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(Zea mays L.) Using a RIL Population

Dong Ding', Weihua Li', Guiliang Song’, Hongyuan Qi', Jingbao Liu?, Jihua Tang'*

1 College of Agronomy, Key Laboratory of Physiological Ecology and Genetic Improvement of Food Crops in Henan Province, Henan Agricultural University, Zhengzhou,
China, 2 College of Plant Science and Technology, Huazhong Agricultural University, Wuhan, China

Abstract

The Arsenic (As) concentration in different tissues of maize was analyzed using a set of RIL populations derived from an elite
hybrid, Nongda108. The results showed that the trend of As concentration in the four measured tissues was
leaves>stems>bracts>kernels. Eleven QTLs for As concentration were detected in the four tissues. Three QTLs for As
concentration in leaves were mapped on chromosomes 1, 5, and 8, respectively. For As concentration in the bracts, two
QTLs were identified, with 9.61% and 10.03% phenotypic variance. For As concentration in the stems, three QTLs were
detected with 8.24%, 14.86%, and 15.23% phenotypic variance. Three QTLs were identified for kernels on chromosomes 3, 5,
and 7, respectively, with 10.73%, 8.52%, and 9.10% phenotypic variance. Only one common chromosomal region between
SSR marker bnlg1811 and umc1243 was detected for QTLs gLAV1 and gSACI. The results implied that the As accumulation
in different tissues in maize was controlled by different molecular mechanism. The study demonstrated that maize could be
a useful plant for phytoremediation of As-contaminated paddy soil, and the QTLs will be useful for selecting inbred lines and

hybrids with low As concentration in their kernels.
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Introduction

Soil contamination with toxic heavy metals and metalloids, such
as Arsenic (As), has become a worldwide problem. Arsenic is
ubiquitously encountered in the environment because of its release
in substantial amounts as a consequence of geological and/or
anthropogenic activities. These activities include mining, burning
of fossil fuels, use of fertilizers and agrochemicals, disposal of
municipal and industrial wastes, and irrigation with contaminated
water [1-4], especially in Asia [5-9]. Irrigation of vegetables and
crop plants with arsenic-contaminated water, and accumulation of
As by plants, causes arsenic exposure to humans through their
daily diet [10]. Arsenic exposure increases the risk of certain types
of human cancer, such as skin, bladder, lung, kidney, and liver
cancers [11].

At a higher concentration, arsenic is also toxic to most plants. It
interferes with metabolic processes and inhibits plant growth and
development by arsenic induced phytotoxicity [12]. When plants
are exposed to excess arsenic, either in soil or in solution culture,
they exhibit toxicity symptoms, such as inhibition of seed
germination [13-14]; decreased plant height and tillering [15—
16]; reduction in shoot and root growth [17-18]; lower fruit and
grain yield [12,19]; wilting and necrosis of leaf blades [21],
reduction chlorophyll content and leaf area, as well as photosyn-
thesis [22-24]; and sometimes, plant death [25-26].

With uniform soil As concentration, there is a large variation in
total As concentration in grains of different genotypes of rice [27—
28]. Several QTLs for As concentration in rice have been
identified [29-30], and a remarkable three-gene model of
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tolerance was advanced using the same population, which appears
to involve epistatic interaction between three major genes [31].
Ma et al. reported that two different types of transporters (Lsi/ and
Lsi2) mediate transport of arsenite in rice [32], and that NIP1;2
and NIP5;1, closely related homologs of NIP1;1, were also
permeable to As(III) [33—-34]. In Arabidopsis thaliana, Phol;1 and
Phol;4 are responsible for As(V) and phosphate uptake [35].
Pht1;1-3 harbors a semidominant allele coding for the high
affinity Pi transporter PHT'1;1 [36]. Recently, Sung et al. reported
that a mutant, arsd in the subunit I (PAF1) of the 26S proteasome
complex was shown to exhibit an increased accumulation of
arsenic and thiol compounds during arsenic stress in Arabidopsis
[37].

In many countries where most maize products are not directly
used as human food, they are mostly used as feedstuff for livestock
and poultry; however, maize may represents the first product in
the biological chain leading to cereal crops and as such, its quality
is important because of the potential for accumulating toxic heavy
metals and metalloids. Requejo and Tena reported that the main
response of plant roots to acute inorganic arsenic toxicity is the
upregulation of a set of oxidative stress related proteins [11].
However, compared to Arabidopsis, rice, and wheat, there is little
research on As concentration in maize and the genetic basis for As
accumulation and distribution remains unclear. The objectives of
this study were to (i) dissect the rules of As accumulation and
distribution in different maize tissues, and (ii) identify QTLs for As
concentration variations in the tissues of maize under As
accumulated paddy soil treatment.
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Results

Performance of arsenic content in the four measured
traits

In terms of As concentration in the four measured tissues, of the
two parents and hybrid, the parent Huang C (P)) had a lower As
concentration (0.630 mg kg ') than parent Xul78 (0.731 mg kg )
in the leaves; the As concentration in the leaves of the hybrid was
0.994 mg ke '. In the bracts, the As concentration in the parent
Huang C (0.089 mg kg™ ') was higher than that in parent Xul78
(0.032 mg kg~ "); however, for stems and kernels, the As concentra-
tions in the parent Huang C (0.040 and 0.006 mg kg~ ') were lower
than those in parent Xul78 (0.087 and 0.011 mg kg™ ). The data
demonstrated that the As distribution in the four measured tissues
were different in the two genotypes. Additionally, the As concentra-
tion of in the leaves and bracts of the hybrid indicated high and low
parent heterosis, and in stems and kernels it expressed a mid-parent
performance.

The values of the As concentration in the four measured tissues in
the RIL populations varied widely (Table 1, Fig. 1), and the As
concentration in the four tissues of maize had significantly difference
at p<0.01 level (p=0.0004). The average As concentration of the
leaves in the RIL population was 0.66+0.29 mg kg~ ' (range 0.196 to
1.193 mg kg™ !). For the As concentration in the stems, the average
was 0.058%0.033 mg kg™ (range 0.021 to 0.181 mg kg™ ). For the
As concentration in bracts, the mean was 0.051%0.029 mg kg ™'
(range 0.015 to 0.173 mg kg™ '), and the average As concentration in
kernels was 0.0058+0.004 mg kg~ (range 0.001 t0 0.019 mg kg™ 1.

For the measured trait evaluated in the RIL population under
high As accumulating paddy soil, the four measured tissues had no
significant relationship each other (data not shown), according to
phenotypic relationship analysis. The results of variance analysis
showed that the As concentration in the bracts, stems and kernels
exhibited significant variations in genotypes, respectively (p<0.01
and P<0.05). The As concentration in the leaves had no
significant variations in the different genotypes in the RIL
population (Table 2). Amongst the different tissues of maize, the
leaves had a highest As concentration, followed by stems and
bracts, with kernels having the lowest As concentration.

QTL analysis for As concentration in the four tissues of
maize

The genetic linkage map for the RIL population was
constructed using 217 SSR markers and Mapmaker 3.0 software.
It included 10 linkages, spanning a total of 2438.2 cM, with an
average interval of 11.2 ¢cM (Xie et al., 2010).

Genetic Basis of Arsenic Concentration in Maize

Eleven different QTLs were identified for As concentration in
the four measured tissues in the population under As treatment
(Table 3). These QTLs were distributed on chromosomes 1, 3, 5,
7,8, and 9 (Fig. 2). There were three different QTLs detected for
As concentration in leaves. QTL ¢LACI had a 5.62% phenotypic
contribution for As concentration in the leaves, and the allele was
derived from the parent Huang C. The other two QTL, ¢LAC5
and ¢LACS, explaining 5.97% and 5.62% of phenotypic variance,
respectively, came from parent Xul78.

For the As concentration in the bracts, two QTLs, ¢BAC9a and
aBAC9b, were identified, which explained 9.61% and 10.03%
phenotypic variation, respectively, with direct values of 0.008 and
0.008 mg kg~ ' for As concentration in the bract respectively. The
two increased effect QTLs both derived from the high As
concentration parent, Huang C.

Three QTLs were identified for As concentration in the stems in
the RIL population. Of the three QTLs, ¢SAC5, had a high
contribution (15.23%) to the variance in the As concentration in
the stems, with a direct 0.014 mg kg~ ! increase in As concentra-
tion. The ¢SAC5 allele was derived from the high As concentration
parent Xul78. Another QTL, ¢SACIb, which had a 14.86%
phenotypic contribution for As concentration in stems, caused a
direct increase of 0.013 mg kg™ ' As concentration, was derived
from the parent Huang C. The total cumulative contribution of
the three QTLs to the phenotypic variance of As concentration
was 38.33%.

Three QTLs were identified for As concentration in kernels in
the RIL population and were located on chromosomes 3, 5 and 7,
respectively. The QTLs, gKACS, ¢KACS and gKAC7, had 10.73%,
8.52% and 9.10% contribution rates to the phenotypic variance,
with direct increases of 0.002 mgkg !, 0.001 mgkg ',
0.001 mg kg71 in As concentration in the kernels, respectively.
The alleles from the parent Huang C (QTLs ¢RAC3 and ¢hACS)
were associated with increased As concentration in kernels. The
other QTL, ¢KAC7, was derived from the parent Xul78 with
increasing effect. The total QTLs effects detected for As
concentration in kernels could explain 28.35% of the phenotypic
variance.

Out of the 11 QTLs detected for the As concentration trait in
the maize tissues, only one common chromosomal region,
between SSR markers bnlgl811 and umcl243, was found for
two QTLs, ¢LACI and ¢SACI. The QTL detection results verified
that the As concentration in the four tissues of maize had no
significant relationship, and that the As concentration in the
different maize tissues was possibly controlled by different genetic
mechanisms.

Table 1. Performance of As concentration in the four tissues of maize in the RIL population.

Population Trait LAC (mg kg™ ") BAC (mg kg™ ") SAC (mg kg ") KAC (mg kg™ ")

P, Mean 0.630 0.089 0.040 0.006

P, Mean 0.731 0.032 0.087 0.011

Fiq Mean 0.994 0.024 0.070 0.009

RIL Mean 0.66+0.29 0.051+0.029 0.058+0.033 0.0058+0.004
Range 0.196~1.193 0.015~0.173 0.021~0.181 0.001~0.019
Skewness 0.402 1.434 1.497 2.228
Kurtosis —0.278 2.878 2.599 3.029
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Note: LAC, As concentration in the leaves; BAC, As concentration in the bracts; SAC, As concentration in the stems; KAC, As concentration in the kernels.
doi:10.1371/journal.pone.0025646.t001
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Figure 1. Histogram of As concentration in the four tissues of the RIL population.

doi:10.1371/journal.pone.0025646.g001

Discussion

As distribution in the different tissues in plant

Food is one of the most important sources from which humans
take up arsenic, and soil arsenic is the major source of As uptake
by crops. The As concentrated in the grain of a cereal crop can
enter the human body directly; therefore, the distribution of As
concentration in different plant tissues has received close attention
in previous studies. In rice, Abedin et al. observed that a very large
amount of arsenic was retained in rice roots compared to its
content in straw and rice grain [20], which agreed with previous
studies [21,41-42]. Rahman et al. reported that the order of
arsenic concentrations was rice hull>branpolish>brown ri-
ce>raw rice>polished rice in two widely cultivated rice varieties
[41]. Smith et al. reported that arsenic concentrations in rice tissue
increased in the order grain, leaf, stem, and root [43]. In maize,
Baig et al. reported that the translocation of total As in different
tissues of maize were in the order of root>shoot>grain [44]. In
this study, we found that the As concentration in the seed/kernels
of cereal crop was lower than in the other tissues, and the trend of

Table 2. Variance analysis of the four measured tissues for As
concentration in the RIL. population.

Source of variance Fvalue

Leaf Bract Stem Kernel
Replication 0.043 0.00 0.00 0.00
Genotype 0.094 0.001™ 0.002™ 0.00"

Note:*, **, significant at P<<0.05 and P<<0.01 using F-test.
doi:10.1371/journal.pone.0025646.t002
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As concentration in different tissues was leaves>stems (shoot)
bracts>kernels. The results implied that the mechanism of As
accumulation and distribution in different tissues of maize is
possibly related to a self detoxification mechanism of the plant.

The genetic basis of As accumulation and distribution in
the different tissues of maize

In the environment, arsenic (As) is present in both organic and
inorganic forms; the inorganic species, arsenate [As (V)] and
arsenite [As(III)], are more abundant in soils compared with the
organic As [45]. As (V) has been shown to be taken up by the high
affinity phosphate uptake system [46-48]. Abercrombie et al
reported that Antioxidant-related genes play prominent roles in
response to arsenate. Microarray data suggest that As (V) induces
genes involved in response to oxidative stress and represses
transcription of genes induced by phosphate starvation [49].
As(III) uptake, on the other hand, is thought to be accomplished
through aquaporins in the roots [50]. When As (V) enters the
plant, a proportion of it is reduced to As (III), a process thought to
lead to oxidative stress [51]. Ma et al. reported that a mutation in
Ls:2 had a much greater impact on arsenic accumulation in shoots
and grain of field-grown rice than that in Lsi/, which suggested
that the root-to-shoot translocation is the key step in controlling As
accumulation in shoots [32].

In maize, Mylona et al. have shown that maize enzymes
involved in reactive oxygen scavenging have increased activity and
increased gene expression upon As exposure [52]. Requejo and
Tena, studying protein profiles, showed that 10% of the detectable
proteins in maize roots were regulated (either up- or downregu-
lated) by As, and seven out of the 11 proteins whose identity was
revealed were involved in cellular homeostasis for redox
perturbation [11]. In this study, 11 QTLs for As concentration
in different tissues of maize have been identified, and only two
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QTLs share the same chromosomal region, implying that As
accumulation and distribution in different tissues is perhaps
controlled by different genetic mechanisms.

Phytoremediation of As contaminated paddy soil

Recently, arsenic contamination in the environment has
aroused considerable attention [53-54]. The maximum acceptable
concentration of arsenic in agricultural soil is 20 mg kg™ [55];
however, in many areas or countries of the world, such as in
Bangladesh and China, the As concentration in the paddy soil is
more than the maximum acceptable concentration [56-58]. To
decrease the As concentration in paddy soil, many types of
physical and chemical remediation methods have been used.
Compared to physical and chemical remediation methods,
phytoremediation is an emerging, cost-effective, and noninvasive
alternative or complementary technology that uses green plants to
clean up heavy metals from the environment [59] . The plants
used in phytoremediation display a wide range of mechanisms at
the cellular level that are potentially involved in detoxification, and
thus tolerance, of heavy metals and metalloids stress [60—61]. Crop
plant species such as maize, which are cultivated with high
biomass production according to well established agronomic
methods, can be more interesting in phytoextraction protocols
than metal hyperaccumulating plants, which are wild species with
very rates of growth and biomass production [11]. To use maize in
arsenic phytoextraction protocols, the mechanisms of As accumu-
lation in the various tissues of maize might constitute appropriate
selection and/or manipulation targets for improving the potential
of maize in arsenic phytoremediation. In this study, we found that
the leaves and stems are the major tissues of As accumulation in
the RIL population grown in As contaminated soil; however, the
As concentrations are lower than those in different tissues of rice,
where the leaves, stems and bracts was the main biomass product
in maize. Maize is the most planted crop worldwide, and has a
broadly adaptability; therefore, it has good prospects in phytore-
mediation for renovating As contaminated soil, as proposed by
Requejo & Tena [11].

@ PLoS ONE | www.plosone.org

Table 3. QTLs detected for arsenic concentration in the four tissues in maize.

Treat QTL? Chromosome Location Flanking-markers LoD® A R

Leaf gLAC1 1 138.9 bnlg1811-umc1243 3.76 0.233 5.62
qLAC5 5 2335 umc1524-umc1537 391 —0.240 5.97
qLAC8 8 11.5 umc2052-bnlg1031 3.81 —0.223 5.62

Bract gBAC9a 9 81.1 bnlg1714-umc1357 3.57 0.008 9.61
gBAC9b 9 98.8 umc1078-umc1494 3.25 0.008 10.03

Stem gSACla 1 125.5 bnlg1811-umc1243 2.81 —0.010 8.24
gSAC1b 1 155.1 umc1988-umc1396 4.15 0.014 14.86
qSAC5 5 211.7 umc1722-bnlg1847 4.26 —0.013 15.23

Kernel gKAC3 3 113.4 umc2369-umc1174 3.53 0.002 10.73
gKAC5 5 18 umc1478-phi024 2.89 0.001 8.52
gKAC7 7 162.3 phi328175-umc1295 3.15 —0.001 9.10

Notes:

?QTLs detected for As concentration in the four tissues of maize;

°LOD for each QTL;

“Additive effect; positive values indicate that Huang-C alleles increase rates;

9R?, contribution ratio.

doi:10.1371/journal.pone.0025646.t003

The utilization of QTLs for As concentration in maize
breeding

With uniform soil As concentration, there is a large variation in
total As in grains of different genotypes [27]. Both environmental
and genotype differences affect As uptake and speciation in rice
[28]. Wu et al. reported that Arsenic accumulation is significantly
different between genotypes of rice. They also pointed out that the
variation of genotypes for As accumulation and speciation would
be useful for selecting genotypes to grow in areas contaminated by
As [62]. Recently, Zhang et al. reported that molecular markers
tightly linked to QTLs detected for As concentration could be used
in the development of rice cultivars with low straw and grain As,
using marker-assisted selection (MAS) [30]. Obviously, the As
concentration and distribution in different tissues of maize is a
typical quantitative trait; thus, the QTLs detected for As
concentration in different tissues can also be used in MAS for
selecting kernels with a low As concentration.

Materials and Methods

The arsenic content in the soil

The study was conducted to investigate the accumulation and
distribution of arsenic in different tissues of maize in a RIL
population, which was planted in As affected paddy soil located in
Ningling county of Henan Province in China (E115°31',
N34°44"). The agricultural soil of the study area has become
highly contaminated with arsenic because of the use of arsenic-rich
surface water (11.02+0.95 mg kg~ ' As, PH =6.5) for irrigation.

The experimental population

A population of 203 recombinant inbred lines (RIL) was
constructed by a single seed descent method from a cross between
two elite inbred lines, Huang-C and Xu178 [38]. In 2009, the RIL
population, two parents and their hybrid (Nongdal08) were
evaluated in experimental fields in Ningling county, which is
located in the north China and has an average temperature of
14.3°C and 640.9 mm of average rainfall per year. The field
experiment followed a complete randomized plot design with three
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replications. Each experimental material was planted in one plot,
and each plot consisted of 16 plants in a single 4 m long row, with
a distance of 0.27 m between two plants. Rows were planted
0.67 m apart, allowing a density of 65250 plants per hectare. To
ensure the growth of 16 plants per plot, seeds were sown in three
seed-hills, and only one plant was preserved, to reduce competition
among seedlings. Before planting the experimental material, the
field was irrigated to ensure the seed could germinate normally.

Analysis of As concentrations

Five consecutive plants per row, including ears, were harvested
at seed physiological maturity. Oven-dried plant tissues (leaves,
bracts, stems and kernels) were digested in nitric acid on a heating
block (Digestion Systems of AIM500, Al Scientific, Brishane,
Australia). The concentrations of As in leaves, bracts, stems and
kernels were measured three times by an atomic fluorescence
spectrometry (AF-610 A, Beijing Ruili Analytical Instrument Co.,
Beijing, China) [30], and the average of measurements was used
for further analysis. Data analyses were performed using SAS 8.0
statistical software with the PROC MIXED procedure.
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