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Abstract
Lead (Pb) has become one of the most abundant heavy metal pollutants of the environment. Understanding
the genetic basis for the underlying mechanism of tolerance for lead responses in maize (Zea mays L) may provide
important insights for protecting the environment. Quantitative trait loci (QTL) for Pb accumulation in maize were
identified using 207 IBM10 DH at maturity stage. The IBM10 DH and parents were planted in pots which were
filled up with soil which was stressed with a Pb(NO3)2 solution (500 mg kg-1). Pb concentrations in roots, stems,
leaves, and kernels were measured. There was a wide distribution of Pb concentration among the mentioned four
tissues and all the DH lines (P < 0.01). Pb concentration of kernels displayed significant positive relationships with
stems and leaves ( P < 0.01). The present study has demonstrated that the trend of Pb concentration in different
tissues of maize were roots > leaves > stems > kernels. The Pb concentration of kernels was higher significantly
correlated with stems. A total of 20 QTLs at logarithm of odds (LOD) ratio ≥3 were detected for Pb concentration
in different tissues, including roots, stems, leaves, and kernels. Furthermore, RNA-seq data and qRT-PCR analysis
led to the identification of two Pb-responsive genes from those QTLs, GRMZM2G137161 and GRMZM2G132995,
which were located on chromosome 2 and 6 respectively. The two genes were dramatically up-regulated during
Pb stress.
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Introduction
Soil contamination with toxic heavy metals has
gained considerable attention in the recent era. Moreover, it seems that this situation will not be mitigated
in the near future, especially in developing countries
(Valko et al, 2005; Wang and Björn, 2014). Among different kinds of potential toxic metals, Lead (Pb, II) is
one of the most common and important pollutants in
environment (Tangahu et al, 2011; Watanabe, 1997).
Pb is a typical non-essential element to the human
body, and excessive intake of the heavy metal can
damage the nervous, skeletal, enzymatic, endocrine,
and immune systems (Needleman, 2004; Patra et al,
2004). A review of heavy metal contamination in urban
soils of China showed that the concentration range of
Pb was from 28.6 to 470.19 mg kg-1 (Wei and Yang,
2010). It is generally agreed that soil Pb concentration over 100 mg kg-1 are considered to be excessive
(Kabata-Pendias, 2004). The toxic symptoms of Pb
in plant are not very specific. Many researches basically involved retardation of plant growth. The inhibitory effects may be due to interference with enzymes
essential for normal metabolism and development,
photosynthetic processes, water and mineral nutrients absorption, changes in cell ultrastructure and
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so on (Assche and Clijsters, 1990; Fodor et al, 1996;
Stefanov et al, 1995). For its toxic to plant, animal,
and human being, Pb has recently received much attention as a major chemical pollutant of environment.
The absorption and transport of Pb by crops are of
great concern, especially its accumulation in the edible part. Eventually, Pb poses a serious threat to the
health of animals and human beings through entering
into the food chain (Li et al, 2014).
In many countries where most maize products
are not directly used as human food, they are mostly
used as feedstuff for livestock and poultry. Maize
may represent the first product in the biological
chain. Its quality is important because of the potential
for greater translocation and accumulation for heavy
metal, especially exposed to Pb (Ali et al, 2013; Liu et
al, 2003). So it is very important to understand the differences among maize cultivars and genotypes in Pb
uptake and translocation. In maize, different varieties
exhibit a wide range of Pb accumulation, especially
different tissues (Bi et al, 2009; Brennan and Shelley,
1999). In the present study, line B73 was observed to
be more tolerant to heavy metal stress than line Mo17
(Baxter et al, 2013; Lunģaho et al, 2011; Zdunić et
al, 2014). However, comparing to other heavy metals
and metalloids (Dong et al, 2011; Fu et al, 2014), there
received 2/19/2016
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are fewer researches on the accumulation and distribution of Pb in maize. Meanwhile, the genetic basis
for Pb accumulation and distribution remains unclear.
The goal of this study was to reveal the mechanism of Pb accumulation and distribution in different
maize tissues, to detect QTL associated with Pb tolerance, finally, to identify candidate genes in the QTL
intervals based on transcriptional study by RNA-seq.

Materials and Methods
Plant materials and growth conditions
An IBMSyn10 DH population including 207 inbred
lines was used in the study. IBMSyn10DH (abbrev,
IBM10DH) is a B73 × Mo17 doubled haploid (DH)
population obtained after 10 generations of intermating (Hussain et al, 2007).
In 2013, a pot experiment was carried out in a
greenhouse at Duoying Farm of Sichuan Agricultural
University. Soil samples were taken from Ya’an city,
Si Chuan province of China. The Pb concentration in
soil was 18.45 mg kg-1, which was under the average background concentration of soil heavy metals
(GB15618-1995). Soil was put into some plastic pots
and each pot with 15 kg soil, with a diameter of 22
cm and a depth of 28 cm. The seeds of maize were
sowed in the pot and fully saturated. Two plants per
pot were kept at 3-leaf stage. At this time point, the
soil was stressed with a Pb(NO3)2 solution (500 mg
kg-1). Each genotype was 3 replicates. The whole experiment was under conventional management (water and fertilizer).
Analysis of Pb concentration
At maturity stage, 6 plants, including roots, were
harvested. Oven-dried plant tissues (roots, leaves,
stems and kernels) were digested with HNO3-HClO4
(ratio 4:1) and heated by electric hot plate. The concentration of Pb in roots, leaves, stems and kernels
was measured twice by an atomic fluorescence
spectrometry (SHIMADZUAA-6600, Japan).
Data analysis and QTL mapping
The linkage map of the IBM10DH which has been
previously established was used in QTL analysis
(Jansen et al, 2015; Liu et al, 2015). The genetic linkage map was reconstructed using the R statistical
software package onemap (Margarido et al, 2007).
The linkage map included 6268 bin markers which
spanned a map distance of 4,554.31 cM, with an average bin marker distance of 0.73 cM.
For QTL detection, the composite interval map-

ping (CIM; Zmap model 6) of QTL Cartographer version 1.17 (Basten et al, 2005) was used to detect
QTLs for the Pb concentration in four measured tissues of maize. Logarithm of odds (LOD) scores were
calculated at 1.0 cM intervals. Only QTLs with LOD
score ≥ 3.0 were reported here.
Bioinformatic filtering for candidate genes
The QTLs which can explain over 10% for the
phenotypic variation and co-localized on same genomic regions were used to search candidate genes.
All genes of the QTL confidence intervals were downloaded from MaizeGDB (http://www.maizegdb.org).
The Singular Enrichment Analysis (SEA) of agriGO
was used to GO analysis (Du et al, 2010).
Based on our previous RNA-sequence data using
a non-hyperaccumulator genotype (line 9782) at four
developmental stages (0, 12 h, 24 h, and 48 h) under
the Pb ( Pb(NO3)2, 1 mol l-1) stress (Gao et al, 2015),
genes expressed in specific phase were determine.
Eventually, candidate genes were identified by quantitative real-time PCR (qRT-PCR). Primer5 software
was used to design the corresponding primers, which
were listed in attachment (Supplementary Table 1).
RNA isolation and confirmation of candidate genes
by performing qRT-PCR
Total RNA was extracted from roots of two replications of the parental inbreds B73 and Mo17 that
were collected for 12 h, 24 h, 48 h, and 72 h, treated
with 1,000 mg l-1 of Pb(NO3)2 solution using TRIzol
reagent (Invitrogen, USA). Afterwards, qRT-PCR was
implemented using the SYBR premix Ex Taq kit (TaKaRa, Japan) on an ABI 7500 Real-Time System, as
follows: 94°C for 2 min; 95°C for 5 s, 60°C for 30 s,
72°C for 30 s, 72°C for 3 min, 30 cycles. 18S rRNA
was set as the endogenous control in this study. The
relative quantitative method (2-DDCt) was used to calculate the fold change in the expression level of gene
(Schefe et al, 2006).

Results
Phenotypic variation and correlation analysis of Pb
concentration in the four tissues
In terms of Pb concentration in the four tissues
(Table 1), the parent Mo17 had a lower Pb concentration (34.28 mg kg-1) than parent B73 (53.81 mg kg-1)
in the roots. However, for leaves and kernels, the Pb
concentration in B73 (17.81 and 0.24 mg kg-1) was
lower than those in Mo17 (33.62 and 0.68 mg kg-1).
The data demonstrated that the Pb distribution in

Table 1 - Statistical analysis of Pb concentration of the parents and IBM10DH population in different tissues of maize.
Trait

Parent
B73±SD

Mo17±SD

IBM10DH
Average ± SD

CV%

RPC
53.81±1.74**
34.28±1.92
48.18±7.29
14.81
SPC
12.71±0.79*
9.36±0.69
15.31±5.59
35.82
LPC
17.81±0.29
33.62±1.66**
25.87±8.29
30.09
KPC
0.24±0.08
0.68±0.15**
0.47±0.25
67.28
SD - standard deviation; CV - coefficient of variation; ** significant at P< 0.01

61 ~ M11

Skewness
-0.25
0.55
0.16
0.87

Kurtosis
1.25
0.22
-0.29
1.07

Range

F

21.80-69.60 8.11**
2.50-33.40 9.35**
5.05-41.15 16.12**
0.04-1.37 17.42**
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Figure 1 - The frequency distribution of four traits in IBM10
DH derived from B73 × Mo17. The trait values for B73 and
Mo17 are indicated by arrows. LPC - Pb concentration in
the leaves, RPC - Pb concentration in the roots, SPC - Pb
concentration in the stems, KPC - Pb concentration in the
kernels.

the four tissues were significantly different between
the two parents. Among the IBM10DH families, the
207 distributions of the Pb concentration of each tissue were approximately normal, and there were wide
variations in four tissue (Figure 1). It also suggested
that the IBM10DH was suitable for QTL analysis.
Analysis of variance (ANOVA) was used to test
the statistical significance of the differences in the
four tissues. According to variance analysis, the Pb
concentration for the four measured tissues (kernels,
stems, leaves, and kernels) in the IBM10DH exhibited significant variations at P < 0.01 level (Table1).
Among different tissues, the roots had the highest
Pb concentration (48.18 mg kg-1), followed by leaves
(25.87 mg kg-1) and stems (15.31 mg kg-1), with kernels showing the lowest Pb concentration (0.47 mg
kg-1).
For the Pb concentration in four measured tissues,
The Pb concentration in kernels was highly correlated with Pb concentration in stems in the IBM10 DH
population grown on Pb-polluted pot soil (r = 0.69;
Table 2). The low correlation coefficient (r = 0.15) between LPC and RPC was observed. However, there
were no significant relationships among RPC, SPC,
and KPC (P > 0.05). It indicated that Pb concentration
in kernels maybe simultaneously increased with Pb
concentration of stems.
QTL analysis for Pb concentration in the four tisTable 2 - Correlation coefficients among four measured
tissues in the IBM10DH population.
RPC

SPC

LPC

KPC

RPC
0.01
0.15*
-0.01
SPC
0.01 		
0.25**
0.69**
LPC
0.15*
0.25**		
0.31**
KPC
-0.01
0.69**		
0.31**
*, ** significant at P < 0.05 and 0.01, respectively.
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sues of maize
Twenty different QTLs were identified for Pb concentration in the four tissues with LOD scores ranging from 3.06 to 9.77 and located on maize chromosomes except 8 (Table 3, Figure 2).
For the Pb concentration in roots, 6 QTLs were
identified on chromosomes 1, 2, 3, 9, 10, which explained 4.71% - 11.66% of the phenotypic variation.
qRPC3, which was located on chromosome 3, had
a 11.66% phenotypic variation with LOD score 6.91,
with a direct raise 2.42 mg kg-1 Pb concentration of the
roots. For the Pb concentration in the stems, 5 QTLs
were identified on chromosome 2, 4, 7, and 10 with
the LOD score 3.19 to 5.29, which explained 5.11%
to 8.25% of the phenotypic variation. For Pb concentration in the leaves, 6 QTLs were identified with the
LOD scores 3.08 - 8.45, which explained 4.82% to
14.28% of the phenotypic variation. Of the 6 QTLs,
qLPC6 had a high phenotypic variation (14.28%),
with a direct decrease of 2.30 mg kg-1 Pb concentration in the leaves. For Pb concentration in the kernels,
three QTLs were identified on chromosomes 1, 2, and
5, respectively, which explained 8.39% to 18.88% of
the phenotypic variation. Of the 3 QTLs, qKPC2 and
qKPC5 had a high contribution (10.02 and 18.88%)
to the variance in Pb concentration of kernels, with
a direct decrease 0.12 mg kg-1 and 0.17 mg kg-1 Pb
concentration in the kernels.
Out of the 20 QTLs detected for the Pb concentration in different tissues, the widest and narrowest
QTL confidence interval were qKPC2 (13.91 cM) and
qLPC10 (2.37 cM), respectively. In addition, QTLs for
LPC, SPC, and KPC, which colocalized small genomic regions on chromosome 2, had a physical interval
of just 4 Mb with relatively high LOD scores (Table 3).
The additive effect of other major QTLs, which were
located on chromosome 3, 6, and 5, were negative
values ( contributed by B73).
These results verified that Pb uptake from soil to
root and translocation from root to shoot were possibly controlled by two separate genetic mechanisms.
Filtering and identifying genes of QTL intervals
With a relatively high mapping resolution, the
QTLs which could explain over 10% for the phenotypic variation and co-localized on same genomic
regions were used to search candidate genes. For
the RPC QTLs, qRPC3 was located in the region
that ranged from 7.05 to 8.25 Mb on chromosome
3 (Table 3). For the LPC QTLs, qLPC6 was mapped
to the region that ranged from 136.67 to 142.72 Mb
on chromosome 6. For the KPC QTLs, qKPC2, which
overlapped with the position of the qLPC and qSPC,
was located in the region that ranged from 41.05 to
45.85 Mb on chromosome 2. In addition, qKPC5 was
located the 4.75 Mb to 5.85 Mb on chromosome 5.
Based on the current annotation of the B73 RefGen_v2 genome sequence, a total number of 321
genes underlying the four detected QTLs were identified (Supplementary Table 2). Of these genes, 95
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Figure 2 - The LOD profiles of QTLs detected for Pb concentration in maize four tissues.

genes were catalogued as “unknown protein function” (Supplementary Table 3). 160 potentially coding
genes were associated to at least a single GO term
(Figure 3). The results revealed that these genes were
encompassed diverse functional categories such as
DNA binding, catalytic, electron carrier and so on.
Because of the abundant genes, we used previous RNA-seq data (Gao et al, 2015) to further filter
the genes (Supplementary Table 4). According to the
significant difference of the gene expression levels in
maize roots at four developmental stages, 6 candidate genes were filtered in the end (Figure 4, Table

4). Three genes were located on chromosome 2 and
three genes were located on chromosome 6, which
were significantly up-regulated under Pb stress condition and closely related to transport and efflux.
qRT-PCR validated the putative candidate genes
To assess the responses of these 6 putative candidate genes to Pb stress in maize, a quantitative
real-time PCR (qRT-PCR) analysis was performed
using the two parents B73 and Mo17. As shown in
Table 3, the candidate gene GRMZM2G137161 is
predicted to encodes transmembrane amino acid
transporter protein, which was located Chromo-

Table 3 - QTLs detected for Pb concentration of four tissues in maize.
Trait

QTL

RPC

qRPC1-1
qRPC1-2
qRPC2
qRPC3
qRPC9
qRPC10
qSPC4-1
qSPC4-1
qSPC4-2
qSPC7
qSPC10
qLPC2
qLPC3-1
qLPC3-2
qLPC4
qLPC6
qLPC10
qKPC1
qKPC2
qKPC5

SPC

LPC

KPC

Chr.

Pos(cM)a

LOD

R2(%)

Ab

1
1
2
3
9
10
2
4
4
7
10
2
3
3
4
6
10
1
2
5

21.34
288.34
53.95
70.05
231.05
103.85
206.78
114.81
324.53
132.88
78.31
211.01
100.91
368.21
18.15
230.02
96.16
252.72
208.06
48.43

3.25
4.94
5.94
6.91
3.06
3.45
5.29
3.36
3.19
3.82
4.16
3.08
3.51
4.55
5.23
8.45
3.61
4.29
6.79
9.77

5.23
7.56
9.65
11.66
4.71
5.54
8.25
5.25
5.11
5.89
6.84
4.82
5.65
6.88
8.25
14.28
5.62
8.39
12.02
18.88

1.71
-1.79
-2.45
2.42
1.61
1.72
-2.27
-1.27
1.26
1.76
1.53
-1.76
-1.94
-2.11
2.36
-2.31
1.94
-0.07
-0.12
-0.17

Genetic distance (cM)c
18.31
285.02
50.74
65.21
227.66
99.72
198.42
109.25
320.26
130.04
71.54
207.83
98.49
364.94
12.02
220.79
95.21
248.43
203.38
42.14

22.03
291.33
55.43
74.23
233.46
111.45
210.54
116.23
325.25
138.05
81.13
215.07
101.16
370.92
22.84
234.33
97.58
256.31
217.29
52.85

Physical distance (Mb)d
4.45
94.75
7.25
7.05
109.15
104.55
39.95
17.95
181.95
105.05
14.35
42.40
11.32
198.45
2.85
136.67
87.53
69.25
41.05
4.75

4.85
96.42
7.92
8.25
115.55
116.00
43.90
19.85
182.05
112.55
61.15
44.35
12.35
199.2
4.05
142.72
92.23
75.95
45.85
5.85

Position of peak with highest LOD in cM. bThe additive effect of the QTL. Negative values indicate that the alleles for increasing trait value are contributed by B73, positive values indicate that the allele for increasing trait value are contributed by
another parent Mo17. cThe confidence interval of QTL position. dThe physical distance of the bin makers corresponding to
genetic distance.
a
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Figure 3 - GO analysis of all genes of four QTL intervals.

some 2. GRMZM2G132995 is one of MATE efflux
family protein, which was located on chromosome
6. There were almost similar expression trend between RNA-seq data (Figure 4C) and qRT-PCR data
(Figure 5), and dramatically up-regulated during the
Pb stress. Comparison of changes in gene expression between control group and Pb 1000 treatment,
GRMZM2G137161 expression of B73 significantly
increased 1.59 - 14.35 fold (P < 0.05) than control
group. GRMZM2G132995 expression of B73 was
significantly overexpressed 0.75 - 4.62 fold (P < 0.05)
than control group. However, the expression of the
two candidate genes in Mo17 had not significant difference with that of CK. In addition, the expressions
of the remaining four genes were not significantly differences between B73 and Mo17 (data no shown).

Discussion
Lead (Pb) has become one of the most abundant
heavy metal pollutants of the environment. Plants can
easily take up Pb from the soil. And a small fraction
is translocated upward to the shoot and leaf, even
to kernel in most plant species (Liu et al, 2009; Patra et al, 2004), which has posed critical concern to
human health and environmental safety. Therefore,
understanding the genetic basis for the underlying
mechanism of Pb accumulation in maize may provide
important insights for the selection and development
of Pb-extreme maize cultivars. One side, Low Pb accumulation lines can be produced to avoid Pb going into food chain. One the other side, Pb-absorbing
lines can be produced to reduce the Pb from the soil
to protect the environment. Therefore, the distribution and accumulation of Pb in different tissues have
received close attention in previous studies.
Genotypic variation of traits related to Pb distribution and accumulation
Pb is absorbed and accumulated in differ-

61 ~ M11

ent plant tissues (Schreck et al, 2012; Zhang et al,
2012), generally with the highest concentration in
the root tissues (Raskin et al, 1997). Based on the
results, a transgressive segregation of Pb concentration in maize roots, stems, leaves and kernels was
observed, which showed highly significant difference
between all lines and the parents.
Following the uptake of metals by roots, xylem
loading of metals is suggested as the next important
transport process for metal-accumulation in plant
shoots (Clemens et al, 2002). In this study, although
Pb concentration in the roots of Mo17 was lower than
in B73, Pb concentrations in the leaves and kernels
were higher in Mo17. This indicated that more rapid
and greater root-to-shoot Pb translocation was observed in Mo17. This results also suggested the higher loading ability of Pb to the stem in Mo17, which
leaded to higher Pb accumulation in leaf and kernel.
In general, a very large amount of Pb was retained
in roots compared to its concentration in leaves and
kernels in maize (Fu et al, 2010; Pallavi and Shanker
Rama, 2005), which was similar to other heavy metals (Zhang et al, 2008). We found that the same trend
of Pb concentration in different tissues were roots >
leaves > stems > kernels. Among 207 IBM10DH, the
Pb concentrations of 32 lines in kernels are under the
level of National Food Hygiene Standard. Kato reported a significant correlation between kernel and
stem Cd concentration in rice (Kato et al, 2010). In
this study, the Pb concentration of kernels was higher
significantly correlated with stems. However, The Pb
concentration of roots was non-significant with the
Pb concentration of stems and kernels. The results
further confirmed that high Pb accumulation level in
kernels of maize may be partially due to the elevated
translocation of Pb from stems to maturing kernels.
Mapping Pb tolerance QTLs in maize
By combining genotype data with the value of
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Figure 4 - Mapping information of all expression genes from majority QTLs: (A) Venn diagram of all genes from four RNAseq
libraries underlying the 4 QTLs in maize roots at four developmental stages under the Pb stress (CK sample (C1), Pb 1000 treat
for 12 h (M2), Pb1000 treat for 24 h (M3), Pb 1000 treat for 48 h (M4). (B) The list of significant up-regulated genes was enlarged.
(C) Bar-plot of 6 differential expression genes filtered according to current functional annotation.

Pb concentration in roots, stems, leaves, and kernels at maturity age, we found that three QTLs were
co-localized on chromosome 2. This result indicated
the insights that these traits might be highly intercorrelated. Some studies have suggested that the
main determinant of the Cd concentration in shoot
tissues was the ability to translocate Cd from root to
shoot through the xylem, rather than Cd uptake by
the roots (Tanaka et al, 2008; Uraguchi et al, 2009).
Nearly 100% of the Cd in rice kernels is attributable
to phloem transport (Tanaka et al, 2007). The QTL
detection results indicated that Pb uptake from soil
and translocation from root-to-shoot were possibly
controlled by two separate genetic mechanisms. In
addition, the Pb accumulation could be controlled by
multiple genes.
Since the location of markers flanking the loci can
be found in the Maize Genome Project genetic map,
we found that qKPC2 (qLPC2, qSPC2) and qLPC6
were close to qAl2 and qAl6 (Ninamango-Cárdenas et
al, 2003), respectively. Meanwhile, we also detected
an additional QTL on chromosome 5 that accounted
for 18.88% of the phenotypic variation for KPC. This
new QTL has not been reported previously. Different

QTLs may be responsible for different processes involved in accumulation of Pb.
Candidate genes analysis
Major genes for metal accumulation might be associated with ion transport and efflux as detected in
Arabidopsis and Rice (Ueno, 2010; Waters and Grusak, 2008), but these genes are mostly still unknown
in maize. Because of the multiple QTLs and relatively
long list of genes in confidence interval, we used RNAseq data analyses to further decrease the number of
candidate genes and gain insight into the potential
roles of the candidate genes. Eventually, through
qRT-PCR assess, the expression of the candidate
genes (GRMZM2G137161 and GRMZM2G132995) in
roots of B73 were significantly higher than Mo17. The
one gene, GRMZM2G137161, is predicted to encode
a homolog of the vacuolar amino acid transporter
protein. GRMZM2G137161, which was localized in
the vacuolar is highly overexpressed in roots of B73.
Pb could be compounded with amino acids such as
histidine and with organic acids such as citric, fumaric, malic acids and phytochelatins (PCs) (Ghnaya et
al, 2013; Shahid et al, 2012). Pb might be transported
into the vacuole and was stored in the form of Pb-

Table 4 - Candidate genes in four QTL intervals that showed differential expression levels in the RNA-seq data.
Gene-ID
GRMZM2G137161
GRMZM2G442523
GRMZM2G417770
GRMZM2G085964
GRMZM2G132995
GRMZM2G133006

61 ~ M11

Chr
2
2
2
6
6
6

Position
42000195
43370373
43943602
138562322
139591107
139593708

42002952
43375906
43945578
138563604
139593447
139596321

Current annotation
transmembrane amino acid transporter protein, putative, expressed
transporter family protein, putative, expressed
ATP-dependent protease, putative, expressed
AP2 domain containing protein, expressed
MATE efflux family protein, putative, expressed
MATE efflux family protein, putative, expressed
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Figure 5 - Relative expression of GRMZM2G137161 and GRMZM2G132995 analysed by qRT-PCR at the different Pb stress times:
The standard deviation calculated from two biological replicates. *represents the significant in P < 0.05.

chelate complex, thus inducing the damage for cell
structure. It suggested that GRMZM2G137161 might
play a role in enhancing Pb tolerance and decreasing Pb transport. The other gene, GRMZM2G132995,
which was predicted to encode toxin extrusion (MATE)
proteins, was also strongly up-regulated in roots of
B73, especially at 48 h of Pb treatment. The vesicular
monoamine transporter (VMAT) is a transport protein
integrated into the membrane of synaptic vesicles of
presynaptic neurons. VMATs utilize a proton gradient generated by V-ATPases in vesicle membranes
to power monoamine import. It has been previously
unraveled that the abundance of V-ATPase subunit
A increased with the presence of copper (Morris et
al, 2014). Plant MATE protein capable of transporting
citrate have recently been identified; some of these
act as a transporter responsible for Al-activated root
citrate release underlying Al tolerance (Magalhaes et
al, 2007). While others are citrate transporters related
to other physiological processes such as iron translocation (Yokosho et al, 2009), Cd transport (van de
Mortel et al, 2008), and phosphorus efficiency (UhdeStone et al, 2003). This suggested that the role of
GRMZM2G132995 in Pb absorption via import from
intercellular space is to increase Pb accumulation in
roots of plant.
Although the two candidate genes were filtered,
expression data should be gathered for a larger number of genotypes, and QTLs should be validated in
different genetic and environmental backgrounds under field conditions of many years and many places.
It is worth examining this region thoroughly in order to
confirm that the QTLs resides in this region.

61 ~ M11

Acknowledgements
The authors thank all those who collaborated in
the analysis, interpretation of data and writing the article. This research was supported by a grant from
the National Science Foundation of China (CN)
(31171567).

References
Ali H, Khan E, Sajad MA, 2013. Phytoremediation of
heavy metals-concepts and applications. Chemosphere 91: 869-881
Assche FV, Clijsters H, 1990. Effects of metals on
enzyme activity in plants. Plant Cell Environ 13:
195-206
Basten CJ, Weir BS, Zeng ZB, 2005. QTL Cartographer, version 1.17, Department of Statistics,
North Carolina State University, Raleigh
Baxter IR, Gustin JL, Settles AM, Hoekenga OA,
2013. Ionomic characterization of maize kernels
in the intermated B73 × Mo17 population. Crop
Sci 53: 208-220
Bi X, Feng X, Yang Y, Li X, Shin GP, Li F, Qiu G, Li G,
Liu T, Fu Z, 2009. Allocation and source attribution of lead and cadmium in maize (Zea mays L.)
impacted by smelting emissions. Environ Pollut
157: 834-839
Brennan MA, Shelley ML, 1999. A model of the uptake, translocation, and accumulation of lead (Pb)
by maize for the purpose of phytoextraction. Ecol
Eng 12: 271-297
Clemens S, Palmgren MG, Krämer U, 2002. A long
way ahead: understanding and engineering plant
metal accumulation. Trends in plant science 7:

Maydica electronic publication - 2016

Zhao et al

309-315
Dong D, Weihua L, Guiliang S, Hongyuan Q, Jingbao
L, Jihua T, 2011. Identification of QTLs for Arsenic
accumulation in maize (Zea mays L.) using a RIL
population. Plos One 6: e25646
Du Z, Zhou X, Ling Y, Zhang Z, Su Z, 2010. AgriGO: a
GO analysis toolkit for the agricultural community.
Nucleic Acids Res 38: W64-70
Fodor F, Sárvári É, Láng F, Szigeti Z, Cseh E, 1996.
Effects of Pb and Cd on cucumber depending on
the Fe-complex in the culture solution. J Plant
Physiology 148: 434-439
Fu DG, Song CJ, Duan CQ, Liu CT, Liu LN, 2010.
Biomass allocation and heavy metal distribution
in different varieties of maize (Zea mays L.) under
lead and cadmium applications. In: Proceedings
of 2010 First International Conference on Cellular,
vol. 343-344. pp. 1152-1159. D Wang ed
Fu Z, Li W, Zhang Q, Wang L, Zhang X, Song G, Fu
Z, Ding D, Liu Z, Tang J, 2014. Quantitative trait
loci for mercury accumulation in maize (Zea mays
L.) identified using a RIL population. Plos One 9:
e107243
Gao J, Zhang Y, Lu C, Peng H, Luo M, Li G, Shen Y,
Ding H, Zhang Z, Pan G, Lin H, 2015. The development dynamics of the maize root transcriptome
responsive to heavy metal Pb pollution. Biochem
Bioph Res Co 458: 287-293
Ghnaya T, Zaier H, Baioui R, Sghaier S, Lucchini G,
Sacchi GA, Lutts S, Abdelly C, 2013. Implication
of organic acids in the long-distance transport
and the accumulation of lead in Sesuvium portulacastrum and Brassica juncea. Chemosphere 90:
1449-1454
Hussain T, Tausend P, Graham G, Ho J, 2007. Registration of IBM2 SYN10 doubled haploid mapping
population of maize. J Plant Reg 1: 81-81
Jansen C, Zhang Y, Liu H, Gonzalez-Portilla PJ, Lauter N, Kumar B, Trucillo-Silva I, San Martin JP, Lee
M, Simcox K, 2015. Genetic and agronomic assessment of cob traits in corn under low and normal nitrogen management conditions. Theor Appl
Genet 128: 1231-1242
Kabata-Pendias A, 2004. Soil–plant transfer of trace
elements - an environmental issue. Geoderma
122: 143-149
Kato M, Ishikawa S, Inagaki K, Chiba K, Hayashi
H, Yanagisawa S, Yoneyama T, 2010. Possible
chemical forms of cadmium and varietal differences in cadmium concentrations in the phloem
sap of rice plants (Oryza sativa L.). Soil Sci Plant
Nutr 56: 839-847
Li Z, Ma Z, Kuijp TJvd, Yuan Z, Huang L, 2014. A
review of soil heavy metal pollution from mines in
China: pollution and health risk assessment. Sci
Total Environ 468-469: 843–853
Liu H, Zhou H, Wu Y, Li X, Zhao J, Zuo T, Zhang X,
Zhang Y, Liu S, Shen Y, 2015. The Impact of genetic relationship and linkage disequilibrium on

61 ~ M11

8

genomic selection. Plos One 10: e0132379
Liu J, Li K, Xu J, Zhang Z, Ma T, Lu X, Yang J, Zhu
Q, 2003. Lead toxicity, uptake, and translocation
in different rice cultivars. Plant Sci 165: 793-802
Liu W, Zhou Q, Zhang Y, Wei S, 2009. Lead accumulation in different Chinese cabbage cultivars and
screening for pollution-safe cultivars. J Environ
Manage 91: 781-788.
Lunģaho MG, Mwaniki AM, Szalma SJ, Hart JJ,
Rutzke MA, Kochian LV, Glahn RP, Hoekenga
OA, 2011. Genetic and physiological analysis of
Iron biofortification in maize kernels. Plos One 6:
e20429
Magalhaes JV, Jiping L, Guimarães CT, Lana UGP,
Alves VMC, Wang YH, Schaffert RE, Hoekenga
OA, Piñeros MA, Shaff JE, Klein PE, Carneiro NP,
Coelho CM, Trick HN, Kochian LV, 2007. A gene
in the multidrug and toxic compound extrusion
(MATE) family confers aluminum tolerance in sorghum. Nat Genet 39: 1156-1161
Margarido G, Souza A, Garcia A, 2007. OneMap:
software for genetic mapping in outcrossing species. Hereditas 144: 78-79
Morris C, Owen J, Thomas M, El-Hiti G, Harwood JL,
Kille P, 2014. Intracellular localization and induction of a dynamic RNA - editing event of macro algal V-ATPase subunit A (VHA - A) in response to
copper. Plant Cell Environ 37: 189-203
Needleman H, 2004. Lead poisoning. Annu Rev Med
55: 209-222
Ninamango-Cárdenas FE, Guimarães C, Martins PR,
Parentoni SN, Carneiro NP, Lopes MA, Moro JR,
Paiva E, 2003. Mapping QTLs for aluminum tolerance in maize. Euphytica 130: 223-232
Pallavi S, Shanker Rama D, 2005. Lead toxicity in
plants. Braz J Plant Physiol 17: 35-52
Patra M, Bhowmik N, Bandopadhyay B, Sharma A,
2004. Comparison of mercury, lead and arsenic
with respect to genotoxic effects on plant systems and the development of genetic tolerance.
Environ Exp Bot 52: 199–223
Raskin I, Smith RD, Salt DE, 1997. Phytoremediation
of metals: using plants to remove pollutants from
the environment. Curr Opin Biotechnol 8: 221-226
Schefe JH, Lehmann KE, Buschmann IR, Unger T,
Funke-Kaiser H, 2006. Quantitative real-time RTPCR data analysis: current concepts and the novel «gene expression’s C T difference» formula. J
Mol Med 84: 901-910
Schreck E, Foucault Y, Sarret G, Sobanska S, Cécillon L, Castrec-Rouelle M, Uzu G, Dumat C, 2012.
Metal and metalloid foliar uptake by various plant
species exposed to atmospheric industrial fallout:
Mechanisms involved for lead. Sci Total Environ
427-428: 253–262
Shahid M, Pinelli E, Dumat C, 2012. Review of Pb
availability and toxicity to plants in relation with
metal speciation; role of synthetic and natural organic ligands. J Hazard Mater 219-220: 1-12

Maydica electronic publication - 2016

QTL and candidate genes for Pb accumulation in maize

Stefanov K, Seizova K, Popova I, Petkov V, Kimenov
G, Popov S, 1995. Effect of lead ions on the phospholipid composition in leaves of Zea mays and
Phaseolus vulgaris. J Plant Physiology 147: 243246
Tanaka K, Fujimaki S, Fujiwara T, Yoneyama T,
Hayashi H, 2007. Quantitative estimation of the
contribution of the phloem in cadmium transport
to grains in rice plants (Oryza sativa L.). J Plant
Nutr Soil Sc 53: 72-77
Tanaka M, Wallace IS, Takano J, Roberts DM, Fujiwara T, 2008. NIP6; 1 is a boric acid channel for
preferential transport of boron to growing shoot
tissues in Arabidopsis. Plant Cell 20: 2860-2875
Tangahu BV, Abdullah SRS, Basri H, Idris M, Anuar N,
Mukhlisin M, 2011. A review on heavy metals (As,
Pb, and Hg) uptake by plants through phytoremediation. Int J Chem Eng 2011: 1-31
Ueno D, 2010. From the Cover: Gene limiting cadmium accumulation in rice. Proc Natl Acad Sci USA
107: 16500-16505
Uhde-Stone C, Zinn KE, Ramirez-Yáñez M, Li A,
Vance CP, Allan DL, 2003. Nylon filter arrays reveal differential gene expression in proteoid roots
of white lupin in response to phosphorus deficiency. Plant Physiol 131: 1064-1079
Uraguchi S, Mori S, Kuramata M, Kawasaki A, Arao T,
Ishikawa S, 2009. Root-to-shoot Cd translocation
via the xylem is the major process determining
shoot and grain cadmium accumulation in rice. J
Exp Bot 60: 2677-2688
Valko M, Morris H, Cronin M, 2005. Metals, toxicity
and oxidative stress. Curr Med Chem 12: 11611208
van de Mortel JE, Schat H, Moerland PD, van Themaat EVL, van Der Ent S, Blankestijn H, Ghandilyan A, Tsiatsiani S, Aarts MG, 2008. Expression
differences for genes involved in lignin, glutathione and sulphate metabolism in response to
cadmium in Arabidopsis thaliana and the related
Zn/Cd - hyperaccumulator Thlaspi caerulescens.
Plant Cell Environ 31: 301-324

61 ~ M11

9

Wang Y, Björn LO, 2014. Heavy metal pollution in
Guangdong Province, China, and the strategies
to manage the situation. Front Env Sci 2: 1-12
Watanabe ME, 1997. Phytoremediation on the brink
of commericialization. Environ Sci Technol 31:
182A-186A
Waters BM, Grusak MA, 2008. Whole-plant mineral
partitioning throughout the life cycle in Arabidopsis thaliana ecotypes Columbia, Landsberg
erecta, Cape Verde Islands, and the mutant line
ysl1ysl3. New Phytol 177: 389-405
Wei B, Yang L, 2010. A review of heavy metal contaminations in urban soils, urban road dusts and
agricultural soils from China. Microchem J 94:
99–107
Yokosho K, Yamaji N, Ueno D, Mitani N, Ma JF, 2009.
OsFRDL1 is a citrate transporter required for efficient translocation of iron in rice. Plant Physiol
149: 297-305
Zdunić Z, Grljušić S, Ledenčan T, Duvnjak T, Šimić D,
2014. Quantitative trait loci mapping of metal concentrations in leaves of the maize IBM population.
Hereditas 151: 55-60
Zhang L, Zhang L, Song F, 2008. Cadmium uptake
and distribution by different maize genotypes in
maturing stage. Commun Soil Sci Plant 39: 15171531
Zhang ZM, Jin F, Wang C, Luo M, Lin HJ, Xiang K,
Liu L, Zhao MJ, Zhang YS, Ding HP, Zhou HK,
Shen YO, Pan GT, 2012. Difference between Pb
and Cd accumulation in 19 elite maize inbred lines
and application prospects. J Biomed Biotechnol
2012: 1-6

Maydica electronic publication - 2016

