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HIGHLIGHTS GRAPHICAL ABSTRACT

e A novel gene ZmHIPP controlling Pb-
tolerance in maize was identified by
QTL mapping and WGCNA.

e ZmHIPP was confirmed to modulate Pb-
tolerance in maize, Arabidopsis, and
yeast.

e ZmHIPP improves Pb deposition in the
cell wall, alleviating Pb toxicity in
maize.

e The polymorphism (A/G) in ZmHIPP
promoter contributes to the difference
in Pb-tolerance among maize lines.

ARTICLE INFO ABSTRACT

Keywords: Extensive lead (Pb) absorption by plants affects their growth and development and causes damage to the human
Pb tolerance in ma_ize ) body by entering the food chain. In this study, we cloned ZmHIPP, a gene associated with Pb tolerance and
Heavy-metal-associated isoprenylated plant accumulation in maize, using combined linkage mapping and weighted gene co-expression network analysis. We
ségt(etll\?A show that ZmHIPP, which encodes a heavy metal-associated isoprenylated plant protein, positively modulated Pb

tolerance and accumulation in maize seedlings, Arabidopsis, and yeast. The genetic variation locus (A/G) in the
promoter of ZmHIPP contributed to the phenotypic disparity in Pb tolerance among different maize inbred lines
by altering the expression abundance of ZmHIPP. Knockdown of ZmHIPP significantly inhibited growth and
decreased Pb accumulation in maize seedlings under Pb stress. ZmHIPP facilitated Pb deposition in the cell wall
and prevented it from entering the intracellular organelles, thereby alleviating Pb toxicity in maize seedlings.
Compared to that in the mutant zmhipp, the accumulated Pb in the wild-type line mainly consisted of the low-
toxicity forms of Pb. Our study increases the understanding of the mechanism underlying Pb tolerance in
maize and provides new insights into the bioremediation of Pb-polluted soil.

Linkage mapping
Functional validation

1. Introduction than 5.0 g/cm?®, including thirty-eight elements (Passow et al., 1961).
Among them, nonessential heavy metals like lead (Pb), cadmium (Cd),
Heavy metals were defined as those metals with a density greater mercury (Hg), and aluminum (Al) are not required for the metabolic
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processes of plants (Hasan et al., 2009). Due to the environmental
deterioration, industrial development, and sewage discharge, heavy
metals have risen to important threats in agricultural production.
Excessive heavy metals are poisonous and can cause damage to most
living organisms (Antonovics et al., 1971). Owing to its nutritional value
and high yield, maize (Zea mays L.) is used as a staple food, animal feed,
and industrial crop worldwide (Godfray et al., 2010). According to the
surveys conducted by the Food and Agriculture Organization, the global
demand for maize production has steadily increased over the past few
decades. As a highly persistent heavy metal, Pb has an estimated
soil-maintenance time of 150-5000 years and has been one of the most
frequently encountered heavy-metal pollutants of the environment
(Gisbert et al., 2003). Excessive Pb affects the growth and development
of maize by accumulating in roots, stems, leaves, and other organs (Shen
et al., 2013; Zhang et al., 2017). More seriously, Pb stress leads to the
yield and quality loss of maize (Dey et al., 2007). In addition, Pb can
enter human and animal bodies via the food chain, causing irreversible
damage to internal organs (Lippmann, 1990; Yang et al., 2000).

Plant roots absorb heavy metals from the soil and transport them to
the stems, leaves, and grains via long-distance transportation, affecting
plant growth and development (Nagajyoti et al., 2010). Excessive Pb is
toxic to maize roots and inhibits the elongation of radicle cells
(Obroucheva et al., 1998). Furthermore, Pb excess damages plant
seedlings, mainly by changing cell membrane permeability, inducing
leaf chlorosis, and affecting plant height and biomass (Tung and Temple,
1996). After entering plant cells, Pb chelates other substances, changes
enzyme activities, and modifies the cell structure. Pb ions damage the
chloroplast structure and disrupt chlorophyll synthesis, impacting
photosynthesis (Cox et al., 1996; Ewais, 1997). When exposed to
increased Pb concentrations, maize seedlings display an active super-
oxide system, including enhanced superoxide dismutase and peroxidase
activities. Active oxygen causes cell death and irreversible damage to
plants (Dietz et al., 2016).

When exposed to high concentrations of heavy metals, plants
initially resist the exposure via the cell wall and leaf trichome (Kulich
et al., 2015). Once the heavy metal ions are absorbed, plant cells pro-
duce metallothionein and transport them toward the vacuoles to protect
the organelles (Ma et al., 2003). In Arabidopsis, the ABC transporter
AtPDRS8 (Kim et al., 2007), NRT1 family members NRT1.1 and NRT1.8
(Mao et al., 2014; Li et al., 2011), VirE2-interacting protein VIP1 (Tsu-
gama et al.,, 2013), and heavy metal-associated isoprenylated plant
proteins (HIPPs) (Tehseen et al., 2010) modulate heavy metal tolerance
by binding to or transporting heavy metal ions. The vitamin E-deficient
mutant vtel was more sensitive to copper (Cu) and Cd than wild-type
(WT) Arabidopsis (Collin et al., 2008). Enhanced glutathione synthesis
in Arabidopsis plays a role in mitigating the risk of reactive oxygen
species induced by Cd stress (van de Mortel et al., 2008). In rice, OsH-
IPP41, STAR1/2 (an ABC transporter), and OsMTP11 (metal tolerance
protein 11) play key roles in regulating the heavy metal tolerance (de
Abreu-Neto et al., 2013; Farthing et al., 2017; Huang et al., 2009).
Meanwhile, the metal-nicotianamine transporter OsYSL2 controls the
translocation of manganese (Mn) and iron (Fe) into rice grains (Koike
et al., 2004). The multidrug and toxic compound extrusion (MATE)
contributes to sorghum resistance to Al (Magalhaes et al., 2007). In
maize, the transcription factor ZmWRKY4 regulates the antioxidant
defense caused by Cd stress (Hong et al., 2017). Recently, a P-type
ATPase heavy metal transporter ZmHMA3 was reported to regulate Cd
accumulation in maize kernels (Tang et al., 2021).

Several Pb transport-related genes have been reported in Arabi-
dopsis. The ABC transporter AtPDR12 acts as a pump to exclude Pb?*
and/or Pb2*-containing toxic compounds from the cytoplasm and con-
fers Arabidopsis tolerance to Pb stress (Lee et al., 2005). The PSE1 gene
that encodes a NC domain-containing protein was proposed to mediate
Pb tolerance partially through activating the ABC transporter AtPDR12
(Fan et al., 2016). The EIN2 gene was indicated to mediate Pb resistance
at least in part through a GSH-independent AtPDR12-mediated
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mechanism (Cao et al., 2009). The acyl-CoA-binding protein ACBP1
binds to Pb%* and mediates Pb accumulation in the shoots, conferring Pb
tolerance in Arabidopsis (Xiao et al., 2008). However, limited studies
have focused on the genes responsible for Pb tolerance in maize.
Quantitative trait loci (QTL) mapping depends on the genetic vari-
ations between the parents and among their recombinant offspring
(Raihan et al., 2016; Wen et al., 2014). Considerable genetic variation is
observed between different maize germplasms, more abundant than that
between humans and chimpanzees (Buckler and Stevens, 2006; Yang
et al., 2019). This facilitates the identification of the QTL responsible for
the agronomic traits in maize. Using QTL mapping, researchers have
recently identified numerous genetic loci for heavy metal tolerance and
accumulation in maize. In a recombinant inbred line (RIL) population,
11 QTL intervals controlled arsenic (As) accumulation in maize leaves,
stems, bracts, and kernels (Ding et al., 2011). Using another RIL popu-
lation, 23 QTL were found responsible for mercury (Hg) accumulation,
which explained 6.44-26.60% of the phenotypic variations (Fu et al.,
2014). Additionally, 14 QTL controlling As accumulation in maize ker-
nels were detected in this RIL population (Fu et al., 2016). Traditionally,
to further map the heavy metal-regulating genes from the QTL intervals,
QTL fine-mapping based on an enlarged recombinant population and
increased marker density should be performed (Han et al., 2020). The
weighted gene co-expression network analysis (WGCNA) enables the
identification of hub genes in co-expression modules based on the gene
expression patterns from RNA-seq data (Langfelder and Horvath, 2008).
The module associated with target traits is selected by calculating the
correlation between each module and the target traits (Li et al., 2021).
Moreover, genome-wide association studies (GWAS) and WGCNA have
been combined to successfully identify the potential functional genes
responsible for salt tolerance in maize (Li et al., 2021; Ma et al., 2021).
This study performed QTL mapping in a maize RIL population to
detect the QTL and candidate genes regulating Pb tolerance in maize
seedlings. WGCNA was conducted with the expression abundances of
these genes to construct the trait-associated co-expression modules. The
hub gene (ZmHIPP), located in the associated module, was verified by
candidate gene association analysis. ZmHIPP was subsequently func-
tionally validated by heterologous expression in yeast and Arabidopsis
and mutagenesis in maize. Our study revealed that ZmHIPP affected Pb
accumulation and conferred Pb tolerance in maize seedlings. The iden-
tified superior haplotype of the ZmHIPP promoter contributes to mo-
lecular marker-assisted breeding of maize with improved Pb tolerance.

2. Materials and methods
2.1. Plant materials and phenotypic investigations

The 200 maize RILs used for QTL mapping were derived from the
IBM Syn10 DH population that had high recombination frequency and
was constructed from the parental lines B73 and Mol7 (Jansen et al.,
2015). The genetic linkage map of the population has a total length of
1767.45 cM with an average distance of 0.29 cM between two adjacent
markers (Ma et al., 2018).

To evaluate the phenotypes of these RILs, 30 seeds of each line were
immersed in 10% H305 for 15 min and then rinsed twice with double-
distilled water. These sterilized seeds were rolled up in germination
paper (Anchor Paper, St. Paul, MN, USA) and vertically placed in a small
bucket filled with double-distilled water (Ma et al., 2020). For each line,
12 growth-consistent seedlings were selected at the bifoliate stage and
equally divided into two groups. One group was transferred into the
Hoagland solution (CK) (Hou et al., 2021) and the other into the
Hoagland solution containing 3 mM Pb?* (T) (Shen et al., 2013; Gao
etal., 2015). The seedlings were then cultured in a growth chamber with
a photoperiod of 8/16 h (darkness/light) at 22/25 °C. The RIL popula-
tion was grown in a randomized complete block design with three bio-
logical replicates. The shoot dry weight (SDW) and root dry weight
(RDW) for each line were measured on the 14th day of culture. Since
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heavy metal accumulation in plants changes the root-shoot ratio (RSR)
(Xu et al., 2018), we incorporated it as an index for evaluating Pb
tolerance. Pb tolerance for each trait was evaluated by calculating the
lead-tolerance coefficient (LTC), which is equal to the ratio of the
phenotypic value under Pb treatment (T) and that under normal con-
ditions (CK) (Hou et al., 2021). For instance, the formula for calculating
the LTC of SDW is as follows: LTC-SDW = SDW under T/SDW under CK.

2.2. QTL mapping of LTC traits and candidate gene identification

The QTL Cartographer v. 2.5 software (Wang et al., 2012) was used
for QTL mapping based on composite interval mapping (CIM), with a
10-cM window size and a 1-cM walking speed. The logarithm odds
(LOD) scores for these LTC traits were determined with 1000 permuta-
tions at a 0.05 significance level (Lander and Kruglyak, 1995). The
naming rules of QTL were q followed by the LTC trait and the QTL
sequential number. For example, in qLTC-SDW2, “q” denotes the QTL,
LTC-SDW is the LTC for SDW, and the number “2” represents chromo-
some 2. The gene models located in the confidence intervals of these
detected QTL were identified as the potential candidate genes respon-
sible for Pb tolerance in maize seedlings.

2.3. RNA-Seq and WGCNA

To obtain the expression abundances of the identified candidate
genes, we selected two lines with contrasting Pb tolerance for tran-
scriptome sequencing under CK and Pb treatment conditions. The
seedlings of the two lines SCL177 (Pb-sensitive) and SCL280 (Pb-
tolerant) were cultured under CK and Pb for 72 h, as described in Section
2.1. For each line, the samples were individually collected from the roots
of three seedlings at 0, 24, 48, and 72 h under CK and Pb stress, with
three biological repeats. Meanwhile, SDW, RDW, and RSR for the two
lines were investigated at various stages in each condition. A total of 42
samples were subjected to transcriptome sequencing, considering that
the samples from the 0 h stage under CK were the same as those from the
0 h stage under treatment. Total RNA was isolated from these samples
using TRIzol (Invitrogen, Gaithersburg, MD, USA) according to the
manufacturer’s instructions. Transcriptome sequencing reactions were
carried out using the Illumina sequencing platform.

High-quality reads were obtained by filtering the raw reads using the
fastp software and were subsequently aligned to the B73 RefGen_V4
reference genome (http://www.gramene.org) (Zhang et al., 2021a).
Transcript levels were calculated using the mapped reads and were
normalized to transcripts per kilobase million (TPM) using a consumer
script. Among the candidate genes identified by QTL mapping, the
differentially expressed genes (DEGs) were detected by calculating the
absolute value of logy(fold change) between each Pb treatment stage and
its corresponding CK stage. Subsequently, the TPM of the DEGs was
subjected to WGCNA using the package WGCNA in R studio (Langfelder
and Horvath, 2008). The co-expression modules were obtained with the
following set of running parameters: variance data expression > 0, no
missing data expression < 0.1, soft threshold (estimate value) = 10, deep
split = 2, min module size = 8, and merge cut height = 0.25. The
eigengene value of each module was applied to test the association be-
tween the module and the traits (SDW, RDW, and RSR) under Pb
treatment and CK conditions. The significance threshold was set at P =
0.05 to identify the significantly associated modules. In each associated
module, the genes with absolute eigengene-based connectivity value (|
KME|) > 0.6 and topological overlap measure (TOM) > 0.2 were
considered the hub genes. The key gene responsible for Pb tolerance was
selected from the hub genes according to the functional annotation.
Finally, Cytoscape software was used to draw the regulatory network for
each associated module (Shannon et al., 2003).
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2.4. Gene-based association analysis and ZmHIPP promoter activity
assay

The key gene in the associated module was subjected to a gene-based
association study. We used PCR to amplify the gene body and a 2000 bp
upstream fragment from the genomic DNA of the 77 inbred lines with
diverse genetic backgrounds. DNAMAN software (v5.2.2) was used for
sequence alignment between the amplified sequences and the B73
genome to detect sequence polymorphisms, namely single nucleotide
polymorphisms (SNPs) and insertion-deletions (InDels) (Ma et al.,
2021). Combining the LTC phenotypes of the 77 lines, these SNPs and
InDels were used to analyze the associations with LTC traits based on the
generalized linear model (GLM) in the TASSEL v. 5.0 software (Zhang
etal., 2021b). The significance threshold was set at P = 0.05, and the LD
between the markers was calculated using HaploView software
(http://www.broad.mit.edu/mpg/haploview). The haplotypes were
divided according to the significant markers detected in the gene body
and its 2000 bp upstream fragment. For each trait, a higher-LTC
haplotype was identified as the superior haplotype for Pb tolerance.

The promoter sequence of ZmHIPP was amplified from a haplotype I-
line SCL109 and a haplotype II-line SCL282 and separately inserted the
upstream of the reporter gene LUC on the vector pGreenlI-0800. The two
recombinant plasmids contained the Renilla luciferase (REN) gene under
the control of 35S promoter, which was used as an internal reference to
normalize the LUC expression level. The two constructs were then
separately transformed into Nicotiana tabacum leaves by Agrobacterium
injection. At 48 h of infection, the LUC and REN activities were
measured by the Dual Luciferase Reporter Gene Assay Kit (Yeasen,
Shanghai).

2.5. Phylogenetic analysis of ZmHIPP

ZmHIPP homologs were identified by the BLASTp program using the
ZmHIPP amino acid sequence as a query in the NCBI database (http
://www.ncbi.nlm.nih.gov/BLAST). Multiple alignment of these homo-
logs was carried out using the ClustalW tool with the parameters “outfmt
7-evalue le-5.” A phylogenetic tree was constructed using the neighbor-
joining method in the MEGA v.6.0 software, and the bootstrap value was
set to 1000 to test the confidence of topology (Li et al., 2011).

2.6. Expression, purification, and structural analysis of ZmHIPP

The coding sequence (CDS) of ZmHIPP was cloned from line B73 and
inserted into the prokaryotic expression vector pET-28a. The recombi-
nant construct was subsequently transformed into the Escherichia coli
BL21 (DE3) strain. The His-ZmHIPP fusion protein was induced at 15 °C
with 0.5 mM isopropyl-f-D-thiogalactoside and was purified by the Ni-
NTA-Sefinose Column (Sangon, Shanghai, China). Circular dichroism
(CD) analysis was used to dissect the secondary structure of ZmHIPP,
which was carried out on the Chirascan-Plus CD spectrophotometer
(Applied Photophysics, UK) at 25 °C. The data obtained from wave-
length of 190-260 nm were subjected to CNDD software (version 2.1,
Applied Photophysics Ltd., Leatherhead, UK) for calculating the sec-
ondary structure compositions (Li et al., 2018a).

2.7. qRT-PCR of ZmHIPP in different haplotype lines

Using an ABI 7500 real-time PCR System (Torrance, CA, USA), real-
time quantitative PCR (qQRT-PCR) was carried out to test the expression
of ZmHIPP under Pb treatment in different haplotype lines. Total RNA
was extracted from the roots of different lines 24 h after treatment with
3 mM Pb?*, using the TRIzol reagent (Invitrogen, Gaithersburg, MD,
USA). The PrimeScriptTMRT reagent kit (TaKaRa, Japan) was used for
cDNA synthesis; QRT-PCR was carried out using 200 nM of the gene-
specific primer pairs (Table S1) with 10 ng of ¢cDNA and 10 pL of
SYBR Green Supermix (Bio-Rad, USA). The PCR was performed in an
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ABI 7500 real-time PCR System as per the following conditions: an
initial step at 95 °C for 10 min to denature the DNA, followed by 35
cycles of 98 °C for 5 s, 60 °C for 10 s, 94 °C for 30 s, and a final step at
60 °C for 30 s. Each reaction was performed in triplicate with ZmActin 1
(GRMZM2G126010) as the reference gene. The 2" AACT phethod was
used to calculate the relative expression levels of ZmHIPP in different
samples.

2.8. Subcellular localization

The CDS of ZmHIPP without the stop codon was cloned from line B73
and inserted into an eGFP vector under the control of a 35S promoter, to
generate the recombinant plasmid p35S:ZmHIPP-eGFP. The fusion
construct was transformed into the protoplasts of maize leaves using
PEG4000. The transformed protoplasts were examined for eGFP fluo-
rescence under a confocal microscope (ZEISS LSM800, Germany) 48 h
after culturing under low light at 28 °C. The subcellular localization of
ZmHIPP was also examined by the transient expression of p35S:ZmHIPP-
eGFP in tobacco leaves via an Agrobacterium injection.

2.9. Heterologous expression of ZmHIPP in yeast

Yeast strains, including the Pb-sensitive mutant strain Aycfl and the
WT strain BY4741, were used in this study. The full-length CDS of
ZmHIPP was cloned from line B73 and inserted into the pYES2 vector
driven by the GAL1 promoter, to produce the recombinant construct
PGAL1:ZmHIPP. The construct was transformed into the mutant Aycfl
strain by electroporation, and the transformed strain was incubated on
solid YPD medium with or without 30 pM Pb3* (Holland et al., 2013) at
30 °C for 3 d. The Aycfl strain transformed with pYES2 and the WT
strain BY4741 were used as the negative and positive controls, respec-
tively. The ODgqp of the yeast cultures at 0, 12, 24, 36, 48, 60, 72, and 84
h was measured to determine the growth of these transformants. The Pb
content in the yeast cells was measured using inductively coupled
plasma-mass-spectrometry (ICP-MS; NexION 2000, PerkinElmer Inc.) at
72 h after liquid incubation of 20 pM, 30 pM, 60 pM, and 90 uM Pb%,
respectively.

2.10. Overexpression of ZmHIPP in Arabidopsis

The full-length CDS of ZmHIPP was inserted into the vector pRI 101-
AN driven by 35S promoter. The recombinant construct p35S:ZmHIPP
was introduced into the Agrobacterium strain GV3101 and was used to
transform Arabidopsis thaliana WT Columbia (Col) using the floral-dip
method (Clough and Bent, 2010). Positive transgenic lines were iden-
tified by a combination of ZmHIPP-specific PCR and kanamycin-resistant
screening. Homozygous transgenic lines for Pb tolerance evaluation
were obtained after three generations of self-pollination.

Seeds from the transgenic and Col lines were surface-sterilized,
plated on half-strength MS medium with 200 mg/L Pb?** (Pb treat-
ment) (Zhang et al., 2017) or without supplemented pb2+ (CK), and
cultured at 22 °C for 15 d. The root length and biomass were individually
investigated on day 15.

2.11. Evaluation of Pb tolerance in the maize mutant zmhipp

The UniformMu mutant (zmhipp, stock number: UFMu-01490) of
ZmHIPP was obtained from the MaizeGDB database (https://www.maiz
egdb.org/). The background of the mutant is W22, and a Mu transposon
is located within the 5'-UTR of ZmHIPP. After three generations of self-
pollination, the homozygous mutant zmhipp was identified via TIR6 and
zmhipp-specific PCR with the primer pairs described in Table S1.
Furthermore, qRT-PCR was used to detect the expression level of
ZmHIPP in the WT and zmhipp lines using the primers listed in Table S1.
Total protein was extracted from the roots of the WT and mutant plants
using the Plant Total Protein Extraction Kit (Sangon, China). The
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sandwich ELISA was performed to detect the expression level of the
ZmHIPP protein in the above lines. Briefly, each well was coated over-
night at 4 °C with 8 ug protein. The plate was washed with PBST three
times (3 min each time), blocked with the blocking buffer (5% non-fat
milk powder) at 37 °C for 1 h, and then washed with PBST three
times. Monoclonal antibody against ZmHIPP antigen (Sangon, China)
dilution of 1:100 in PBS was added and incubated at 37 °C for 1 h. The
wells were washed with PBST and incubated with the HRP-conjugated
Goat Anti-Rabbit IgG diluted to 1:2000 PBS for 1 h at 37 °C. Plate was
washed with PBST three times, incubated with 1% TMB for 15 min. The
reaction was terminated by adding 2 M H,SO4 and plate was read at 450
nm with a microtiter plate reader (ThermoFisher Scientific, USA).

At the bifoliate stage, the Pb tolerance of the zmhipp line was eval-
uated using the method described in Section 2.1. In addition to SDW,
RDW, and RSR, 10 root system architecture (RSA)-related traits were
investigated in this study, namely total root length (TRL), primary root
length (PRL), total secondary root length (TSRL), root perimeter (PER),
root depth (DEP), standard root length (SRL), root volume (VOL), total
surface area of root (TSA), root width (WID), and maximum number of
roots (MNR). These RSA-related phenotypes were observed using the
EPSON Expression 10000XL Root Scanner and evaluated by the ARIA
software (Pace et al., 2014). The LTC for each trait, represented by the
ratio of the phenotypic value under T to that under CK, was then
calculated.

2.12. Elucidation of the mechanism underlying Pb tolerance in maize
seedlings

To investigate the Pb tolerance mechanism mediated by ZmHIPP, we
examined the total Pb content in the roots and shoots of the mutant
zmhipp using ICP-MS. The Pb contents in different chemical forms and
various subcellular components in the zmhipp and WT lines were
compared.

To reveal the subcellular distribution of Pb, six plants were soaked in
0.02 M NayEDTA, rinsed with deionized water, and divided into root and
shoot parts. In total, 0.5 g fresh material was homogenized in a pre-
cooled extraction buffer (Wang et al., 2015). Cell components were
separated into three fractions by differential centrifugation at 4 °C
(Weigel and Jager, 1980; Zhou et al., 2008). F1 was composed of cell
walls and relative debris, F2 consisted of cell membranes and organelles,
and F3 involved cytosol and cytoplasm.

Different chemical forms of Pb were individually extracted using a
series of extractants: 1) 80% ethanol to extract inorganic Pb (nitrate/
nitrite and chloride), 2) deionized water (dH30) to extract Pb-organic
acid complexes of water solubility and Pb(H3PO4)2, 3) 1 M NaCl to
extract Pb pectates, protein-integrated Pb, and adsorptive Pb, 4) 2%
acetic acid to extract insoluble Pb phosphate and other Pb phosphate
complexes, and 5) 0.6 M HCI to extract Pb oxalate (Wang et al., 2015; Xu
etal., 1991; Xu and Wang, 2013). Pb concentrations in various chemical
forms were determined using ICP-MS.

2.13. Statistical analysis

The SPSS v. 20.0 software (http://www.spss.com) was used to
calculate the correlations between traits and perform phenotypic sta-
tistics to obtain the mean value, standard deviation (SD), coefficient of
variation (CV), skewness, and kurtosis for each trait. Analysis of vari-
ance (ANOVA) was conducted using SAS v. 9.3 software. The broad-
sense heritability (HBZ) values of these traits were individually esti-
mated based on the method described by Pace et al. (2015). Differences
were determined by a t-test at a p-value < 0.05.
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3. Results
3.1. Phenotypic variations of Pb tolerance among the RIL population

To address the variations in Pb tolerance, SDW, RDW, and RSR were
investigated in the IBM Syn10 DH population of maize under control
(CK) and test (T) conditions. Under CK conditions, the average amounts
of SDW, RDW, and RSR were 0.031 g, 0.026 g, and 0.906, respectively,
with CVs of 0.337, 0.235, and 0.204, respectively (Table S2). Under T
conditions, the average values of these three traits were 0.024 g, 0.021 g,
and 0.947 among the 200 RILs, respectively, with CVs of 0.276, 0.237,
and 0.194, respectively (Table S2). For each trait, a significant differ-
ence (P < 0.05) was observed between the CK and T groups, where SDW
and RDW decreased and RSR increased under T conditions compared to
their values under CK conditions (Fig. 1A, B, C). This suggests that Pb
stress affected the phenotypes of the RIL population. The Hz? for each
trait ranged from 61.36% to 84.49% and 56.54-79.10% under CK and T
conditions, respectively (Table S2). This implies that the phenotypic
variations were mainly genetically controlled under both conditions.
Moreover, the phenotype frequencies of all traits were normally
distributed (Fig. 1E, F), suggesting that quantitative loci controlled these
traits. Correlation analysis showed that SDW and RDW had the highest
correlation, with a correlation coefficient of 0.79 (CK) and 0.74 (T)
(Fig. 1E, F), verifying that the development of the root system influences
the growth of shoots in maize seedlings. To evaluate the Pb tolerance of
the population, we calculated the LTC for each line. Among the different
traits in the RIL population, the LTC of SDW was the lowest while that of
RSR was the highest (Fig. 1D). This suggests that Pb stress had a bigger
impact on SDW than on RDW and RSR.
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3.2. QTL and candidate genes responsible for Pb tolerance in maize
seedlings

A total of six QTL located on chromosomes 2, 4, 6, and 7 were
identified using the LTC values of SDW, RDW, and RSR. The LOD value
of each QTL ranged from 2.52 (qLTC-RSR6) to 3.13 (qLTC-SDW2), with
their phenotypic variation explained (PVE) between 4.66% (qLTC-
RSR6) and 5.93% (qLTC-SDW2) (Fig. S1, Table S3). No major QTL with
PVE > 10% were identified for these LTC values (Table S3), suggesting
that multiple minor loci mainly controlled the Pb tolerance of maize
seedlings. Four QTL (qLTC-SDW2, qLTC-SDW4, qLTC-SDW6, and gLTC-
RDW?7) had negative additive effects, indicating that the higher Pb
tolerance of the shoots and roots was mainly derived from the Mol17
parent (Table S3). The physical distance of flanking makers for each QTL
ranged from 0.70 Mb to 6.175 Mb (Table S3). Based on the QTL in-
tervals, 267 gene models were identified, with 67, 20, 27, 21, 76, and 56
models resolved to gLTC-SDW2, qLTC-SDW4, qLTC-SDW6, gLTC-RDW?7,
gLTC-RSR2, and gLTC-RSR6, respectively (Table 54).

3.3. Hub genes identified from the candidate genes by WGCNA

To identify the hub genes from the candidate genes detected by QTL
mapping, we carried out a WGCNA by combining the phenotypes and
the corresponding expression levels of the 267 genes in two inbred lines
with contrasting Pb tolerance. Under T conditions, phenotypic differ-
ences were observed between the two lines at each stage, except for SDW
at 48 and 72 h and for RSR at 24 h (Fig. S2). Generally, under T con-
ditions, the Pb-tolerant line SCL 280 showed higher SDW, RDW, and
RSR than the Pb-sensitive line SCL177 (Fig. S2). Among the 267
candidate genes in line SCL177, 23, 15, and 18 genes were differentially
expressed (with |logy(fold change)| > 1, Q < 0.05) at 24, 48, and 72 h,
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Fig. 1. Phenotypes of the IBM Syn 10 DH population under normal conditions (CK) and Pb treatment. (A), (B), and (C) Phenotypic values of shoot dry weight (SDW),
root dry weight (RDW), and root-shoot ratio (RSR) for the population, respectively. (D) Phenotypic values of the lead-tolerance coefficients (LTCs) for the population.
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significant differences at P < 0.05, P < 0.01, and P < 0.001 levels, respectively.
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respectively (Table S5). In line SCL280, 60, 6, and 15 of these candidate
genes were differentially expressed at the three respective stages
(Table S5). From the candidates detected by QTL mapping, we identified
82 genes responding to Pb stress in the two lines (Table S5).

Based on the expression abundance, 74 of the 82 genes were classi-
fied into four co-expression modules, namely blue (18), brown (17),
turquoise (29), and yellow (10), whereas the remaining eight genes
remained unclassified (in the grey module) (Fig. 2A). Moreover, corre-
lation analysis between the modules and the phenotypes illustrated that
only the blue module had a significant (P < 0.05) correlation with a trait
(RDW) (Fig. 2B). Therefore, the blue module was considered the Pb
tolerance-associated module, and seven genes with a [KME| > 0.6 and a
TOM > 0.2 were identified as the hub genes. The functional annotations
showed that the gene model Zm00001d004931 encodes a heavy metal-
associated (HMA) isoprenylated plant protein (HIPP). HMA is a
conserved domain found in numerous proteins that transport or detoxify
heavy metals (Leng et al., 2019). Therefore, Zm00001d004931
(ZmHIPP) was the causal gene for manifesting Pb tolerance in maize
seedlings. Under CK conditions, the ZmHIPP expression reached the
peak at 48 h and 24 h of the seedling growth in SCL177 and SCL280,
respectively (Fig. S3A). Under Pb stress, the ZmHIPP expression showed
an increasing trend with the treatment process in both lines (Fig. S3B).
Notably, the ZmHIPP expression value was higher in the Pb-tolerant line
SCL280 than that in the Pb-sensitive line SCL177 at each Pb treatment
period (Fig. S3B). Based on the node Cytoscape results from WGCNA, we
constructed the regulatory network of ZmHIPP and its co-expressed
genes in the blue module (Fig. 2C).

3.4. Genetic variation in the promoter of ZmHIPP affected the tolerance
of maize to Pb stress

To investigate the potential function of ZmHIPP, we conducted a

A Cluster Dendrogram
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phylogenetic analysis of various plant species based on the amino acid
sequences of the ZmHIPP homologs. A total of 391 genes from six plant
species were identified as orthologs of ZmHIPP, including 45 in Arabi-
dopsis, 39 in rice, 83 in wheat, 53 in sorghum, 74 in soybean, and 97 in
maize. We constructed a phylogenetic tree using ZmHIPP and some of its
orthologs (Fig. S4). Among them, three genes from sorghum
(Sobic.005G033700, Sobic.005G033400, and Sobic.005G033600) and
two from maize (Zm00001d017393 and Zm00001d023372) showed the
closest phylogenetic relationship with ZmHIPP (Fig. S4). Prokaryotic
expression showed that the molecular weight of the ZmHIPP protein was
~ 60.00 kDa (Fig. S5A). CD analysis revealed that ~6.10%, ~17.20%,
and ~29.70 of the amino-acid residues were in the a-helical, beta-turn,
and random coil conformations, respectively (Fig. S5B).

To verify whether variations in ZmHIPP influence Pb tolerance, we
performed an association analysis for ZmHIPP using the genotypes and
LTC phenotypes of 77 inbred lines in maize (Table S6). Six SNPs were
observed in the promoter and nine in the gene body of ZmHIPP
(Table S7). Using the GLM, one SNP (S2_149356641, A/G) located in the
promoter was significantly (P < 0.05) associated with LTC-SDW and
LTC-RSR (Fig. 3A). T-tests showed that the lines with “A” allele had
significantly (P < 0.05) higher LTC-SDW and lower LTC-RSR than those
with “G” allele (Fig. 3B). To test whether the variation affected ZmHIPP
expression among different lines, we randomly selected five “A”-type
lines and five “G”-type lines for qRT-PCR analysis of ZmHIPP in roots
under Pb treatment. The ZmHIPP expression level in the “A”-type lines
was significantly higher than in the “G”-type lines after 24 h of Pb
treatment (Fig. 3 C). In addition, the relative LUC activity of the “A”-
type promoter was 28.56-fold higher (P < 0.001) than that in the “G”-
type promoter, suggesting that the “A”-type promoter had a higher
transcriptional activity than the “G”-type promoter (Fig. 3D). All these
findings suggest that the “A/G” transition in ZmHIPP promoter
controlled its expression abundance, thereby affecting the Pb tolerance
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Fig. 2. Results of weighted gene co-expression network analysis (WGCNA) conducted using transcriptome data and phenotypes of seedling traits under Pb stress. (A)
Co-expression modules identified by WGCNA. Brown, yellow, turquoise, and blue represent four co-expression modules; grey shows the unclassified transcripts
according to their expression patterns. (B) Correlations between the modules and phenotypes. Numbers outside parentheses represent the correlation coefficients
between the modules and phenotypes; numbers inside parentheses denote the P-values of the correlation coefficients. (C) Regulatory network constructed for the
trait-associated module (blue module). The red circle shows the prioritized causal gene for Pb tolerance; dark blue circles display the other hub genes.(For inter-
pretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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Fig. 3. Association analysis and subcellular localization for ZmHIPP. (A) Significant variations associated with lead-tolerance coefficients (LTCs) of seedlings. The red
dotted line shows the threshold of significance (P = 0.05). LTC-SDW and LTC-RDW represent the LTCs of shoot dry weight and root dry weight, respectively. The
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(B) Comparison of LTC-SDW and LTC-RDW between haplotypes. * denotes a significant difference between Hapl and HaplI at P < 0.05 level. (C) Expression levels of
ZmHIPP in different haplotype lines. *** represents a significant difference between HapI and HaplI at P < 0.001 level. (D) Comparison of the promoter activities

between the two contrasting haplotypes. *** represents a significant difference between Hapl and HaplI at P < 0.001 level. (E) Subcellular localization of ZmHIPP in
maize protoplasts.(For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

of maize seedlings. Subcellular localization analysis using maize pro-
toplasts and tobacco leaves demonstrated that the ZmHIPP-GFP fusion
protein was localized in the nucleus and the cell membrane (Fig. 3E,
Fig. S6).

3.5. Heterologous expression of ZmHIPP enhanced Pb tolerance in yeast
and Arabidopsis

To investigate the role of ZmHIPP in Pb tolerance, we heterologously
expressed ZmHIPP in a Pb-sensitive yeast strain Aycfl. Compared to that
in the WT strain BY4741, the growth of Aycfl strain was significantly
inhibited in the medium containing 30 uM Pb%* (Fig. S7). The recom-
binant Aycf1-ZmHIPP displayed higher Pb tolerance in the 30 M Pb?*
medium than the Aycfl strain transformed with pYES2 (negative con-
trol) (Fig. 4A, B). The yeast growth curve indicated that under Pb stress,
the recombinant Aycf1-ZmHIPP had a faster growth rate than the Aycf1-
pYES2 strain (Fig. 4C). However, no significant difference in Pb toler-
ance was observed between the two recombinants Aycfl-ZmHIPP and
BY4741(WT)-pYES2 after 30 uM Pb%>" treatment (Fig. 4B), illustrating
that the heterologous expression of ZmHIPP effectively complemented
Pb tolerance in the mutant Aycfl. Additionally, Pb concentration in the
recombinant Aycfl-ZmHIPP significantly increased by 129.26%,
compared to that in the Aycf1-pYES2 strain (Fig. 4D). To further verify
the role of ZmHIPP on Pb tolerance, we determined the Pb contents in
the Aycfl-ZmHIPP under Pb?* treatment concentrations of 20 pM,
60 pM, and 90 pM. The results showed that Pb concentration in Aycfl-
ZmHIPP was significantly higher (P < 0.001) than that in the Aycfl-

pYES2 strain after each of the Pb%**-concentration treatments (Fig. S8).
These findings suggest that ZmHIPP positively mediates Pb absorption in
yeast cells.

ZmHIPP was transformed into Arabidopsis, generating three inde-
pendent transgenic events that overexpressed the gene. Under CK con-
ditions, no difference was observed in the root and shoot growth
between the OE (overexpression) and WT lines (Fig. 4E, F, G). Under
200 mg/L Pb?* treatment, the growth of the WT line was significantly
inhibited compared to that of the OE lines. Compared to the average root
lengths of WT plants under Pb stress, those of OE1, OE2, and OE3 lines
increased by 29.69%, 30.10%, and 26.60%, respectively (Fig. 4E, F).
The biomass of the three transgenic lines was 1.16-, 1.13-, and 1.21-fold
higher than that of the WT line, respectively, when exposed to Pb
treatment (Fig. 4E, G). These findings demonstrated that overexpression
of ZmHIPP in Arabidopsis improved the Pb tolerance of Arabidopsis
seedlings.

3.6. ZmHIPP positively regulates Pb accumulation and tolerance in maize
seedlings

To validate the function of ZmHIPP in Pb tolerance in maize, we
evaluated the biomass LTCs of the knockdown mutant (zmhipp) under Pb
stress. QRT-PCR analysis showed that ZmHIPP expression in the homo-
zygous mutant was only 0.13- and 0.33-fold lower than that in the WT
(W22) line under normal conditions and Pb** treatment, respectively
(Fig. S9A, B). ELISA supported that the expression of ZmHIPP protein
was significantly (P < 0.001) downregulated in the mutant zmhipp
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Fig. 4. Heterologous expression of ZmHIPP improves Pb tolerance in yeast and Arabidopsis. (A) Comparison of the growth rate between the wild-type (WT) yeast, the
mutant (Aycfl-pYES2), and Aycfl transformed with ZmHIPP (Aycfl-ZmHIPP) under normal conditions. (B) Comparison of the growth rate between WT, Aycfl-
PYES2, and Aycf1-ZmHIPP strains under 30 uM Pb* treatment. (C) Growth curves of Aycfl-pYES2 and Aycfl-ZmHIPP strains under 30 pM Pb%" treatment. (D)
Comparison of Pb concentration in yeast cells between Aycfl-pYES2 and Aycf1-ZmHIPP strains under 30 uM Pb>* treatment. (E) Comparison of the seedlings be-
tween the WT Arabidopsis (Col) and the transgenic line (OE1) under Pb stress (200 mg/L Pb2*) for 15 d. (F) Root lengths of the transgenic lines OE1, OE2, OE3, and

Col after 15 d of Pb treatment. (G) Biomass phenotypes of the transgenic lines OE1, OE2, OE3, and Col after 15 d of Pb treatment. CK, normal conditions; Pb, Pb

treatment. ns represents no significance (P > 0.05) between Col and the OE line. *

and P < 0.001 levels, respectively.

** and *** denote a significant difference between Col and the OE line at P < 0.01

compared with that in WT under both conditions (Fig. S9C, D). The
reduced ZmHIPP expression in the mutant caused a significant
(P < 0.05) decrease in the LTCs of both SDW and RDW, with LTC-SDW
and LTC-RDW for the WT line being 0.995 and 0.960, respectively, and
those of the mutant being 0.887 and 0.894, respectively (Fig. 5A, B, C, D,
E, F). We measured the LTCs of 10 RSA traits in the mutant, which
indicated that only the LTCs of TSRL and SRL were significantly
(P < 0.05) decreased in the mutant as compared to those in the WT line
(Fig. 5G, H). The other traits did not significantly differ in their LTCs
between the mutant and the WT lines (Fig. S10). This suggested that
ZmHIPP positively regulates Pb tolerance of maize roots by mainly
affecting the length of secondary roots under Pb stress.

In both the mutant and WT lines, majority (80.598-81.384%) of Pb
was retained in the roots, while only a small proportion
(18.616-19.402%) was transported to the shoots (Fig. 5I). The Pb con-
tent in the roots of the mutant line was 67.854% lower than that in the
roots of the WT line (Fig. 5I). Concurrently, Pb accumulation in the
shoot of the mutant line was significantly (P < 0.05) decreased to
2531.433 mg/kg dry weight (DW) compared to the 3545.050 mg/kg
DW in the WT line (Fig. 5I). These results indicated that ZmHIPP posi-
tively affects Pb uptake, translocation, and tolerance in maize seedlings.

3.7. ZmHIPP facilitates Pb deposition in the cell wall and alleviates Pb
toxicity in maize

The chemical forms and subcellular distribution characteristics of Pb
in plants affect Pb absorption and tolerance capacities (Wang et al.,
2008). We focused on the subcellular distribution patterns and chemical
forms of Pb in the WT (W22) and mutant (zmhipp) lines.

In the roots of both lines, Pb oxalate (extracted by 0.6 M HCI) was the
major Pb-bearing component (58.30-60.05%), followed by undissolved
Pb phosphate (extracted by 2% HAC), which was 17.46-20.28% of the
total Pb (Fig. 6A). In the roots, Pb pectates, protein-integrated Pb, and
adsorptive Pb (extracted by 1 M NaCl) had the lowest proportion
(2.88-3.19%) (Fig. 6A). The roots of the WT plants showed significantly
(P < 0.05) higher Pb concentrations across all chemical forms, except
the water-soluble Pb in inorganic form (extracted by 80% ethanol), than
the roots of the mutant line (Fig. 6B, C, D, E, F). Furthermore, compared
to that in the mutant line, the increased Pb concentration in the roots of
the WT line was mainly due to the presence of less toxic Pb forms,
namely Pb oxalate and undissolved Pb phosphate (Fig. 6E, F). In the
shoots of both lines, water-soluble Pb in inorganic form (35.36-36.75%)
and Pb oxalate (33.921-34.570%) were the major forms of Pb, whereas
the undissolved Pb phosphate had the smallest percentage (4.92-5.06%)
(Fig. 6A). In contrast to that in the mutant shoots, the enhanced Pb
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Fig. 5. Pb-tolerant phenotypes of the mutant zmhipp. (A) Phenotypic comparison between the wild-type (W22) and the mutant (zmhipp) under normal conditions. (B)
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content in the WT shoots resulted from increased organic Pb (extracted
by dH30), Pb pectates, protein-integrated Pb, and adsorptive Pb
(Fig. 6C, D).

In both the WT and mutant lines, most of the Pb was distributed in
the subcellular level F1 (cell walls and relative debris) (Fig. 7A).
Approximately 81.40-83.52% and 53.87-64.96% of Pb were present in
F1 of the roots and shoots, respectively, for the two lines (Fig. 7A).
Conversely, Pb in F2 (cell membrane and organelles) accounted for the
lowest proportion of total Pb in both lines, with 6.50-7.72% in the roots
and 13.59-20.66% in the shoots (Fig. 7A). The concentration of Pb in
each form (F1, F2, and F3) was significantly (P < 0.05) higher in the
roots of the WT line than in those of the mutant line (Fig. 7B, C, D).
Notably, Pb in the F1 component had significantly (P < 0.05) increased
to 1596.66 mg/kg DW in the WT shoots, compared to 1035.03 mg/kg
DW in the mutant shoots (Fig. 7B). In contrast, Pb in the F2 component
had significantly (P < 0.05) decreased to 303.00 mg/kg DW in the WT
shoots compared to 397.02 mg/kg DW of the mutant shoots (Fig. 7C).
This suggested that ZmHIPP facilitates Pb deposition in the cell wall and
inhibits its penetration into the cell organelles, thereby alleviating Pb
toxicity in the maize seedlings.

4. Discussion

4.1. ZmHIPP is a positive regulatory factor for Pb tolerance and
accumulation across species

This study reported a heavy metal tolerance-associated protein,
ZmHIPP, that confers Pb tolerance to maize seedlings by increasing the
deposition of Pb in the cell wall and alleviating Pb toxicity. The heter-
ologous expression of ZmHIPP in the Pb-sensitive mutant of yeast com-
plemented the Pb tolerance of the mutant and enhanced Pb absorption
into yeast cells. Overexpression of ZmHIPP in Arabidopsis promoted its
growth under Pb treatment. Knockdown of ZmHIPP in maize signifi-
cantly decreased Pb tolerance in the seedlings and reduced Pb

10

accumulation in the entire plant. Compared to that in the maize mutant
zmhipp, increased Pb content in the WT plants was mainly due to low-
toxicity Pb forms. Additionally, we showed that ZmHIPP alleviates Pb
toxicity in maize by transporting Pb to the cell wall. ZmHIPP encodes an
HMA isoprenylated plant protein. HMA is a conserved domain in many
proteins and can transport or detoxify heavy metals (Leng et al., 2019).
However, further studies are required to verify whether ZmHIPP is
associated with the tolerance of other heavy metals. We found that
hundreds of genes in other plants were orthologs of ZmHIPP, including
three genes (Sobic.005G033700, Sobic.005G033400, and
Sobic.005G033600) from sorghum that showed a close phylogenetic
relationship with ZmHIPP (Fig. S4). Therefore, the three sorghum genes
probably regulate heavy metal tolerance in sorghum.

4.2. Combined QTL mapping and WGCNA is an effective strategy for
identifying key genes that control heavy metal tolerance in plants

Linkage mapping is an effective method for understanding the ge-
netic architecture of quantitative traits (Tanksley, 1993) and has been
widely used to identify the genomic regions controlling abiotic
stress-tolerant traits in various species (Deniau et al., 2006; Courbot
et al.,, 2007; Hou et al., 2021). Deniau et al. (2006) mapped the QTL
responsible for Zn and Cd accumulation in the heavy metal hyper-
accumulator Thlaspi caerulescens using a parental F2 population (Deniau
et al., 2006). The phenotypic variance explained by the mapped QTL
ranged from 23.8% to 60.4%, with several common QTL detected be-
tween Zn and Cd concentrations in the roots (Deniau et al., 2006). In
Arabidopsis, three QTL were identified for Cd tolerance using a BC1
population, contributing 43%, 24%, and 16% of the phenotypic variance
(Courbot et al., 2007). The IBM Syn 10 DH population was previously
used to dissect 64 QTL for the combined tolerance of Pb and Cd stress in
maize (Hou et al., 2021). However, due to the larger intervals of the
mapped QTL, fine-mapping based on enlarged recombinant populations
is required for cloning the causal genes of the target traits (Han et al.,
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2020). Based on a major QTL for Cd accumulation in maize, the candi-
date gene ZmHMA3 was fine-mapped using an F2 population of 305
individuals. It was further validated using maize mutant strategies to
control Cd accumulation in maize grains (Tang et al., 2021). However,
determining the causal genes by QTL fine-mapping is very
time-consuming and expensive.

The recently developed WGCNA facilitates the identification of hub
genes that control target traits based on gene expression patterns
(Langfelder and Horvath, 2008). In this study, we combined linkage
mapping and WGCNA to clone the key genes affecting Pb tolerance in
maize seedlings. By QTL mapping, we detected five QTL responsible for
the LTCs of maize seedlings and identified 267 gene models in these QTL
intervals. According to the RNA-seq data, 82 of the 267 genes were
responsive to Pb treatment. Using WGCNA, we clustered the 82 genes
into different co-expression modules based on the normalized expres-
sion value of each gene. From the correlation between each module and
Pb-tolerant phenotypes, the blue module, with 18 co-expressed gene
models, was selected as the model associated with Pb tolerance. Seven of
the eighteen genes showed the highest values for eigengene connectivity
and weight, and were identified as the hub genes controlling Pb toler-
ance. Therefore, we were able to efficiently identify the potential
functional genes for Pb tolerance by the combined use of QTL and
WGCNA. This strategy circumvented the process of QTL fine-mapping
and saved considerable time and cost.

4.3. Variation in the ZmHIPP promoter regulates Pb tolerance probably
by affecting its binding with the GRAS transcription factor

Promoters are key cis-acting elements of functional genes that play a
crucial role in controlling gene expression at the transcriptional level
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(Hernandez-Garcia and Finer, 2014). Natural variations in gene pro-
moters affect gene expression levels and regulate growth and develop-
ment (Zhao et al., 2018), amino acid levels (Sun et al., 2020), grain yield
(Duan et al., 2017), stress tolerance (Ye et al., 2018; Jin et al., 2021), and
heavy metal accumulation (Liu et al., 2020) in plant species. In rice, an
11-nucleotide change in the promoter of OsHMA3 resulted in a disparity
in the OsSHMA3 expression levels and contributed to distinct Cd accu-
mulation in the grains of two lines (Liu et al., 2020). We conducted a
ZmHIPP-based association analysis to illustrate how the variations in
ZmHIPP sequence controlled phenotypic variations in Pb tolerance. One
SNP (S2.149356641, A/G), located in the promoter of ZmHIPP, was
significantly associated with the LTCs of maize seedlings. Under Pb
treatment, the lines with “A” allele had higher LTCs and ZmHIPP
expression level than those with “G.” Notably, the SNP S2_149356641
was closely linked to a GRAS transcription factor binding motif
(GAAAAGAAAACATAAAAAAT) in the promoter. In the “A” haplotype, a
complete GRAS-binding motif was included in the promoter of ZmHIPP.
However, this motif was mutated to “GAAAAGAAAACATAAAGAAT” in
the “G” haplotype, likely preventing the GRAS transcription factor from
binding. The GRAS transcription factor family is specific to plant species
and plays a significant role in various physiological processes, including
regulation of abiotic stress tolerance (Yuan et al., 2016; Li et al., 2018b;
Fan et al., 2021; Zhang et al., 2020, 2021c). The “A”-type lines had the
exact GRAS binding motif on the ZmHIPP promoter, which could suc-
cessfully bind the GRAS transcription factors. The expression of ZmHIPP
was efficiently promoted by GRAS proteins in the “A”-type lines. In
contrast, the expression of ZmHIPP could not be activated in the
“G”-type lines due to mutation of the GRAS-binding motif in the ZmHIPP
promoter. This evidence could explain the difference in Pb tolerance
between the two haplotypes.
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4.4. Increasing the expression of ZmHIPP in maize is a potential method
for bioremediation of Pb-polluted soil

Excess of heavy metals in soil is a public concern because they can
enter the human body via the food chain. The development of heavy
metal hyperaccumulators is a practical approach for the bioremediation
of heavy metal-polluted soil (Rascio and Navari-1zzo, 2011). As a major
crop in the world, maize can potentially serve as a Pb hyperaccumulator
crop because of greater biomass than other plants. Currently, the kernels
and non-edible parts of maize have been used as raw materials for en-
ergy generation. This provides the promising use of ZmHIPP-transgenic
maize in soil bioremediation. We have shown that ZmHIPP contributes
positively to Pb absorption from the environment and Pb tolerance in
maize. Therefore, in the future, increasing ZmHIPP expression in maize
using transgenic approaches can potentially enhance its Pb absorption
ability (from soil) and aid in the bioremediation of Pb-polluted soil.

5. Conclusion

We characterized the novel Pb tolerance-associated gene ZmHIPP
from maize for the first time. Overexpression and mutation studies
revealed that ZmHIPP is a positive regulatory factor for Pb tolerance.
ZmHIPP enhanced Pb deposition in the cell wall and alleviated Pb
toxicity in maize seedlings. These findings broaden our knowledge of Pb
tolerance mechanisms in plants and provide new insights into the
bioremediation of Pb-polluted soil.
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