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A heavy metal transporter gene ZmHMA3a promises safe 1 

agricultural production on cadmium-polluted arable land  2 

 3 

In China, 19% of agricultural soils contain harmful heavy metal pollutants at levels exceeding 4 

environmentally recommended standards, whilst around 3 million hectares of arable land are too 5 

polluted to grow crops on (Zhao et al., 2015; Hu et al., 2016). Among the deleterious heavy metals, 6 

cadmium (Cd) is the most bioavailable toxic metallic pollutant and is rapidly transferable through 7 

the food chain (Wang et al., 2019). Concerning the current dilemma of the enhanced food demands 8 

of a rising population and decreasing availability of arable land, it is promising to cultivate field 9 

crops that produce enough safe foods for human consumption and simultaneously remove the 10 

pollutants from contaminated arable lands.  11 

Many genes underlying Cd root uptake, vacuolar sequestration, root-to-shoot translocation, 12 

and accumulation have been demonstrated in rice (Zhao and Wang, 2020). Although knockout or 13 

overexpression of these key genes can efficiently reduce Cd accumulation in the grains, the field 14 

performance and even grain yield are unavoidably impaired when this strategy is followed (Sasaki 15 

et al., 2012; Sasaki et al., 2014; Lu et al., 2019; Chang et al., 2020). Owing to the massive biomass 16 

and high tolerance to Cd, maize (Zea mays L.) is a promising species for remediating Cd 17 

contaminations in agricultural soils (Wuana and Okieimen, 2010), as long as it can be engineered 18 

to be capable of producing safe kernels. It was reported that Cd content in maize varied widely 19 

among different genetic lines (Zhao et al., 2018; Baseggio et al., 2021), but only one gene regulating 20 

Cd accumulation in kernels has been functionally characterized in maize (Tang et al., 2021).  21 

We initially observed that the leaf Cd content varied widely in two maize populations (Yang et 22 

al., 2011; Liu et al., 2020) (Fig. S1A and S1D). Then, a major peak (p = 7.05e–19) on chromosome 23 

2 was identified in CUBIC, which explained 18.42% of the phenotypic variance (Figs. 1A and S1B). 24 

According to the parental IBD status of the peak bin (LRT = 69.84), JI53 group presents a significant 25 

difference from the other 15 groups (Non-JI53) and even greatly exceed the China guidance level 26 

of Cd contamination in cereals (0.1 mg/kg, hygienic standard for grains) (MHPRC, 2012), implying 27 

that the JI53-IBD is a high-Cd allele and Non-JI53 IBD is a low-Cd allele (Fig. S1C). By comparing 28 

the phenotypic difference against the genetic divergence among the progenies carrying JI53 bins 29 
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and Non-JI53 bins, we refined this QTL to a 6 Mb interval (158–164 Mb, Fig. 1B), which was 30 

comparable to qLCd2 (153.75–167.58 Mb on chromosome 2) for maize leaf Cd accumulation (Zhao 31 

et al., 2018) and qCd1 for maize kernel Cd variation (Tang et al., 2021). The same QTL qCd2 (162.8 32 

Mb–164.4 Mb, B73RefGen_v4.32) was also detected in AMP, which accounted for 17.98% of the 33 

phenotypic variance (Fig. 1C and 1D). Based on the B73 gene model annotations at qCd2, 34 

Zm00001d005189 and Zm00001d005190 were annotated as heavy metal ATPases (Table S1). In the 35 

published studies (Cao et al., 2019; Tang et al., 2021), these two genes were directly named 36 

ZmHMA4 (GRMZM2G455491) and ZmHMA3 (GRMZM2G175576). However, phylogenic analysis 37 

in our study shows that both Zm00001d005189 and Zm00001d005190 are the closest homologous 38 

to OsHMA3 (Ueno et al., 2010; Miyadate et al., 2011) (Fig. S2). Hereafter, it is more reasonable to 39 

designate Zm00001d005190 as ZmHMA3a and Zm00001d005189 as ZmHMA3b and nominate them 40 

as the candidate genes (Fig. 1D). Consistent with the B73 transcriptome profile (Walley et al., 2016), 41 

RNA profiling of 24 parental lines of CUBIC revealed that ZmHMA3a was mainly expressed in 42 

roots while ZmHMA3b was essentially not expressed in any tissues (Figs. S3 and S4). Knockout and 43 

overexpression of ZmHMA3b did not alter the leaf Cd content (Fig. S5), which demonstrated that 44 

ZmHMA3b was not the causal gene for natural variation in the leaf Cd.  45 

According to the IBD status of ZmHMA3a, the CUBIC progenies were classified into JI53 and 46 

Non-JI53 groups. Compared to Non-JI53 allelic individuals, JI53-allelic progenies showed 47 

significantly higher Cd levels in the leaf and kernel (Fig. S6A). Additionally, 12 significantly 48 

associated variations (P < 8.9e-08) on ZmHMA3a were identified in AMP, which included the top 49 

SNP (chr2.s_163039506, P = 7.0e-15) identified in AMP is on the 5th exon of ZmHMA3a (Fig. 1E). 50 

Based on the 3 nonsynonymous SNPs (SNP27, SNP144, and SNP2945) and 2 structure variations 51 

(INS381 and INS1384) in ZmHMA3a, 409 accessions of AMP were classified into 6 distinct 52 

haplotypes (Fig. S6B). Comparatively, the leaf Cd content of Hap 6 was significantly higher than 53 

the other five groups, while no significant difference was observed among the other five groups (Fig. 54 

S6C). Moreover, the leaf Cd content of maize accessions carrying INS381 was significantly higher 55 

than that of maize lines not carrying INS381 in AMP (Fig. S6D).  56 

Subsequently, we resequenced ZmHMA3a in high-Cd accessions (JI53, Mo17, and KN5585) 57 

and low-Cd accession (B73 and HZS) and verified this insertion (INS381) (Fig. 1F and 1G), which 58 

is annotated as an unspecified class LTR-retrotransposon (ID = RLC00217Zm00014a00006) 59 
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(Anderson et al., 2019). In addition, JI53-type progenies harboring this intronic insertion 60 

accumulated more Cd in the leaf and kernel than Non-JI53 lines without this insertion (Fig. 1H), 61 

but the expression level of ZmHMA3a in roots was not statistically different among these individuals 62 

(Fig. 1I). Furthermore, the full CDS sequences information revealed that all ZmHMA3a in the high-63 

Cd accessions are mis-transcribed, which generates a premature stop-codon, while the transcripts 64 

from B73 and HZS are normal (Figs. 1J and S7). The above evidence implied the LTR-65 

retrotransposon is the causal variant, which did not alter the gene expression level but induced the 66 

dysfunctional protein. Therefore, we speculated ZmHMA3a might be the causal locus of leaf Cd 67 

variations in maize. In support of this, knockout of ZmHMA3a in KN5585 background (KO#5 and 68 

KO#6; Fig. S8A) did not result in any change in Cd concentration either in leaves or kernels (Fig. 69 

1K and 1L); two EMS mutants hma3a.1 and hma3a.2 (Fig. S8B) accumulated more Cd in leaves 70 

and kernels than the wild accession B73 (Fig. 1M and 1N).  71 

To validate ZmHMA3a functions in limiting Cd translocation from root to shoot, we generated 72 

two independent overexpression lines (OE8 and OE32) and the respective non-transgenic lines 73 

(CK8 and CK32) of ZmHMA3a (Fig. 1O). We quantified the Cd levels in the roots and the shoots 74 

of CKs and OEs seedlings grown in hydroponic solution with/without 80 μM CdCl2 contamination 75 

and found that the OE plants accumulated significantly more Cd in roots and greatly limited Cd 76 

translocation from root to shoot (Fig. S9A and S9B). Moreover, the fluorescence signals of the Cd-77 

indicator dye from the OE8 root protoplasts were observed to be stronger in the vacuole than in the 78 

cytoplasm (Fig. S9C) whereas the fluorescence signals from the CK8 root protoplast were weaker 79 

in the vacuole than in the cytoplasm (Fig. S9D). Furtherly, ZmHMA3aB73::GFP fusion protein was 80 

identified to be localized at the tonoplast in Arabidopsis mesophyll protoplasts when the plasma 81 

membrane and the tonoplast were separated by the chloroplasts (Fig. 1P) and the functional allele 82 

of ZmHMA3a was able to complement the function of Cd transportation in Cd-hypersensitive yeast 83 

mutant ycf1 (Fig. 1Q). These data confirmed that ZmHMA3a is a core valve located at the tonoplast 84 

which mediates Cd compartmentalization in the root vacuoles.  85 

Given that ZmHMA3a can sequester Cd into root vacuoles, overexpression of ZmHMA3a 86 

would be valuable for Cd-tolerance improvement. We therefore carried out the field trials (soil pH 87 

= 6.4) with ZmHMA3aB73 overexpression lines (OE8 and OE32) together with the non-transgenic 88 

lines (CK8 and CK32) under three Cd levels: background (0.1 ppm), slightly-polluted (1 ppm), and 89 
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heavily-polluted (3 ppm). Across the three Cd-level trials, the ear development of CK plants was 90 

normal in the field trials with 0.1 ppm and 1 ppm Cd but was remarkably impeded in the 3 ppm 91 

field trial (Fig. 1R). The kernel weight per ear (KWPE) of OE plants and the CK plants were not 92 

significantly different from that in the background (0.1 ppm) and lightly-polluted (1 ppm) soil. 93 

KWPE of CK plants was tremendously decreased by 47.6% (P = 7.4e–07) in the heavily polluted 94 

soil (3 ppm Cd) compared with that of CK lines grown in the background field trial (Fig. 1S). These 95 

data indicate that heavily polluted soil significantly retards the growth development and yield of 96 

maize. By contrast, ZmHMA3a overexpression plants produced normal ears in the three field trials, 97 

and the yields (KWPE) were not significantly affected in the heavily polluted field compared with 98 

that in the 0.1 ppm Cd field (Fig. 1R and 1S), exhibiting the power of ZmHMA3a overexpression in 99 

improving maize tolerance to Cd. In heavily-polluted field trial, Cd accumulation was decreased up 100 

to 95.5% in the OE kernels (OE32 vs. CK32 at 3 ppm, P = 3.2e–05) (Fig 1T), while other essential 101 

micronutrients, such as zinc (Zn), iron (Fe), copper (Cu) and manganese (Mn), were unaffected or 102 

slightly decreased in any given circumstance (Fig. S10). Remarkably, the Cd concentrations were 103 

only 0.005–0.013 mg/kg in the OE kernels harvested from 1 ppm field and 0.006–0.033 mg/kg in 104 

the OE kernels from 3 ppm field (Fig. 1T), which were markedly lower than the hygienic standard 105 

for grains in China (MHPRC, 2012).  106 

To assess the potential of ZmHMA3a overexpression for resolving agricultural Cd pollution, 107 

we grew these OE lines together with the CK lines and the transgenic receptor KN5585 in pots 108 

containing field soil (pH = 5.6) supplemented with 18 ppm Cd and the same batch soil without Cd 109 

(0.1 ppm Cd). KN5585 and CK plants performed well in Cd-free soil pots, but they were severely 110 

impaired either in growth or yield under extremely Cd-polluted environment (18 ppm Cd) (Fig. 1U). 111 

In such conditions, the Cd contents in KN5585 and CK kernels were averagely 11-fold higher than 112 

0.1mg/kg (Fig. 1V). By contrast, OE plants can normally grow without any observable defects and 113 

the yield was mildly impacted (Fig. 1U). The Cd levels of OE kernels were far below 0.1mg/kg 114 

when grown on 18 ppm Cd-supplemented soil (Fig. 1V). Notably, OE plants could accumulate up 115 

to 3 mg Cd per kilogram of dry leaves under 18 ppm Cd condition (Fig. S11), suggesting that 116 

ZmHMA3a overexpression lines have a great potential to efficiently extract Cd from the 117 

contaminated field. Considering that maize is a widely grown crop with massive biomass, the non-118 

edible tissues can be processed into ash for Cd recycle to achieve eco-friendly and sustainable 119 
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development. These results showed that ZmHMA3a overexpression lines can be perfectly used for 120 

safe agricultural production without yield penalty in Cd polluted areas.  121 

 In summary, we identified a major QTL qCd2 for maize leaf Cd variations, which has been 122 

consecutively detected by previous studies (Zhao et al., 2018; Baseggio et al., 2021; Tang et al., 123 

2021), suggesting that some essential genes underlying this region controlling Cd accumulation in 124 

maize. A comprehensive analysis of 12 ZmHMA genes (ZmHMA1–ZmHMA12) in maize identified 125 

ZmHMA3 were significantly associated with maize leaf Cd variations (Cao et al., 2019). Collectively, 126 

these publications only speculated ZmHMA3 might be responsible for Cd variations in maize 127 

without convincing data. Recently, Tang et al. (2021) functionally characterized this essential gene 128 

for Cd accumulation in maize kernels. However, the adjacent homolog gene ZmHMA4 was not 129 

excluded with any genetic evidence as a potential gene that coexisted in the QTL. In contrast, we 130 

firstly confirmed that ZmHMA3b was not the causal gene for natural variation in the leaf Cd via 131 

knockout and overexpression lines (Fig. S5). Then, we provided shreds of sound evidence to 132 

conclude that ZmHMA3a mediates Cd compartmentalization in the vacuoles of maize roots (Figs. 133 

1P, 1Q, S9). Notably, the ZmHMA3a overexpression lines can produce Cd-free kernels without yield 134 

and quality penalties when grown under different Cd-contaminated levels (1 ppm, 3 ppm) and even 135 

extremely contaminated (18 ppm Cd) (Fig. 1R–1V), which provided genetic basis for breeding an 136 

ideal maize cultivar with high Cd accumulation in the non-edible tissues for phytoremediation and 137 

low Cd in the grains for safe food.  138 Jo
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Figure legend 200 

 201 

Fig. 1. ZmHMA3a is the causal locus of natural variation in leaf and kernel Cd of maize plants and 202 

overexpression ZmHMA3a in maize holds a great potential for resolving the agricultural Cd 203 

pollution. A: Manhattan plot of Cd content in leaf via sGWAS in CUBIC. The black dashed line 204 

depicts the cutoff -log10(P = 9.9e–08) = 7.0. B: Fine-mapping of the major QTL controlling leaf Cd 205 

content on chromosome 2 using CUBIC offspring. Values are mean ± S.E. and different letters 206 

denote significant differences (P < 0.05) from a Tukey’s HSD test. n is the number of CUBIC 207 

offspring belonging to the IBD-status groups. C: Manhattan plot for GWAS on leaf Cd variations 208 

in AMP. chr2.s_163039506 is the top SNP (P = 7.0e–15). D: Locuszoom of qCd2 with 22 putative 209 

genes marked by rectangles. Arrows on the horizontal black lines show the direction of transcription. 210 

E: Natural variations in ZmHMA3a were significantly associated with leaf Cd content in AMP. The 211 

top SNP chr2.s_163039506 is highlighted by the black arrow and the other genetic variants are 212 

colored according to their LD (R2) with the top SNP. The triangles denote structure variants and the 213 

dots represent SNPs. The horizontal dashed line represents the significance threshold (P = 8.9e–08) 214 

of genome-wide association study in AMP. F: The gene structure of ZmHMA3a in low-Cd line (B73 215 

and Non-JI53) and high-Cd line (Mo17 and JI53) with white boxes representing exons, gray box 216 

representing 5′ UTR and blue triangle representing the LTR-retrotransposon inserted in 1st intron. 217 

Green bar represents CopZ domain and yellow bars represent ATPase-IB2-Cd domain. G: Agarose 218 

gel electrophoresis (AGE) image of the PCR product of LTR retrotransposon insertion in low-Cd 219 

line (B73) and high-Cd line (Mo17, KN5585, and JI53). H and I: Comparison of Cd content in the 220 

kernel and leaf (H) as well as the expression level of ZmHMA3a (I) in root between the JI53-221 

haplotype offspring and the Non-JI53 type offspring in CUBIC. J: Transcript isoforms of ZmHMA3a 222 

in low-Cd line (B73 and HZS) and high-Cd line (Mo17, KN5585, and JI53). K and L: Comparison 223 

of Cd content in the leaf (K) and kernel (L) between the knockout mutants (KO#5 and KO#6, Cas9-224 

free T3 generation) and the transgenic receptor KN5585. M and N: Comparison of Cd content in the 225 

leaf (M) and kernel (N) between the EMS mutants hma3a.1 and hma3a.2 and the wild accession 226 

B73. O: The relative expression level of ZmHMA3a in transgenic overexpressing lines (OE8 and 227 

OE32) and the segregated non-transgenic lines (CK8 and CK32). Gene-expression level is analyzed 228 

using quantitative PCR with two biological replicates, each with three technical replicates. The 229 

maize gene (Zm00001d044172) is used as an internal control. P: Subcellular localization of 230 

ZmHMA3a. ZmHMA3a::GFP from B73 (Lower panel) and only GFP (Upper panel) were transiently 231 

expressed in Arabidopsis mesophyll protoplasts. From left to right: images of the GFP signal and 232 

chlorophyll autofluorescence, bright-field images, and merged images. White arrow indicates the 233 

area where the tonoplast is separated from the plasma membrane. Scale bars, 8 μm. Q: Heterologous 234 

expression of ZmHMA3 in Cd-sensitive yeast strain ycf1. ycf1 (Cd-sensitive) expressing ZmHMA3, 235 

AtHMA3(as positive control) and empty vector (pYES2) after three days growth at 30°C on SD-236 

Ura media with and without 50 μM Cd, and galactose was used for induction of HMA3. Wide type 237 
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BY4741 expressing empty vector was also used as a positive control. R: Ear morphology of 238 

ZmHMA3a overexpression lines (OE8 and OE32) and the non-transgenic lines (CK8 and CK32) 239 

grown in three Cd levels field trials. ppm: parts per million. S: Comparison of kernel weight per ear 240 

of ZmHMA3a overexpression lines and the non-transgenic lines in three Cd levels field trials. Values 241 

are mean ± S.E.. T: Comparison of Cd content in kernels between ZmHMA3a overexpression lines 242 

and the non-transgenic lines grown in three Cd levels field trials. U: The growth performance of 243 

ZmHMA3a overexpression plants and the non-transgenic plants as well as the transgenic receptor 244 

KN5585 grown in the pots supplemented w/o 18 ppm Cd. V: Comparison of Cd content in kernels 245 

between ZmHMA3a overexpression lines and the non-transgenic lines as well as the transgenic 246 

receptor KN5585 grown in the pots supplemented w/o 18 ppm Cd. Values are mean ± S.D. and the 247 

statistical significance is estimated by two-sided Student’s t-test. ***, P < 0.001. n is the number of 248 

maize accessions assigned to the corresponding group. NS, not significant. n is the sample size. DW, 249 

dry weight. S.E., standard error; S.D., standard deviation. 250 
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