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Abstract

Sonneratia alba (S. alba) is a mangrove species grown in brackish water of tropical and subtropical 
regions. Due to its unique environment, it has evolved various mechanisms for modulating salt and 
metal levels. In order to find the genes connected with bioaccumulation of metals, the root transcriptome 
annotation of Sonneratia alba was analyzed and a new metallothionein (MT) gene was cloned. Sequence 
analysis found that the new MT gene belongs to type 3 MT, which is mostly expressed in roots.  
A simple and efficient method was used to express the type 3 MT of S. alba (SaMT3) by transforming 
the recombinant expression vector pET15b-SaMT3 into Escherichia coli (E. coli) Rosetta-gami and 
induction with the optimal conditions of 500 μM Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 
24ºC for 12 h. OD600 of E. coli cells expressing His fused SaMT3 protein after treated with 500 μM Cu2+ 
or 500 μM Pb2+ for 12 h can reach 1.01 or 0.98, while OD600 of control cells expressing His-tag can reach 
only 0.81 or 0.75. Both control cells and the cells expressing SaMT3 accumulated metals. Cells expressing 
SaMT3, however, accumulated more Pb2+ and Cu2+ (more than two times) than control cells. In vivo, 
real-time PCR showed that the SaMT3 transcript was induced significantly when stimulated with 250 μM, 
500 μM, or 1,000 μM Cu2+ or Pb2+ for 24 h and 48 h. Taken together, the expression of SaMT3 can increase 
Cu2+ and Pb2+ resistance and binding capacity of E. coli.
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Introduction

Heavy metals are among the worst environmental 
pollutants in the world due to their highly toxic 
persistence, bioaccumulation, and high cost of 
governance [1]. Of all the metals, the 2 most prevalent 
pollutantsare Cu2+ and Pb2+ due to extensive use in 
industrial production [2]. Pb is a non-essential element 
and the content of Pb2+ in plants is used for assessing 
metal toxicity [3]. Cu is an essential trace element, but 
higher doses of it can cause metabolic disturbance and 
malformation. Currently, the greatest source of Cu2+ is 
industrial production [4-5].

The traditional method of removal of metals is by 
washing polluted water and soil with organic reagents 
[6]. However, using organic reagents has proven to 
be ineffective against Cu2+ and Pb2+. Furthermore, 
almost all of the washing reagents that successfully 
remove metals species from water and soil, also 
unfortunately disturb the balance of remaining metal 
ions [7]. Phytoremediation is defined as the use of 
plants to extract and sequester pollutants through 
physical, chemical, and biological processes and it 
has been reported to be cost-effective [8]. Plants able 
to tolerate and accumulate high concentrations of 
metals and with rapid growth rate and high biomass 
are considered to be ideal for phytoremediation [9]. 
Generally, plants protect themselves by expressing 
metal-chelating peptides under metal stress. MT was 
one of the most important metal-chelating peptides [4, 
10]. According to Cys (C) residue arrangements, MTs 
were divided into four classes. Types 1-3 of MTs all 
contain 2 C-rich regions. Type 1 MTs have exclusive 
C-X-C clusters in their N- and C-terminal regions while 
type 2 has a CC motif, 5 C-X-C motifs, and a C-X-X-C 
motif. A CC, a C-XX-C, and 2 C-X-C motifs existed 
in N-terminal (CCXXXCXCXXXCXCXXXCXXC), 
and 3 C-X-C motifs are located in C-terminal 
(CXCXXXCXCXXCXCX).X stands for the amino acids 
except C. Type 3 MTs contain a conserved sequence in 
the N-terminal domain (CGNCDC) and 6 C residues 
arranged in exclusive C-X-C clusters in the C-terminal. 
Type 3 MTs are highly conserved in four types of 
MTs and are mostly expressed in roots, which was the 
main tissue for plants to touch metal ions in soil [11]. 
[12] reported that the Cu2+ and Cd2+ resistance of yeast 
expressing MT3 or MT2b1 of barley was higher than 
yeast expressing other MTs of barley. MT3 could have 
a physiological function as a Zn2+/Cu2+/Cd2+ homeostasis 
protein responding to cytosolic changes in metal 
concentrations [12]. Type 4 MTs are early cysteine-
labelled protein (Ec-1), which contained 3 Cys-rich 
regions, separated in sequence by short linker. The 
smaller N-terminal domain is formed by the N-terminal 
Cys-rich region and hosts a Zn2Cys6 cluster [13].

Sonneratia alba (S. alba), a member of the mangrove 
family, is commonly grown in brackish water in tropical 
and subtropical regions. Among all mangrove plants, 
only S. alba can grow on the seaward side due to its high 

tolerance to  salt  stress [14]. Although S. alba plays a 
critical role in metal binding, few studies have focused 
on its associated genes. As a gene correlating with 
adjusting metal homeostasis, MTs from roots of S. alba 
are more likely to have potential for bioaccumulation. 

In this study, an MT gene from S. alba root was 
discovered and cloned through root transcriptome 
annotation. Sequence analysis showed that the new  
gene belonged to the type 3 MT family. Subsequently, 
the Cu2+ and Pb2+ bioaccumulation capacity and 
tolerance of E. coli expressing SaMT3 were investigated. 
In addition, real-time PCR was performed to analyze 
the variation of SaMT3 transcripts in leaf, stem, and 
root tissues after treatment with Cu2+ or Pb2+. This work 
contributes to a better understanding of plant MTs and 
it provides a foundation for further functional analysis 
of proteins with bioaccumulation potential on the 
environment. 

Experimental

RNA Isolation and cDNA Synthesis 

A traditional method was used to cultivate plant and 
extract total RNA [15]. cDNA synthesis was performed 
using a Prime Script II 1st Strand cDNA Synthesis Kit 
(Takara, Japan). 

Analysis of Rare Codons and Encoded Amino 
Acid Sequences of SaMT3

The homologs of SaMT3 from other species were 
searched by the BLASTP program (ncbi.nlm.nih.
gov). The Clustal X program was used to compare MT 
sequences from S. alba and other species. Clustal X 
and the MEGA 5.05 program were used to construct a 
phylogenetic tree.

Cloning the ORF of SaMT3 into 
Expression Vector 

The coding region of SaMT3 was amplified 
by PCR using the cDNA of S. alba as a template. 
The primers were designed based on the 
transcriptome annotation of S. alba. The sequences 
of the primers are as follows: forward primer 
(FP) 5‘ATGTCGGACAAGTGCGGGAACTGC3’ 
and reverse primer (RP) 
5’TCAGTGGCCACAGGTGCAGGCTGT3’. The PCR 
products were ligated into the modified expression 
vector pET15b (Sma I) and then sequenced directly by 
the Invitrogen Company. 

Expression and Western Blot Analysis 
of SaMT3

The pET15b-SaMT3 expression plasmid was 
transformed into E. coli Rosetta-g765 cells. The protein 
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expression was then induced with the optimal conditions 
of 500 μM IPTG at 24ºC for 12 h. Then mouse anti-His 
IgG antibody (Santa Cruz, USA) was used to analyze the 
expression of SaMT3. 

Tolerance of E. coli Expressing SaMT3 to Cu2+ 
and Pb2+

A reported method was used to analyze the  
tolerance of E. coli expressing SaMT3 to Cu2+ and 
Pb2+ [5]. E. coli cells (harboring pET15b-SaMT3) were 
grown at 37ºC until they were grown to mid-logarithmic 
phase (OD600 = 0.6). Then IPTG was added at a final 
concentration of 500 μM. After 0.5 h, Pb2+ or Cu2+

were simultaneously added at a final concentration of 
500 μM. E. coli cells (harboring pET15b) were treated 
identically as control. OD600 measurements were 
conducted to analyze the effects of Cu2+ and Pb2+ on 
bacterial growth at 1 h intervals for 12 h.  

Bioaccumulation Capacity of E. coli 
Expressing SaMT3 

A reported method was used to analyze the 
bioaccumulation capacity of E. coli expressing SaMT3 
[16]. After induction with 500 μM IPTG for 12 h, 
E. coli were centrifuged at 5,000 g for 10 min. 
The supernatant was discarded. 0.1 g E. coli (wet 
weight) were suspended into 100 mL of LB medium 
with metal (Cu2+ or Pb2+) at a final concentration of 
250 μM, 500 μM, or 1,000 μM. The bioaccumulation 
conditions (25°C, pH 5.0, 75 rpm) were identical with 
the reported method. After 24 h, samples were taken 
from the solutions, and the metal concentration in  
the supernatants (Ce) was measured by inductively 
coupled plasma mass spectrometry (ICP-MS) (Elan 
DRC-e Perkin Elmer, USA). All experiments were 
repeated 3 times. The metal accumulation capacity  
(q, mg/g cell) was calculated according to q = (C0 – Ce) 
/ X, where C0 denotes the initial metal concentration 
(mg/L) and X denotes the initial E. coli cell 
concentration (g/L).

Real-Time PCR 

Relative transcript levels of SaMT3 in various 
tissues (roots, stems, and leaves) after acute exposure 
to Cu2+or Pb2+ were determined by real-time PCR. 
Specific primers for SaMT3 genes and the reference gene 
GAPDH were designed based on the related sequence in 
transcriptome of S. alba. Real-time PCR was performed 
as previously described and the relative gene expression 
levels were calculated with the 2−ΔΔCt method using 
GAPDH for normalization [17].

Cu2+ and Pb2+ Bioaccumulation in S. alba 

For the experiment on metal treatment, one-month-
old plants were transferred to Hoagland’s nutrient 
solution and allowed to acclimatize. 6-week-old plants 
were submerged in aqueous solutions of Cu2+ and Cd2+ 
at different concentrations (250, 500, 1,000 μM) for 
48 h. Control plants were submerged in Hoagland’s 
nutrient without metal [4]. Cu2+ and Pb2+ contents were 
measured in roots, stems, and leaves of both control and 
metal-treated plants. Tissues of both control and Cu2+ 
and Pb2+-treated plants were dried at 80ºC for 2 days, 
weighed, and placed in separate beakers. Samples were 
then mineralized in a microwave digestion instrument 
(Cen, USA), using specialized teflon vessels previously 
soaked in a solution of H2O and HNO3 (v:v). After 
mineralization, the digestion solution was adjusted to a 
final volume of 5 mL 65% HNO3 and 1 mL 30% H2O2. 
Cu2+ and Pb2+ content was determined by ICPMS after 
calibration for each metal using certified reference 
materials ICP-Multi Element Standard Solution XVI 
standard (Cu2+ 100±5 mg/L; Pb2+ 100±5 mg/L) and 
results reported as mg kg−1 dry weight [18].

Statistical Analysis 

Data were expressed as mean ± standard deviation. 
The data were analyzed using Student’s t-test, only 
if p<0.05, p<0.01, and p<0.001 were the differences 
considered to be statistically significant. SPSS for 

Sample Weight of element (mg /kg dry weight) Level of significance

Metal stress 0 μM 500 μM 1,000 μM 0*500 0*1,000 500*1,000

Cu2+ root 2.96±0.71 14.51±1.3 21.82±1.6 *** *** **

Cu2+ stem 1.91±0.13 3.93±0.72 4.25±0.40 *** *** ns

Cu2+ leaf 2.28±0.25 4.07±0.15 9.84±0.22 ** ** ns

Pb2+ root 1.64±0.52 15.08±1.20 30.03±1.01 *** *** ***

Pb2+ stem 1.83±0.15 9.50±0.82 16.03±0.99 *** *** **

Pb2+ leaf 2.62±0.16 12.13±0.58 24.03±1.28 *** *** ***

Data were expressed as mean ± standard deviation; ns denotes no significant difference; ** p<0.01; *** p<0.001

Table 1. Bioaccumulation of Cu2+ and Pb2+ in root, stem, and leaf of S. alba.
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Windows software (version 13.0; SPSS Inc, Chicago, IL, 
USA) was used to analysis the data.

Results

Molecular Cloning and Sequence Analysis 
of SaMT3 

Through analysis of the root transcriptome 
annotation of S. alba, the only new MT gene that belongs 
to the type 3 MT family was cloned in this study. The 
cDNA sequence of SaMT3 was submitted to GenBank 
(Accession No. KX453296). It contained a 201-bp open 
reading frame that encoded an 8.6 kDa polypeptide 
of 66 amino acid residues with a predicted pI of 5.08 
(Supplement Fig. 1a). The nucleotide sequence of 
SaMT3 showed a high sequence similarity with type 3 
MT from other plants found in NCBI (National Center 
for Biotechnology Information). CpMT3 from Carica 
papaya was determined to have the highest sequence 
similarity (86%) with SaMT3 (Supplement Table 1). 
Sequence analysis showed that all selected type 3 MTs 
contained a conserved sequence (Cys-Gly-Asn-Cys-
Asp-Cys) in its N-terminal domain and 6 Cys residues 

arranged in exclusive C-X-C clusters in the C-terminal 
(supplement Fig. 1b). We found that the topology was 
largely consistent with their subtype classification 
(Supplement Fig. 1c).

Expression and Western Blot Analysis 
of SaMT3

The conditions for expressing soluble form of SaMT3 
were optimized and the best conditions were induction 
with 500 μM IPTG at 24ºC for 12 h. The protein was 
almost in soluble form with a molecular weight of 
approximately 21 kDa. Western blotting indicated that 
the SaMT3 protein fused with His-tag showed a strong 
reaction against His-tag antibody, and the specific 
reaction bands were located at approximately 21 kDa 
(Fig. 2b). This result provided further evidence that the 
recombinant SaMT3 protein was correctly fused to the 
His-tag of the vector (pET15b).

Tolerance of E. coli Expressing SaMT3 to Pb2+ 
and Cu2+

Dontrol E. coli (harboring pET15b) and E. coli 
(harboring pET15b- SaMT3) were used to analyze their 

Fig. 1. a) SDS-PAGE analysis of expression of SaMT3 protein in E. coli Rosetta-gami. Lane M, protein marker; lane 1, the lysate of 
uninduced E. coli (harboring pET15b-SaMT3) grown at 37ºC for 12 h; lane 2, the lysate of E. coli (harboring pET15b-SaMT3) induced 
with IPTG at 24ºC for 12 h; lane 3, the lysate of uninduced E. coli (harboring pET15b-SaMT3) grown in the same condition as lane 2; 
lanes 4-6, the purified SaMT3 by Ni–NTA affinity chromatography purification. b) Western blot detection of fusion protein with anti-His 
mAb. Lane 1, purified SaMT3 by Ni–NTA affinity chromatography purification; lane 2, uninduced E. coli lysate. 

Fig. 2. Growth kinetics of E. coli cells harboring different plasmids in LB a) and LB containing 500 μM Pb2+ b) and 500 μM Cu2+ c). IPTG 
was added at a final concentration of 500 μM when OD600 reached 0.6. After induction with IPTG for 0.5 h, Pb2+ or Cu2+ was added. The 
bacterial cells harboring pET15b and pET15b-SaMT3 were indicated as pET15b control and pET15b-SaMT3, respectively.  
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tolerance to Pb2+ and Cu2+. With no metal ion addition, 
all cells grew well (Fig. 2a), which showed that the 
expression of SaMT3 had no effect on the growth of  
E. coli cells. The control cells almost stopped growth 
after treatment with 500 μM Pb2+ for 4 h when OD600 
reached 0.74, whereas cells expressing SaMT3 stopped 
growth after treatment with 500 μM Pb2+ for 8 h when 
OD600 reached 0.98 (Fig. 2b). The control cells almost 
stopped growth after treatment with 500 μM Cu2+ for 
6 h when OD600 reached 0.81, whereas cells expressing 
SaMT3 stopped growth after treatment with 500 μM 
Cu2+ for 8 h when OD600 reached 1.01 (Fig. 2c). The 
results are consistent with the research of Li et al.  
[19-20]. With no metal ions addition, all cells grew  
well, and the cells almost stopped growth for 6 h 
when OD600 reached 1.5, and the control cells almost 
stopped growth after treatment with 500 μM Cu2+ for 
7 h when OD600 reached 1.1, whereas cells expressing 
JcMT2 stopped growth after treatment with 500 μM Pb2+ 
for 12 h when OD600 reached 1.5.

Bioaccumulation Capacity of E. coli 
Expressing SaMT3 

To measure the bioaccumulation capacity of E. coli 
cells to Pb2+ and Cu2+, cells were grown for 24 h in the 

medium with Pb2+ or Cu2+ at different concentrations 
(250, 500, 1,000 μM). The bioaccumulation capacity 
was shown in Fig. 3. All cells can accumulate Pb2+ or 
Cu2+. E. coli (harboring pET15b-SaMT3), however, 
accumulated markedly more Pb2+ and Cu2+ than that 
of the control cells. The metal accumulation capacity 
(q, mg/g cell) of induced E. coli (harboring pET15b-
SaMT3) is 83.2 mg Pb2+/g cell or 33.4 mg Cu2+ +/g cell in 
the medium with 1,000 μM Pb2+ or Cu2+, while the metal 
accumulation capacity (q, mg/g cell) of induced E. coli 
(harboring pET15) showed 70.9% and 62.7% declines in 
accumulations of Pb2+and Cu2+, respectively. The metal 
accumulation capacity (q, mg/g cell) of induced E. coli 
(harboring pET15b-SaMT3) is 74.4 mg Pb2+/g cell or 
31.1 mg Cu2+ +/g cell in the medium, with 500 μM Pb2+ 
or Cu2+, while the metal accumulation capacity (q, 
mg/g cell) of induced E. coli (harboring pET15) showed 
67.2% and 56.3% declines in accumulation of Pb2+and 
Cu2+, respectively. The metal accumulation capacity of 
E. coli expressing SaMT3 was gradually increased with 
the increasing of Pb2+or Cu2+ concentration. The E. coli 
expressing SaMT3 can bind more Pb2+ than Cu2+. This 
result agreed with the metal-binding preference of MTs 
(Cd2+ >Pb2+>Cu2+ > Zn2+) [21].

Real-Time PCR  

The relative expression of SaMT3 in S. able was 
assessed by real-time PCR, normalized with GAPDH 
expression in leaf (Fig. 4c), stem (Fig. 4b), and root 
tissues (Fig. 4a). Real-time PCR standard curve of 
SaMT3 and GAPDH were used to show amplification 
efficiency. The amplification efficiencies of SaMT3 
and GAPDH were 96.4% and 95.9% (data not shown). 
SaMT3 was expressed in all tissues (leaf, root, and 
stem), but it was expressed the most abundantly in roots. 
When S. alba was treated with 500 μM Pb2+ for 24 h 
and 48 h, the expression levels in roots were increased 
to nearly 25- and 17-fold, the expression levels in stems 
were increased to nearly 1.6- and 1.4-fold, and the 
expression levels in leaves were increased to almost 19- 
and 13-fold. When treated with 500 μM Cu2+ for 24 h 
and 48 h, the expression levels in roots were increased to 
almost 12- and 6-fold, respectively, the expression levels 
in stems were increased to nearly 1.9- and 1.7-fold, and 
the expression levels in leaves were increased to nearly 
9- and 7-fold, respectively. When S. alba was treated 
with 1,000 μM Pb2+ for 24 h and 48 h, the expression 
levels in roots were increased by about 15- and 12-fold, 
the expression levels in stems were increased nearly 1.2- 
and 1.5-fold, and the expression levels in leaves were 
increased by nearly 11- and 9-fold. When treated with 
100 μM Cu2+ for 24 h and 48 h, the expression levels in 
roots were increased to about 8- and 7-fold, respectively, 
the expression levels in stems were increased to nearly 
1.9- and 1.4-fold, and the expression levels in leaves 
were increased to nearly 7- and 6-fold, respectively. 

Fig. 3. Bioaccumulation capacity of E. coli cells harboring 
different plasmids: a) metal bioaccumulation of E. coli cells 
treated with 250 μM, 500 μM, and 1,000 μM Cu2+; and b) 
bioaccumulation of E. coli cells treated with 250 μM, 500 μM, 
and 1,000 μΜ Pb2+; the bacterial cells harboring pET15b and 
pET15b-SaMT3 were indicated as pET15b control and pET15b-
SaMT3, respectively
*significance of difference as p<0.05, **very significant 
differences (p<0.01) compared with pET15b control group 
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Cu2+ and Pb2+ Bioaccumulation of S. alba

The Cu2+ and Pb2+ contents in treated plants were 
directly proportional to Cu2+ and Pb2+ concentrations 
applied for each treatment. The binding ability of S. alba 
is 21.8 mg, 4.3 mg, and 3.8 mg Cu2+ per kg of its roots, 
stems, and leaves when treated with 1,000 μM of Cu2+ 
for 48 h (Table 1), compared with 30.0 mg, 16.0 mg, and 
24.0 mg Pb2+ per kilogram of its roots, stems, and leaves 
when treated with 1,000 μM of Pb2+ for 24 h (Table 1). 
The bioaccumulation of Cu2+ is apparent in the root 
tissues while Pb2+ was detected in all three tissues (leaf, 
root, and stem). 

Discussion

Phytoremediation is considered to be a promising 
biological technology for management and possibly 
even reversal of some metal pollutants. Malik is the 
first researcher to use S. alba for bioaccumulation and 
predict its function of chelation of metal ions in soil 
and wastewater [22-23]. Annie et al. studied the Pb-
accumulating capacity of three common mangrove 
plants and found that the Pb2+-accumulating ability 
of S. alba was the strongest (98.5 mg kg−1) in root, 
followed by Avicennia marina (63.0 mg kg-1) in leaf and 
Rhizophora stylosa (20.5 mg kg -1) in leaf [24].

Plants have developed a mechanism to protect them 
from metal toxicity. The mechanism mainly consists 
of chelating polypeptides that immobilize metal ions 
inside the cell. Two kinds of plant metal-chelating 
peptides have been reported: enzymatically synthesized 
phytochelatins (PCs), and gene-encoded MTs [25-26]. 
PCs are a kind of molecule with multiple repetitions 
of the Glu-Cys dipeptide units followed by a terminal 
Gly. However, PCs can only improve plant tolerance to 
Cd2+, Cu2+, and Zn2+ [27], and the best inducer of PCs is 
cadmium [28]. It was reported that arabidopsis mutants 
lacking PC synthase had a definite cadmium-sensitive 
phenotype, but copper tolerance was not affected [29]. 
In this study, a novel MT3 gene was first cloned and 
analyzed, and sequence alignment showed that SaMT3 
contained sequence signature of type 3 MT gene. 
Subsequently, the function of the novel MT3 gene on 
metal tolerance and accumulation was investigated.

Because MT protein is easy to digest and its 
molecular weight is low, it’s still difficult to separate 
native MT from the organism directly [29]. Owing to 
its complexity in obtaining MT protein, a His-fused 
MT protein was developed in this study by cloning 
SaMT3 gene into heterologous expression vector 
pET15b, and the recombinant protein was expressed in 
E. coli. The molecular  weight of the His-fused SaMT3 
expressed by E. coli is about 21 kDa (Fig. 1a), despite 
the calculated mass of 9.65 kDa (the molecular weight 
of SaMT3 protein is 7.05 kDa, and the molecular weight 
of His-tag is 2.60 kDa). The first reason for molecular 
weight deviation is that the compact structure of the 
protein containing multiple disulfide bridges (which 
precluded sufficient binding of SDS) leads to a lower 
negative charge and consequently to a higher apparent 
molecular mass in the gel. Although mercaptoethanol 
was added as a reducing agent to break the disulfide 
bridges, it is hard to ensure that all the disulfide 
bridges in SaMT3 were broken. The second reason for 
molecular weight deviation is that the metal thiolate 
clusters preserve the compact structure of the protein 
and restrict SDS loading to the surface of the protein 
[30-31]. Although the induced E. coli samples were not 
treated with the metals, the metals might come from 
the LB medium and other solution used in the process 
of ultrasonic  decomposition and purification. The 
phenomenon of molecular weight deviation frequently 

Fig. 4. Real-time PCR analysis of SaMT3 gene under Cu2+ and 
Pb2+ stress: a) root, b) stem, and c) leaf. Total RNA was isolated 
from control and treated plants and then converted to cDNA; 
after that, cDNA was subjected to real-time PCR
** p<0.01 and *** p<0.001 mean significant differences; 
vertical bars represent the mean ± SD. 
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appears in SDS-PAGE analysis of MTs [20, 32]. For 
example, SDS-PAGE results showed that the expression 
of OeMT2 in E. coli resulted in a 22 kDa fusion protein 
(with His-Tag) despite the expected (calculated) mass of 
8.4 kDa [20].

To assess the tolerance of the E. coli cell expressing 
His or His-fused SaMT3 protein under metal ions stress, 
we called upon a frequently used method [33]. The E. 
coli cells were grown in the presence of Cu2+ and Pb2+ 
at a concentration of 500 μM. The results indicated an 
increase in tolerance and metal resistance of the His-
fused SaMT3 compared to that of His alone (Fig. 2). 
The data showed that SaMT3 performed a significant 
function in maintaining the metal balance and cell 
viability of the expression host E. coli. This could 
probably be due to the fact that SaMT3 expressed by 
E. coli could chelate metals. Similarly, exogenous 
expression KcMT2a from Kandelia candel also 
improved the metal tolerance ability of E. coli cells and 
metal-binding activities [33]. In order to better compare 
the bioaccumulation capacity of His and His fused 
SaMT3 protein, reported concentrations (250 μM, 500 
μM, and 1,000 μM) and different time points were used 
(24 h, 48 h) [16]. These concentrations were frequently 
used in analyzing the metal-binding capacities of MTs 
[20]. The control E. coli (without expressing SaMT3) 
can also bind metal. This is likely due to the E. coli cell 
wall possessing a wide array of metal-binding peptides, 
like the newfound metal-efflux accessory protein RcnB 
[34-36]. In addition, the expressed His tag by control 
group of E. coli cells can also bind metals. However, 
E. coli cells expressing His-fused SaMT3 protein 
can bind twice as much Cu2+ or Pb2+ than cells only 
expressing His in the medium with 1,000 μM Cu2+ or 
1,000 μM Pb2+, which indicated that SaMT3 performed 
a function in binding Cu2+ and Pb2+ (Fig. 3). Ekrem 
Dundar studied the metal-binding ability of His-tag 
fused OeMT2, and they found that both control cells 
and the OeMT2 expressing cells accumulated metals. 
OeMT2 expressing cells, however, accumulated more 
Cd2+ and Cu2+ (more than two times) than control cells in 

the presence of 1,000 μM metals after 24 h [34-35]. The 
expression level of SaMT3 was higher when S. alba was 
treated with Cu2+ and Pb2+ for 24 h than 48 h. The results 
are consistent with those previously reported regarding 
the expression level of JcMT2 when treated with 500 or 
1,000 μM Cu2+, which showed that the expression levels 
were increased nearly 20-fold and 18-fold when Jatropha 
curcas were treated with 500 μM Cu2+ for 24 h and 48 h 
[4].

To study the uptake and distribution of metals 
in the plants of metal-treated S. alba, ICPMS were 
performed. Cu2+ mainly accumulated in roots, but 
there were no significant changes of its accumulation 
in the stem and leaf tissues in metal-treated S. alba. 
Pb2+ bioaccumulation was increased in all 3 tissues 
of metal-treated S. alba compared to control plant 
tissue (Table 1). Similar phenomena on binding Cu2+ 
mostly in root also appeared in Jatropha curcas [4]. 
The Pb2+ binding capacity of S. alba is stronger than 
Cu2+ binding capacity. These results fit the reports on 
distribution of Pb2+ in plant tissues (root, stem, and leaf) 
after treatment with metals [22]. The first reason for the 
different bioaccumulation between Cu2+ and Pb2+ in root, 
stem, and leaf tissues is that the transportation speed 
and transportation capability of these two metal ions is 
different [37]. The second reason for this difference is 
that metals used to treat S. alba may be caused by the 
different expression levels of proteins such as SaMT3, 
other MTs, and PCs [4].
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