS-PAGE and stained with Coomassie brilliant
blue. Lane 1, medium range molecular weight marker; Lane 2, E. coli
BL21 with pET-28a-OcMT2 cell lysate induced with IPTG; Lane 3, E. coli
BL21 with pET-28a-OcMT2 without IPTG; Lane 4, E. coli BL21 with pET-
28a; Lane 5, E. coli BL21 with pET-28a-OcMT1 cell lysate induced with
IPTG; Lane 6, E. coli BL21 with pET-28a-OcMT1 without IPTG induction.
doi:10.1371/journal.pone.0112759.g007
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structure-function relationships for metal binding [58–60]. Fur-

thermore, MTs can act as scavengers of the free radicals produced

by heavy metal stresses [61,62] and have been reported to be

capable of scavenging free oxygen radicals in transgenic mice and

in plants [63,64].

The expression patterns of the recombinant OcMTs in this

study suggested that the cells transformed with the recombinant

plasmids had higher Cd tolerances, which may have been due to

the chelation of Cd and/or the scavenging of the free radicals

produced by Cd by the OcMTs. An increased tolerance to Cd, Zn

and Cu has been confirmed in transgenic yeast expressing ThMT3

from Tamarix hispida [65]. Enhanced tolerance to the heavy

metal cadmium in a recombinant strain expressing an MT has also

been demonstrated in Musca domestica [66]. A similar study has

been performed with the biofuel plant Jatropha curcas [59].

In summary, we have described two MT genes of O. chinensis
and analyzed their molecular characteristics and expression

patterns. The functions of these two MT genes were investigated

using RNAi, and changes in the Cd tolerances of the grasshoppers

overexpressing these two MT proteins were analyzed using a

recombinant MT expression system. Our results provide novel

insights into the tissue localizations of MTs in grasshoppers, which

were predominantly expressed in the brain and optic lobe and at

the egg stage. Further studies of the regulatory roles of OcMTs in

the nervous system (brain and optic lobes) are currently underway.

However, additional studies are needed to better understand these

results. The roles of OcMTs in cellular metal detoxification will be

investigated in our next study.
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