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Abstract

To investigate the genetic mechanism of mercury accumulation in maize (Zea mays L.), a population of 194 recombinant
inbred lines derived from an elite hybrid Yuyu 22, was used to identify quantitative trait loci (QTLs) for mercury
accumulation at two locations. The results showed that the average Hg concentration in the different tissues of maize
followed the order: leaves > bracts > stems > axis > kernels. Twenty-three QTLs for mercury accumulation in five tissues
were detected on chromosomes 1, 4, 7, 8, 9 and 10, which explained 6.44% to 26.60% of the phenotype variance. The QTLs
included five QTLs for Hg concentration in kernels, three QTLs for Hg concentration in the axis, six QTLs for Hg
concentration in stems, four QTLs for Hg concentration in bracts and five QTLs for Hg concentration in leaves. Interestingly,
three QTLs, gkHC9a, gkHC9b, and gBHC9 were in linkage with two QTLs for drought tolerance. In addition, gLHCT was in
linkage with two QTLs for arsenic accumulation. The study demonstrated the concentration of Hg in Hg-contaminated
paddy soil could be reduced, and maize production maintained simultaneously by selecting and breeding maize Hg
pollution-safe cultivars (PSCs).
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Introduction

Mercury (Hg) is a non-essential element in higher plants, and is
one of the most hazardous heavy metals; it can accumulate in
living organisms and cause serious damage [1]. With the
development of industry and modern agriculture, Hg pollution
has become a worldwide environmental problem [2,3]. Numerous
cases of mercury pollution in soils have been reported throughout
the world [4]. Generally, Hg concentration in unpolluted arable
soil is 20-150 ug kg™ ' [5]. However, the Hg concentration in the
soils of paddy fields is much higher, especially in the Philippines
and Japan; the average Hg concentration is 24 mg kg~ ' and
146 mg kg~ ', respectively, for land irrigated with water contam-
inated with Hg [6]. The concentration of Hg in paddy soil is as
high as 45.9 mg kg~ ' in some arca of China [7].

At high concentrations in soil, Hg can poison plant cells and
cause physiological disorders [8], producing detrimental effects on
plant growth and metabolism [9,10]. Hg accumulation in roots
prevents the uptake and transport of other mineral nutrients [11],
and excess Hg in solution culture can inhibit biomass production
[5]. Hg toxicity is not only associated with water uptake and
transpiration [12], but also with the decrease in chlorophyll
content and photosynthetic efficiency [13]. In addition, Hg stress is
believed to trigger the production of reactive oxygen species
(ROS), causing oxidative stress and membrane lipid peroxidation
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in plants [14,15]. Hg in soil can accumulate in the edible parts of
vegetables and crops, and is then transferred to humans via the
food chain [16]. Hg is also toxic to humans, causing impaired
health in adults. Hg has toxicological effects on the developing
central nervous system, on the general physiological systems of
children, and adverse effects on the cardiovascular system [17] and
fetal brain development [18].

Hg is more easily absorbed and transported in straw and grain
than other heavy metals [19]. Previous studies have shown that
different genotypes in rice differ widely in their tolerance to Hg
toxicity [14]. Wang et al. identified three quantitative trait loci
(QTLs) for Hg tolerance in rice seedlings using a recombinant
inbred line (RIL) population [20]. Using doubled haploid (DH)
lines, three Q'T'Ls for Hg accumulation in rice were determined by
Yu et al. [14]. Rugh et al. expressed the merdpe9 gene in
Arabidopsis thaliana, and found that the transgenic seedlings
showed low levels of toxicity during the growth and flowering
stages because merApe9 converted toxic Hg”" to the less toxic Hg"
[21]. Shen et al. isolated three novel HO genes from rapeseed, and
HO-1 has been tested for its ability to regulate plant tolerance to
Hg-induced oxidative stress [22]. Wei et al. found that the
overexpression of HO-1 confers algal tolerance to excess Hg,
whereas silencing of HO-1 had adverse effects on algal growth
[23]. Recently, Chen et al. reported that overexpression of the
MTHI1745 gene could enhance mercury tolerance in transgenic
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rice [24]. In maize, there have been some studies on the
physiological and biochemical responses to Hg tolerance. The
net photosynthesis rate and carboxylation efficiency of maize
leaves exposed to 50 ng m™® Hg (in the air) were significantly
reduced [25]. In vivo, HgCly inhibited 5-aminolevulinic acid
dehydratase activity in excised greening leaf segments of maize,
and the inhibition could be alleviated by the addition of KNOj
[26]. Additionally, Hg had a strong toxic effect in the roots of
maize seedlings, as inferred from the observed higher proportion
of oxidized glutathione (GSSG), enhanced carbonyl content and
the negative effects on growth [27].

Maize is one of the most important staple crops in the world,
and is used as feedstuft and raw-food material in many countries.
Maize is used as a staple food for more than 1.2 billion people in
sub-Saharan Africa and Latin America [28]. Maize planted in Hg-
contaminated paddy soil can accumulate Hg in the grains, which
1s transferred to consumers by the food chain (soil-plant-human or
soil-plant-animal-human), posing a human health risk. However
the Hg concentration and distribution pattern in the different
tissues of maize and the genetic basis for Hg accumulation remain
unclear. Therefore, the objectives of the study were to: (i) examine
the accumulation and distribution of Hg in different tissues of
maize, (ii) detect QTLs for Hg accumulation in the tissues of maize
under Hg-contaminated paddy soil treatment, and to dissect the
genetic bases of Hg accumulation in maize.

Materials and Methods

The experimental population

A RIL population including 194 inbred lines was used in the
study. This population was derived from a cross between two
inbred lines, Zong3 and 87-1; the result was an elite hybrid,
Yuyu22, which was grown on about 2.7 million hectares per year
from 2001 to 2004 in China [29]. The parent Zong3 was selected
from a synthetic population with Chinese domestic germplasm;
while the inbred line 87-1 was selected from an exotic germplasm.
In 2012, the RIL population, both parents and the hybrid were
evaluated in Xixian and Changge, Henan Province, China. The
experimental materials followed a randomized complete block
design with three replications. Each plot included fifteen plants
with one 4-m-long and 0.67-m-wide row. The density was 45,000
plants per hectare.

The mercury content in soil

The experimental materials were evaluated in Xixian country of
Xinyang city in Henan province of China (E114°95'-114°72’,
N32°35'-32°44") and Changge country of Xuchang city in Henan
province of China (E113°34'—114°08', N34°09'-34°20"), with an
annual average temperature of 15.2°C and 14.3°C; and annual
average rainfall of 946 mm and 711.1 mm. The field studies did
not involve endangered or protected species, and no specific
permissions were required for these locations/activities. The
average value of agricultural soil Hg exposure in the Xixian
experimental area is 457.57+31.30 ug kg 'Hg (pH 6.5), as a
result of irrigation with mercury-rich surface water. The average
value of agricultural soil Hg exposure in the Changge experimen-
tal area is 345.40+22.24 ug kg™ "Hg (pH 6.5), which was used as a
control.

Quantification of mercury content in the different tissues
of maize

Five consecutive plants per row were harvested at physiological
maturity stage and at natural withering for mercury content
measurements in the different tissues of maize. The whole plant
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was separated into five tissues: kernels, axis, stems, bracts and
leaves, which were ground into powders. A 0.5-g sample of each
tissue was digested in 5 ml of HNO3/HCIO, (80/20 v/v) on a
heating block (Digestion Systems of AIM500, A. I. Scientific,
Australia). An atomic fluorescence spectrometry (AFS-3000,
Beijing Haiguang Analytical Instrument Co, Beijing, China) was
used to determine the Hg concentration. Data analyses using the
PROC MIXED procedure were performed using SAS 8.0
statistical software.

Molecular Linkage Construction and QTL Mapping

A total of 263 SSR markers that covered the whole genome of
maize were used to construct the genetic linkage map for the RIL
population, which spanned 2.361 cM with an average interval of
9 cM between markers [29]. The composite interval mapping
method in software QTL Cartographer 2.5 [30] was employed for
QTL mapping of measured traits, using the average data of three
replications. Model 6 of the Zmapqtl module was used, with
scanning intervals of 2 cM between markers and putative QTLs
and a 10-cM window. The number of marker cofactors for
background control was set by forward-backward stepwise
regression with five controlling markers. The logarithm of odds
(LOD) threshold was set for each trait by randomly permuting
1,000 times at a significance level of P =0.05.

Results

Hg concentrations in different maize tissues at two
locations

The Hg concentration in the five tissues varied widely in the
RIL population (Table 1, Fig 1). In Xixian, the Hg concentration
in the kernels (KHC) for the parent Zong3 was higher (3.53 ug
kg~ ') than that in the parent 87-1 (2.14 ug kg '); the same trend
for the two parents was observed in Changge. The KHC was
higher in the hybrid Yuyu22 (4.62 ug kg™, 2.74 ug kg™ ') than in
the two parents in both locations. The average KHC of the RIL
population was 2.99+1.25 pg kg™ ' (range 0.73-7.47 ug kg™ ") and
2.37+1.52 ug kg~ ' (range 0.26-7.18 ug kg™ ') in Xixian and
Changge, respectively.

The Hg concentration in the axis (AHC) for the parent Zong3
was higher (2.89 pg kg™ ') than that of the parent 87-1(1.51 pg
kg™ ') in Xixian. However, in Changge, the value of AHC for the
parent Zong3 was lower (1.86 pg kg~ ') than that of the parent 87-
1(3.71 ug kg™ ). The hybrid had a higher AHC (3.40 ug kg™ ') in
Xixian and a mid-parent value (3.32 pg kg~ ') in Changge,
compared with its parents. The average AHC for the RIL
population was 3.84%1.49 ug kg~ ' (range 1.08-8.37 ug kg™ ') in
Xixian and 2.71%1.76 ug kg~' (range 0.18-8.18 ug kg™ ') in
Changge.

For the Hg concentration in the stem (SHC), the value of the
parent Zong3 was lower (3.71 ug kg ') than that of the parent 87-
1(6.02 ug kg™ ") in Xixian, but the opposite trend was found in
Changge. The hybrid showed a mid-parent value (5.15 pg kg,
3.67 ug kg~ ') at both locations. For the RIL population, the
average SHC was 5.36+1.30 ug kg~ ' (range 1.82-9.02 ug kg™ ')
in Xixian and 4.26+2.32 ug kg~ ' (range 0.47-11.83 pg kg™ ') in
Changge.

For the Hg concentration in the bract (BHC), the parent Zong3
had higher values (8.80 ugkg ™", 9.18 ug kg™ ') than the parent 87-
1 (6.21 ug kg™, 8.23 ug kg ') at both locations. In addition, the
BHC (5.95 ug kg ', 7.14 pg kg ') for the hybrid expressed the
same low-parent performance at both locations. The average
BHC for the RIL population was 7.59%=1.81 pg kg71 (range 4.07—
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Figure 1. Histogram of Hg concentration in the five tissues of the RIL population.
doi:10.1371/journal.pone.0107243.g001

15.56 ug kg™ ") in Xixian and 5.83%1.84 ug kg~ ' (range 2.06- However, there were no significant relationships among the Hg
14.03 ug kg~ ') in Changge. concentrations in the five measured tissues in the RIL population
The parent Zong3 had a lower Hg concentration (30.20 pg in Changge by the phenotypic relationship analysis (Table 3, P<
kg™ ") than the parent 87-1 (43.20 pg kg™ ') in the leaves in Xixian,  0.01).
but the value of the parent Zong3 (43.14 ug kg~ ') was higher than
the parent 87-1 (37.31 pg kg ') in Changge. The Hg concentra-  QTL analysis for Hg concentration in the five tissues of
tion in the leaves (LHC)1 for the hybrid was 43.83 pg kg7l n maize
Kixian fand 4523 pg kg in Changge. Foz_the LHC of fhe RIL Twenty-three QTLs were detected for Hg concentration in the
g;)}gglag?r;sé thekaxifil)ra.gexv.al.ue wacsl ;rgl (?06:16 16; 9H s lig_l Erange five tissues of maize in the RIL population at the two locations
) 8. 647 4' 50 ﬂ: i ki -1 111:1 Cll'):zlfrllr;:cn PU=LL/T g kg (range (Table 4, Fig 2). These QTLs were distributed on chromosomes 1,
) ) o c . S 4, 7,8, 9 and 10. Five QTLs for Hg concentration in the kernels
Among the different tissues of maize, the kernels had the lowest . . . . ..
were identified in the two environments. In Xixian, there were

Hg Concentrat%on, followed by the axis, stems, bra'cts and lC.aVCS, three QTLs; two of them, gKHC9a and gKHC9b was adjacent
and both locations showed the same trend. According to variance . N o . .
analysis, the Hg concentration for the five measured tissues and ex.[)lailmeiinllOJf) /o and 10('185. o é)ffthe pl}llenotyplc v8a7r 1211ncle,
(kernels, axis, stems, bracts, and leaves) in the RIL population lg;pecnve Y- C"SlthwIzIy g;f ZHVI‘ZH (r;;rg the PernFI. d- ’ E
exhibited significant variations between genotypes and environ- an§ge, two QO gRIne and g were 1 en.u e it
ments, as well as in the interaction of genotypes and environments 13'90 % and 8.42% contribution rate to total phenotyp¥c vanance,
which came from the parent Zong3 and 87-1, respectively.

(Table 2, P<<0.01). For the Hg concentration in five measured R .
tissues in Xixian, the KHC and AHC displayed significant positive For the Hg concentra.tmn m the axis, two QTLs, gAHC4 ar?d
relationships, yet the BHC positively correlated with LHC. gAHC7 were detected in Xixian and ¢AHCS was detected in
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Table 2. Variance analysis of the five measured tissues in the RIL population.

Kernel Axis Stem Bract Leave
L 135.49" 161.05™ 59.1™" 205.2" 543"
G 7.03" 268" 717" 3.07" 671"
LxG 737" 283" 6.46" 3.88" 8.48"

Note: *significant at P<<0.05, **significant at P<0.01.
doi:10.1371/journal.pone.0107243.t002

Changge, which contributed 8.18%, 22.10% and 6.69% of the
phenotypic variance in the Hg concentration in the axis,
respectively. The alleles of gAHC4 and gAHC7 were derived
from the parent Zong3, and the ¢AHCS allele came from the
parent 87-1.

Six QTLs associated with SHC were detected at the two
locations, which were located on chromosomes 1, 4 and 8. The
QTLs contributed 6.70%—-20.63% of the total phenotypic
variance. Among the QTLs, ¢SHCS8b was found at both
environments simultaneously, accounting for 20.63% and 6.70%
of the total variance, and the effects resulted from the parent
Zong3.

Four QTLs were associated with BHC in this study. In Xixian,
two QTLs, gBHC8a and ¢BHC9, contributed 7.80% and 8.30%
of phenotypic variance, respectively. In Changge, the QTLs
gBHC4 and ¢BHCS8b explained 7.34% and 6.44% of the
phenotypic variance of BHC, respectively. All these QTLs were
derived from the high performance parent, Zong3.

For the Hg concentration in the leaves, there were five QTLs at
both locations, which explained 9.22%-16.46% of the phenotypic
variance. QTL ¢LHC4a was found at both locations simulta-
neously, and was responsible for 16.46% and 14.38% of the total
variance, respectively.

Discussion

Hg pollution has aroused global concern because of its toxicity
to organisms, persistence in the environment and long-range
transport [25]. In some contaminated areas, food chain transfer is
very common [31-34]. In rice, the Hg concentration is much
higher in roots than in shoots [14]. Similar results were obtained
from other plant species [35,36]. Meng et al. reported that Hg
levels in rice tissues followed the trend: root > stalk> leaf > husk
> seed [37], which is consistent with previous studies [38—40]. Liu
et al. found that the Hg content in the different tissues of maize
had features as follows: root > leaf > stalk > grain [41]. In this
study, we observed a similar distribution in Hg concentration in
different maize tissues (leaves > bracts > stems >>axis > kernels).

These results demonstrated that the Hg concentration in kernels
was lower than that in the other tissues, and the mechanism of Hg
accumulation and distribution in different tissues of maize was
possibly related to the plant detoxification mechanism. In this
study, the Hg concentration in soil in Xixian was higher
(457.57%31.30 ug kg™ ') than that in Changge (345.40+22.24 ug
kg™ !). Compared with the average Hg concentration for the five
measured tissues in the two locations, the average value in the RIL
population was higher in Xixian than in Changge for all tissues.
These phenomena indicated that the Hg concentrations in the
different tissues of maize were mainly reflected in the Hg
concentration in the soil.

Heavy metals are increasingly becoming environmental con-
cerns because of their release into ecosystems, which pose a threat
to human health [23]. Low-cost and ecologically sustainable
strategies are needed to restore heavy metal-contaminated soils
[28]. However, physical or chemical methods to address heavy
metal contamination are environmentally invasive, expensive and
ineflicient, especially for large scale clean up [42]. Phytoremedi-
ation is considered a cost-effective and environmentally friendly
approach to remove heavy metals from contaminated soils [43];
however, its application is limited because it is time consuming,
there is a lack of suitable plant species and production during
remediation is unprofitable [44]. Yu et al. raised the concept of
pollution-safe cultivars (PSCs), in which a specific pollutant was
accumulated by the edible part at a low level for safe consumption,
even when planted in contaminated soil [45]. As an alternative
choice, there has been increasing interest in selecting and breeding
PSCs [46]. In this study, we found that Hg accumulated in high
concentrations in the axis, bracts, stems and leaves, which
represent the main biomass products in maize, while the kernels
contained the lowest concentration among the five tested tissues.
For KHC in the RIL population, two parents and the hybrid, the
highest value was 4.62 ug kg~ ' in Xixian and 2.74 pg kg~ ' in
Changge; however, the values were much lower than 20 pg kg™ ',
which is the maximum recommended by the Chinese National
Standard Agency [47]. Maize is the most commonly planted crop

Table 3. Correlation coefficients among five measured tissues in the RIL population.

Kernel Axis Stem Bract Leave
Kernel 0.25™ 0.16 -0.07 —0.03
Axis 0.12 0.04 0.09 0.01
Stem —0.07 —0.01 0.05 0.05
Bract —-0.05 —-0.11 —-0.03 027"
Leave —0.05 —0.04 0.09 0.15

Note: **significant at P<0.01.

doi:10.1371/journal.pone.0107243.t003
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Correlation coefficients in Xixian are above the diagonal, while those in Changge are below the diagonal.
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worldwide, with broad adaptability. Thus, there is the potential to
decrease the concentration of Hg in Hg-contaminated paddy soil,
and maintain maize production simultaneously by selecting and
breeding maize Hg PSCs.

There are many forms of Hg in soil, including the elemental
(Hg®, ionic (Hg®"), hydroxide (Hg(OH)y), methyl (MeHg), and
sulfide (HgS) [48,49]. The environment and the genotype control
the uptake of Hg species in rice [50], and rice varieties differ
widely in their absorption and tolerance of Hg toxicity [14]. In
peas, six Hg?" responsive genes were identified using suppression
subtractive hybridization [51]. Their gene products were involved
in the salicylic acid (SA) biological defense system, the biosynthetic
pathway of isoflavonoids, antioxidant reactions, sulfur metabolism,
and cell wall rigidity [51]. Heidenreich et al. profiled the
transcriptome of A. thaliana exposed to Hg?*, and identified
Hg-induced genes that encoded proteins involved in chlorophyll
synthesis, cell wall metabolism, and P450-mediated biosynthesis of
secondary metabolites [52]. In addition, Yamaguchi et al. found
that Hg and other heavy metals could induce certain genes at the
same time [53]. Recently, several other genes related to Hg
accumulation have been identified [54,55]. In rice, 20 proteins
that were differentially expressed in roots under Hg treatment
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