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Summary
Seed vigour, including rapid, uniform germination and robust seedling establishment under

various field conditions, is becoming an increasingly essential agronomic trait for achieving high

yield in crops. However, little is known about this important seed quality trait. In this study, we

performed a genome-wide association study to identify a key transcription factor ZmRap2.7,

which regulates seed vigour through transcriptionally repressing expressions of three ABA

signalling genes ZmPYL3, ZmPP2C and ZmABI5 and two phosphatidylethanolamine-binding

genes ZCN9 and ZCN10. In addition, ZCN9 and ZCN10 proteins could interact with ZmPYL3,

ZmPP2C and ZmABI5 proteins, and loss-of-function of ZmRap2.7 and overexpression of ZCN9

and ZCN10 reduced ABA sensitivity and seed vigour, suggesting a complex regulatory network

for regulation of ABA signalling mediated seed vigour. Finally, we showed that four SNPs in

ZmRap2.7 coding region influenced its transcriptionally binding activity to the downstream gene

promoters. Together with previously identified functional variants within and surrounding

ZmRap2.7, we concluded that the distinct allelic variations of ZmRap2.7 were obtained

independently during maize domestication and improvement, and responded separately for the

diversities of seed vigour, flowering time and brace root development. These results provide

novel genes, a new regulatory network and an evolutional mechanism for understanding the

molecular mechanism of seed vigour.

Introduction

In the coming decades, maintaining a steady food supply for

the increasing world population will require high-yielding crop

plants which can be productive under various environments

(Saatkamp et al., 2019). Maintaining high yields requires

successful seed germination and uniform seedling establishment

in fields (Rajjou et al., 2012; Saatkamp et al., 2019). Seed

vigour, a complex agronomic trait that includes germination

speed, seedling growth and early stress tolerance, determines

the success of this establishment (Rajjou et al., 2012; Zhou

et al., 2020). For crop seeds, their vigour is usually obtained at

the physiological maturity, and then continuously lost due to

post-harvest deterioration during storage (Rajjou et al., 2012;

Zhou et al., 2020). Thus, maintenance of seed vigour during

storage, which is generally called as seed longevity, is critical for

high-yield production of crops (Zhou et al., 2020).

Maize production annually requires more than two-billion-

kilogram seeds (Erenstein et al., 2022). Compared with other

cereals, maize seed is relatively sensitive to storage deterioration,

as it has no dormancy strategy and its embryo is large with high

oil concentration (Xue et al., 2021). Accelerated ageing (AA) test

is a method widely adopted for predicting seed vigour after

storage in maize (Bueso et al., 2013; Liu et al., 2019). Based on

this method, reverse genetics identified three genes regulating

seed longevity from maize (Han et al., 2020; Li et al., 2017; Zhang

et al., 2023). The first one encoded a raffinose synthase

(ZmRS/ZmRAFS) that could decrease sugar content and prolong

seed longevity (Li et al., 2017), and the second was a

dehydration-responsive element-binding2a (ZmDREB2A) tran-

scription factor that functions in upstream of ZmRAFS (Han

et al., 2020). The third one was ZmPIMT2 that interacts with

mitochondrial protein 3-methylcrotonyl CoA carboxylase

(ZmMCC) to repair abnormal isoaspartyl damage, and positively
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regulates seed longevity (Zhang et al., 2023). Meanwhile, dozens

of quantitative trait loci (QTL) relating to seed longevity have been

identified from maize (Liu et al., 2019; Reed et al., 2022; Wang

et al., 2016), but none of the underlying genes has been cloned.

Studies from Arabidopsis and rice have revealed several genes

encoding protective compounds that could protect seed from

deterioration and prolong longevity in plants (Li et al., 2017;

Zhou et al., 2020; Zinsmeister et al., 2020). Meanwhile, genes

functioning in ROS eliminating, protein-repairing and genome

stability maintaining have also been proved to participate in

prolonging seed vigour after storage (Châtelain et al., 2013; Chen

et al., 2016; Og�e et al., 2008; Waterworth et al., 2016). Recently,

abscisic acid (ABA), a vital hormone regulating seed germination

and dormancy, was proven to regulate seed vigour after storage,

probably through targeting genes encoding protective com-

pounds and repairing proteins (Zhou et al., 2020). ABA signal

transduction contains four components: pyrabactin resistance

(PYR)-like (PYL)/regulatory component of ABA receptor (RCAR)

receptors, protein phosphatase 2C (PP2C) co-receptors,

SNF1-related kinase 2 s (SnRK2) and ABA-responsive element

(ABRE)-binding proteins (AREB)/ABRE-binding factor (ABF) tran-

scription factors (Cutler et al., 2010; Weiner et al., 2010). Within

these components, at least three ABFs, transcription factor

ABA-insensitive 3 (ABI3), ABI4 and ABI5, were revealed to

regulate seed longevity through targeting protective compounds

of late embryogenesis abundant proteins (LEAs) and raffinose

family oligosaccharides (RFOs), and protein-repairing proteins

(Clerkx et al., 2003; Kamble et al., 2022; Mao and Sun, 2015;

Tian et al., 2020; Zinsmeister et al., 2016). These results indicated

that ABA signalling mediated protection and repairing systems

are associated with seed vigour after storage. However, the

upstream regulators of ABA signalling were largely unknown in

plants.

In this study, we conducted a genome-wide association study

(GWAS) to identify a key transcription factor ZmRap2.7 for

regulating maize seed vigour after storage, and uncovered its

regulatory mechanism involving in transcriptionally repressing

expressions of three ABA signalling genes ZmPYL3, ZmPP2C and

ZmABI5 and two phosphatidylethanolamine-binding genes ZCN9

and ZCN10, and interactions between the two group proteins.

Then, the allelic variants in ZmRap2.7 coding region were

investigated to illustrate the trait evolution of seed vigour during

maize domestication and improvement. These results provide

novel genes and regulatory networks for understanding the

molecular mechanism of seed vigour.

Results

GWAS for maize seed vigour after accelerated ageing

As seed quality is greatly affected by maternal growth environ-

ments, we planted a maize association population, containing

368 inbred lines (Fu et al., 2013), in 3 years to minimize this

effect. In addition, to eliminate lower quality seeds that were

possibly raised from stressed maternal growth environments, we

conducted standard germination (SG) test, a method widely

adopted for determining the highest germination potential at

ideal germination conditions (ISTA, 2015), and selected lines with

SG percentage higher than 80% for AA test. Finally, seeds from

217, 291 and 194 lines harvested in 2011, 2016 and 2017,

respectively, were subjected to 3-day AA treatment (AA3).

Germination test of the aged seeds showed large variations for

AA3 germination percentage (AA3-GP; from 32.0% to 98.7%),

with a broad sense heritability of 0.54 (Table S1; Figure 1a). The

coefficient of variation for AA3-GP among lines ranged from

21% to 24% in different produce years, and the correlation

coefficients between years ranged from 0.26 to 0.40 (Table S1).

Using the average phenotypic value from 3 years and 553 906

SNPs with a minor allele frequency (MAF) of ≥0.05 (Fu et al.,

2013), we performed GWAS to identify genetic loci underlying

AA3-GP. After inputting the population structure (Q) and kinship

(K) matrices into a mixed linear model (MLM) to control false

positives, four SNPs were identified significantly associating with

AA3-GP at a significance level of �log10 (P ) ≥5.70 (P ≤ 1/effective

SNP number (EN) = 1.81 9 10�6; EN is 553 906) (Figure 1b). The

four SNPs are in strong linkage disequilibrium (LD) and are in

exons of GRMZM2G700665 on chromosome 8, with one in the

first exon and three in the seventh exon (Figure 1c,d). The lead

SNP explained ~9% phenotypic variation for AA3-GP (Table S2).

We screened each 100 kb region upstream and downstream

from the lead SNP and identified five protein-coding genes

(Figure 1d). The expression levels of these genes were investi-

gated in embryos that were collected at 24 h after AA3

germination by quantitative polymerase chain reaction (qPCR).

The results showed that GRMZM2G700665 was the only

highly expressed gene in AA3 germinated embryos (Figure 1e),

suggesting it as a putative candidate gene underlying maize seed

vigour.

ZmRap2.7 is significantly associated with seed vigour
after accelerated ageing

GRMZM2G700665 encodes an AP2-type transcription factor

ZmRap2.7, a well-known protein previously identified for

regulating flowering time in maize (Liang et al., 2019; Salvi

et al., 2007). To explore its functions in regulating seed vigour,

we firstly investigated its expressions in different maize tissues

and found that it is constitutively expressed in all investigated

tissues, with the highest level in 24-h AA3 germinated embryos

(Figure 2a). After AA treatment for 1–6 days, ZmRap2.7

expression showed no significant change compared to dry seeds

(Figure 2b). However, during AA3 germination, its expression

increased from 0 to 24 h after imbibition, and then dropped from

24 h to 72 h (Figure 2b). During SG germination, its expression

showed a similar change trend to AA3 germination, but the peak

moved to 12 h (Figure S1). In situ hybridization revealed that

ZmRap2.7 mainly expressed in embryo and aleurone layer, but

not in endosperm (Figure 2c). These expression patters were

consistent with the previous conclusion that embryo and aleurone

layer were the main tissues relating to seed vigour after storage

(Li et al., 2019b; Zhang and Ogas, 2009).

To clarify the role of ZmRap2.7 in seed vigour, two ZmRap2.7

transgenic knockout lines ZmRap2.7-KO#1and ZmRap2.7-KO#2 in

B73 background, generated in a previous work (Liang et al., 2019),

were used for germination test. No GP differences were observed

between knockout lines and wild type (WT; B73) under SG

condition (Figure 2d). However, under AA3 condition, the GP of

ZmRap2.7-KO#1 and KO#2 decreased to 19.3% and 17.8%,

respectively, while that of WT was 56.7% (Figure 2d). Under AA6

(accelerated ageing for 6 days), the GP of ZmRap2.7-KO#1 and

KO#2 decreased to 1.3% and 3.0%, respectively, while that ofWT

was 10.0% (Figure 2d). Moreover, a Mu insertion mutant of

ZmRap2.7 (ZmRap2.7-Mu) in W22 background, isolated in a

previous work (Li et al., 2019a), also showed significantly lower GP

than WT (W22) under both AA3 and AA6 conditions, but showed

comparable GP toWT under SG condition (Figure S2). These results
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suggested that loss-of-function of ZmRap2.7 decreases seed

AA-GP.

ZmRap2.7 transcriptionally represses ABA signalling
genes ZmPYL3, ZmPP2C and ZmABI5

To explore the regulatory network for ZmRap2.7-mediated seed

vigour, we performed RNA-seq analysis of embryos collected at

24 h after AA3 germination. Compared with WT, 1750

differentially expressed genes (DEGs), including 708

down-regulated and 1042 up-regulated, were identified from

ZmRap2.7-KO#1 using thresholds of FDR <0.05 and log2(|fold
change|) ≥ 1 (Figure 3a, Table S4). Gene ontology (GO) analysis

of these DEGs revealed that the most significantly enriched term

was a response to hormone stimulus (GO:0009752) (Figure 3b).

This term included 69 DEGs with eight up-regulated DEGs

involved in ABA signalling pathway, including one PYL, five PP2Cs

and two ABFs (Figure 3c). The DEGs also included 11

up-regulated genes for ABA-responsive genes. The expression

levels of these 19 ABA-related genes were further verified in WT

and KO lines by qPCR, and the results showed similar trends with

the RNA-seq results (Figure 3d; Figure S3).

To further uncover the regulatory relationship between

ZmRap2.7 protein and the eight ABA signalling DEGs, we amplified

~1 kb (relating to the translation start site ATG) promoter

sequences for one-hybrid (Y1H) assay. The results showed that

ZmRap2.7 protein could interact with three out of the eight DEG

promoters, that is, ZmPYL3, ZmPP2C and ZmABI5 (an ABF gene)

(Figure 3e; Figure S4a). Furthermore, we divided these promoters

into different fragments, and Y1H assay showed that ZmRap2.7

interacted with “ZmPYL3-a” (from�1001 bp to�808 bp relating

to ATG), “ZmPYL3-b” (from �807 bp to �580 bp), “ZmPP2C-a”

(from �474 bp to �199 bp), “ZmPP2C-b” (from �198 bp to

�102 bp) and “ZmABI5-b” (from �247 bp to �125 bp) frag-

ments (Figure S4b,c).

Then, we conducted an electrophoretic mobility shift assay

(EMSA) to investigate the in vitro binding between ZmRap2.7

protein and each of “ZmPYL3-a”, “ZmPP2C-a” and “ZmABI5-b”

fragments (Figure 3f). The results showed that each fragment

formed DNA–protein complex migrated slower than the

non-bound DNA in native polyacrylamide gels, and the DNA–
protein complexes became weak when unlabelled compete

probes were added (Figure 3f). Together with the increased

Figure 1 GWAS for seed vigour after accelerated ageing. (a) Variation of seed germination percentage after 3 days of accelerated ageing treatment

(AA3-GP) in an association population containing 368 lines. Seeds were harvested in 2011, 2016 and 2017. (b) Manhattan plot of GWAS for AA3-GP. The

dashed horizontal line indicates the significance threshold (�log10 (P) ≥ �log10(1/effective SNP number (EN)); EN=533906)). (c) Local Manhattan

plot (each 100-kb region upstream and downstream from the lead SNP) showing the GWAS peak on chromosome eight and the five protein-coding genes

in this region according to the B73 reference genome (RefGen_v3). Four significant SNPs are highlighted by red dots. (d) Gene structure of

GRMZM2G700665 (ZmRap2.7). Red vertical lines represent the location of the four significant SNPs in this gene. (e) Expression levels of the five

protein-coding genes in the embryos collected at 24 h after AA3 germination by quantitative polymerase chain reaction (qPCR). GAPDH was used as an

internal control and the error bars indicate mean � SD (n = 3). ND, not detected.
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expressions of ZmPYL3, ZmPP2C and ZmABI5 in ZmRap2.7 KO

lines (Figure 3d,e), these results suggested that ZmRap2.7 could

directly bind to these three ABA signalling gene promoters to

transcriptionally repress their expressions.

Loss-of-function of ZmRap2.7 decreased ABA sensitivity
during seed germination

As ZmRap2.7 could bind to ABA signalling gene promoters, we

conducted exogenous ABA treatment to WT and ZmRap2.7-KO

lines. Before treatment, AA3-GPs of ZmRap2.7-KO#1 (30.7%)

and ZmRap2.7-KO#2 (32.0%) were significantly lower than that

of WT (64.0%, Figure 3h). However, after treatment, both KO

lines showed comparable AA3-GP to WT (Figure 3g,h), indicating

less reductions of AA3-GP in KO lines than in WT by ABA

treatment (Figure 3g,h). The less reduction of SG percentage in

KO lines than in WT was also observed by ABA treatment

(Figure S5). These results indicated that loss-of-function of

ZmRap2.7 decreased ABA sensitivity during seed germination.

We further detected the changes of ZmRap2.7, ZmPYL3,

ZmPP2C and ZmABI5 expressions in response to ABA treatment.

Compared to mock experiments, ABA treatment decreased

ZmRap2.7 expression in AA3 germinated WT embryos

(Figure S6). For the ABA signalling genes, ABA treatment reduced

ZmPYL3 expressions in both WT and KO lines, but the reduction

Figure 2 ZmRap2.7 is significantly associated with seed vigour after accelerated ageing. (a) ZmRap2.7 expression in different maize organs. AA3, 3-day

accelerated ageing germination; DAP, days after pollination; Em, embryo; En, endosperm; G0, 0 h after imbibition; G24, 24 h after imbibition; SG,

standard germination. (b) ZmRap2.7 expression in embryos during AA treatment from 0 to 6 days, and AA3 germination from 0 to 72 h after imbibition.

GAPDH was used as an internal control and the error bars indicate mean � SD (n = 3). (c) In situ hybridization of ZmRap2.7 gene in 18 DAP kernel. The

sense and antisense sequence of ZmRap2.7 were used as hybridization probes. Bars = 0.5 mm. (d) Germination performance of ZmRap2.7-KO lines and

their WT (B73) at SG, AA3 and AA6 (6-day accelerated ageing germination) conditions. Bars = 5 cm. (e) Germination percentage of seeds in (d). Data were

collected at 7 days after imbibition. Values are means � SD (n = 3).
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levels were less in KO lines (50.1%–53.5%) than in WT (80.7%;

Figure 3i). Meanwhile, ABA induced ZmPP2C expression, and the

increased levels in KO lines (40.3%–81.7%) were less than in WT

(96.1%; Figure 3j). ABA dramatically induced ZmABI5 expression

in WT, while slightly repressed its expressions in KO lines

(Figure 3k). Taken together, these results suggested that

loss-of-function of ZmRap2.7 attenuated changes of ZmPYL3,

ZmPP2C and ZmABI5 expressions in response to ABA treatment.

ZmRap2.7 transcriptionally represses ZCN9 and ZCN10
expressions

Previous work showed that ZmRap2.7 negatively regulates the

FT/ZCN8 gene expression to postpone flowering time (Liang

et al., 2019). ZCN8 belongs to a phosphatidylethanolamine-

binding protein (PEBP) family that contains three subfamilies, FT,

FTL (flowering time like) and MFT (mother of FT and FTL)

(Danilevskaya et al., 2008). Among them, MFT subfamily has

been reported to be expressed exclusively in seeds (Nakamura

et al., 2011; Song et al., 2020; Xi et al., 2010). Therefore, we

asked whether MFT subfamily members being the potential

targets of ZmRap2.7 in maize seeds.

To answer this question, we conducted qPCR to investigate

expressions of the three previously identified MFT genes, ZCN9,

ZCN10 and ZCN11 (Danilevskaya et al., 2008), in ZmRap2.7-KO

lines. The results showed that ZCN9 and ZCN10 expressions in

AA3 germinated embryos of ZmRap2.7-KO#1 were three and

nine times higher than those of WT, respectively (Figure 4a), but

ZCN11 expression did not change by ZmRap2.7 knockout

(Figure S7). Furthermore, we performed a comparative genome

analysis to show that ZCN9 and ZCN10 were a pair of syntenic

homologues, and might have been recently duplicated by the

specific whole genome duplication of maize (commonly named

allotetraploidization) (Figure S8). However, ZCN11 was not a

syntenic homologue of ZCN9 and ZCN10. These results suggested

that ZCN9 and ZCN10, but not ZCN11, were syntenic homo-

logues that might have similar expressions regulated by

ZmRap2.7.

Then, we focused on ZCN9 and ZCN10 and found that both

were exclusively expressed in seeds with the highest levels in

embryos (Figure S9a,d). In embryos, both gene expressions

decreased dramatically after imbibition during AA3 germination

(Figure S9b,e), which was opposite to the ZmRap2.7 expression.

In situ hybridization was carried out to reveal that both ZCN9 and

ZCN10 are mainly expressed in embryo and aleurone layer, which

was similar to the ZmRap2.7 expression (Figure S9c,f). These

results suggested that ZCN9 and ZCN10 expressions in embryo

and aleurone might be repressed by ZmRap2.7 during AA3

germination.

To explore the regulatory mechanism of ZCN9 and ZCN10

expressions by ZmRap2.7, we performed Y1H assay and found

that ZmRap2.7 protein could bind to ~1 kb promoter (relating to

ATG) of both ZCN9 and ZCN10 genes. After dividing the

promoter into several fragments (Figure 4b), we found that

ZmRap2.7 displayed strong binding to the “a” (�345 to �1 bp;

ZCN9-a), and “b” (�720 bp to �470 bp; ZCN10-b) fragments of

ZCN9 and ZCN10 promoters respectively (Figure 4c). We further

divided the “ZCN9-a” and “ZCN10-b” into several segments, and

conducted EMSA assays to find that 6His-tagged ZmRap2.7

protein was capable of binding both “a1” and “a2” segments of

ZCN9 promoter in vitro (Figure S10a). As “a1” and “a2”

segments had 20 bp sequence overlapped, we synthesized

another probe “a3” (�195 bp to �234 bp) that covered this

overlapped sequence and found that this probe could be bonded

by ZmRap2.7 (Figure 4d). For ZCN10 promoter, the results

showed that ZmRap2.7 bonded to the “b1” segment (�591 bp

to �630 bp; Figure 4d), but not to the others (Figure S10b). In

addition, these binding bonds could be competed off by 10 and

40 times unlabelled probes (Figure 4d). Together with the

attenuated decreases of ZCN9 and ZCN10 expressions in

ZmRap2.7 knockout lines (Figure 4a), Y1H and EMSA assays

demonstrated that ZmRap2.7 could directly bind to both gene

promoters and repress their expressions.

To survey the roles of ZCN9 and ZCN10 in seed vigour, we

generated transgenic overexpression (OE) lines (ZCN9-OE#1 and

ZCN9-OE#2, ZCN10-OE#1 and ZCN10-OE#2) driven by a ubiqui-

tin promoter in CAL background (Du et al., 2019). qPCR analysis

showed that the expressions of both genes were elevated in OE

lines by 3–70 times (Figure 4e,h). The SG percentage of ZCN9-OE

and ZCN10-OE lines was close to 100%, which was similar to

those of WT (CAL; Figure 4f,g,i,j). However, the AA3-GP of

ZCN9-OE#1 and ZCN9-OE#2 decreased to 84.7% and 74.0%,

respectively, and ZCN10-OE#1 and ZCN10-OE#2 to 63.3% and

68.0%, respectively, while those of WT maintained at 92.0%

(Figure 4f,g,i,j). These results indicated that ZCN9 and ZCN10

were negative regulators of seed vigour after accelerated ageing.

ZCN9 and ZCN10 interact with ZmPYL3, ZmPP2C and
ZmABI5

ZCN9 and ZCN10 belong to the PEBP family, and these family

members usually act as partners of nuclear localization protein,

such as transcription factor (Song et al., 2020). To explore the

possible partner roles of ZCN in ABA signalling pathway, we

expressed and purified glutathione S-transferase-tagged ZCN9

(GST-ZCN9), GST-ZCN10 and His 6-tagged ZmABI5 (His-ZmABI5),

His-ZmPYL3 and His-ZmPP2C, to perform pull-down assay. After

immobilization of GST fused proteins, His-ZmABI5, His-ZmPYL3

and His-ZmPP2C could be detected in the pull-down products

(Figure 5a–c), indicating that these three proteins could interact

with ZCN9 and ZCN10 in vitro. Furthermore, luciferase comple-

mentation image (LCI) and bimolecular fluorescence complemen-

tation (BiFC) assay in the leaves of N. benthamiana confirmed all

these six pairs of interaction (Figure 5d–i). BiFC assays also

showed that these interactions occurred in nucleus (Figure 5g–i).
These results concluded that both ZCN9 and ZCN10 can directly

interact with ZmPYL3, ZmPP2C and ZmABI5.

To further clarify the roles of ZCN9 and ZCN10 in ABA

signalling during seed AA germination, we conducted

ABA treatment to their transgenic OE lines (Figure S11).

Compared to mock experiments, ABA treatment decreased

AA3-GP of WT by 69.6%–72.5%; while decreased those of

ZCN9 and ZCN10 OE lines only by 10.0%–12.5% (Figure S11).

These results suggested that overexpression of ZCN9 and ZCN10

could decrease ABA sensitivity during seed AA germination,

which is similar to ZmRap2.7 KO lines.

Variations in nonsynonymous substitutions confer
ZmRap2.7 different transcription activity

To uncover the functional variation of ZmRap2.7, we extracted

ZmRap2.7 genome sequences from public genome data of the

AM368 population for SNP calling (Yang et al., 2019), and found

177 SNPs having minor allele frequencies (MAF) ≥0.05 in the

genome of ZmRap2.7. Then, we re-sequenced ZmRap2.7

genome sequence and found a presence/absence variation

(PAV) in �813 bp upstream of the ATG (Figure 6a). Together
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with the classical MITE insertion variant in ~70-kb upstream of

ZmRap2.7 (Castelletti et al., 2014; Salvi et al., 2007), candidate

gene association analysis revealed that the GWAS identified four

SNPs showed the most significant association with AA3-GP again,

while the MITE insertion and promoter PAV showed much higher

P values than the four SNPs (Figure 6a). These four SNPs are

ª 2024 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1–16
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located in exon of ZmRap2.7, indicating that the coding sequence

of ZmRap2.7 might control the phenotypic variation of AA3-GP.

To test this hypothesis, we grouped the 368 population lines

into four haplotype groups according to the four significant SNPs

and found that haplotype 1 (Hap1) was the largest group

containing 299 lines, and Hap2 was the second largest

group containing 16 lines. Hap3 and Hap4 were minor groups,

comprising two and one lines respectively (Figure 6b). Statistically,

Hap1 lines had a significantly higher AA3-GP than Hap2 lines

(Figure 6c). Then, we analysed ZmRap2.7 expression levels in AA3

germinated embryos of the 16 Hap2 lines and randomly selected

53 Hap1 lines. The expression levels of the two groups were

comparable (Figure S12), indicating that the transcript level was

unlikely to be responsible for the functional divergence of

ZmRap2.7 for seed vigour.

Finally, we focused on the transcription activity of ZmRap2.7

protein and conducted a luciferase (LUC) assay to compare the

binding activity of ZmRap2.7Hap1 (from inbred B73) and

ZmRap2.7Hap2 (from CA47) in maize protoplasts. As expression

analysis has indicated ZmRap2.7 as a transcription repressor

(Figures 3d, 4a), we fused the strong activation domain from viral

protein16 (VP16) of the herpes simplex virus to either N or C

terminus of ZmRap2.7 proteins for elevating the control LUC

activity (Hu et al., 2020). The results showed that the C terminus

fused VP16 increased LUC activity more than the N

terminus fused (Figure S13). Thus, we used the VP16 C terminus

to fuse ZmRap2.7 for activity assays and found that LUC activities

in ZmRap2.7Hap1 and ZmRap2.7Hap2 fused VP16 were significantly

lower than that in VP16 control, supporting the transcription

repressing function of both ZmRap2.7 haplotypes (Figure 6d,e).

Furthermore, we found that the transcriptional inhibitory activity

of ZmRap2.7Hap1 on the reporter gene was significantly stronger

than that of ZmRap2.7Hap2 (Figure 6e), supporting different

repressing activities between these two haplotypes. Then, we

detected the expression levels of the five ZmRap2.70 target genes
in AA3 germinated embryos of randomly selected 15 Hap1 lines

and 10 Hap2 lines and found that ZCN9, ZCN10, ZmPP2C and

ZmABI5 showed decreased transcription levels in Hap1 lines than

in Hap2 lines (Figure S14).

The four SNPs in ZmRap2.7 resulted in amino acid substitutions

at site 64 (Alanine to Valine), 332 (Serine to Arginine), 338

(Pronine to Serine) and 350 (Leucine to Valine) in ZmRapHap2

compared with ZmRapHap1 (Figure 6d). We further generated

single-base mutated CDSs targeting these 4 SNPs in Hap1

background and named as M1–M4 (Figure 6d,f). After

C-terminally fusing to VP16, subsequent LUC assays showed that

LUC activity of each single-point mutant protein was significantly

higher than that of ZmRap2.7Hap2, but significantly lower than

that of ZmRap2.7Hap1 (Figure 6e), suggesting that all four

substitutions affect transcription repressing activity of ZmRap2.7.

The binding ability between the two haplotypes was further

verified by EMSA assay. The results showed that the binding band

signals to either ZCN9 or ZCN10 promoter from ZmRap2.7Hap2

were weaker than those from ZmRap2.7Hap1 (Figure S15). In

addition, the M1–M4 mutant proteins showed a medium binding

ability to ZCN9 promoter between ZmRap2.7Hap1 and

ZmRap2.7Hap2 (Figure 6f). These results indicated that, compared

to ZmRap2.7Hap1, mutations of the four SNPs in ZmRap2.7 Hap2

additively decrease its transcriptionally repressing activity on

target gene expressions.

The evolution and pleiotropy analysis of ZmRap2.7
haplotype

We investigated the evolution and selection signature of

ZmRap2.7 using data from HapMap 3 (Bukowski et al., 2018),

where we obtained variants in ZmRap2.7 genome region from

1076 lines, including 18 teosinte, 24 landrace and 1034 improved

maize (905 Hap1 and 129 Hap2). Evolution analysis showed that

the nucleotide diversity of genomic region covering ZmRap2.7

showed moderate decrease from teosinte to maize (both landrace

and improved maize) (Figure 6g). In maize, the nucleotide diversity

was much lower in lines carrying Hap2 than that carrying Hap1

(Figure 6g). In addition, all 18 teosinte accessions carried

Hap1 alleles (Table S5). These findings suggested that

ZmRap2.7Hap2 might emerged after maize was domesticated from

teosinte and underwent strong selection during improvement.

Previous works showed that the insertion of a MITE transposon

inhibited the expression of ZmRap2.7 in cis-form and promoted

early flowering (Castelletti et al., 2014); and a single nucleotide

substitution located in ZmRap2.7 gene body (SNP1499)

responded for brace root development (Li et al., 2019a). Here,

it was interesting to find that the Hap2 only existed in lines with

MITE insertion (Figure 6h), and SNP1499-G only existed in lines

without MITE insertion (Figure S16). In addition, Hap1 and Hap2

lines showed similar flowering time, that is, heading date, pollen

shedding time and silking time within the MITE insertion

subpopulation (Figure S17), and similar brace root number

(Figure S18). Meanwhile, both MITE insertion and SNP1499 were

not associated with seed AA3-GP (Figure 6i,j). These results

indicated that the MITE insertion may be selected firstly during

domestication, and the four SNPs located in ZmRap2.7 coding

region were selected from the MITE insertion background to

depress seed vigour, but not relevant to flowering time and root

development.

Figure 3 ZmRap2.7 transcriptionally represses expressions of ABA signalling gene ZmPYL3, ZmPP2C and ZmABI5. (a) Volcano plot representing the

differentially expressed genes (DEGs) between ZmRap2.7-KO#1 and wild type (WT) embryos collected at 24 h after imbibition of 3-day accelerated ageing

germination (AA3). Blue and red represent down-regulated and up-regulated genes respectively. (b) GO functional analysis of the DEGs. (c) The

up-regulated DEGs involving in ABA signalling. (d) The relative expression levels of the ABA signalling genes in 24-h AA3 germinated embryos of

ZmRap2.7-KO#1 and WT. (e) Yeast one-hybrid (Y1H) assays showing interactions between ZmRap2.7 protein and ZmPYL3, ZmPP2C and ZmABI5

promoters. AD was the empty vector as a negative control, and AD-ZmRap2.7 represented ZmRap2.7 gene fused to the pB42AD vector. (f) EMSA assays

showing ZmRap2.7 protein interacted with the promoters “ZmPYL3-a” (from �1001 bp to �808 bp relating to ATG), “ZmPP2C-a” (from �474 bp to

�199 bp) and “ZmABI5-b” (from �247 bp to �125 bp) fragments in vitro. The probe sequences are listed in Table S3. (g) AA3 germination performance

of WT, ZmRap2.7-KO#1 and ZmRap2.7-KO#2 by ABA treatment. Bars = 5 cm. (h) Germination percentage of seeds in (g). Data were collected at 10 and

7 days after imbibition of ABA treatment and none-treatment respectively. Values are means � SD (n = 3). (i–k) Expression level of ZmPYL3 (i), ZmPP2C (j)

and ZmABI5 (k) in ZmRap2.7-KO#1 and WT at 24 h after imbibition of AA3 germination by ABA treatment. GAPDH was used as an internal control. Arrows

indicated ranges of expression change after ABA treatment compared to the mock treatment.
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Discussion

ZmRap2.7 is a novel gene regulating ABA signalling and
seed vigour after accelerated ageing

The retention of seed vigour during storage is a key quality

parameter for commercial seed lots, and also the most important

trait relating to the conservation of germplasm resources (Reed

et al., 2022; Zhou et al., 2020). Seed vigour changes during

storage are greatly related to the deterioration process, which

involves many biochemical changes relating to protective

compounds, including intracellular integrity, enzyme activity, lipid

peroxidation and ROS scavenging (Zhou et al., 2020). Dozens of

genes relating to such changes have been identified to regulate

seed vigour during storage. For example, VITAMIN E1 (VTE1),

VTE2, Aldo-Ketoreductase 1 (AKR1) and Lipoxygenase (LOX )

could reduce the production of lipid peroxidation to enhance

seed longevity in Arabidopsis and rice (Nisarga et al., 2017; Sattler

et al., 2004; Xu et al., 2015; Zhou et al., 2020). Protein

L-isoaspartyl methyltransferase gene PIMT and methionine

sulfoxide reductases gene MSR involved in protein repair, and

Figure 4 ZmRap2.7 transcriptionally represses ZCN9 and ZCN10 expressions to regulate seed vigour after accelerated ageing. (a) ZCN9 and ZCN10

expressions in wild-type (WT) and ZmRap2.7 knockout line (KO#1). GAPDH was used as an internal control and the error bars indicate mean � SD (n = 3).

(b) Diagram of ZCN9 and ZCN10 promoter fragments. The translation start codon (ATG) was assigned to position +1. (c) Yeast one-hybrid assays showing

ZmRap2.7 binding to the “a” and “b” fragments of ZCN9 and ZCN10 promoter respectively. FL, full-length promoter. a–d were the promoter

fragments indicated in (b). Empty vector expressing AD domain alone was used as a negative control. (d) EMSA assays showing ZmRap2.7 binding to the

“a3” and “b1” segments in ZCN9 and ZCN10 promoter in vitro respectively. (e and h) ZCN9 (e) and ZCN10 (h) expressions in WT and their OE lines.

GAPDH was used as an internal control. (f and i) Germination performance of WT (inbred line CAL), ZCN9-OE (f) and ZCN10-OE (i) lines at standard

germination (SG) and 3-day accelerated ageing germination (AA3) conditions. OE, overexpression. Bars = 5 cm. (g and j) Germination percentage of seeds

in (f) and (i). Data were collected at 7 days after imbibition. Values are means � SD (n = 3).
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DNA glycosylase gene OGG1 encoded protein to repair DNA

damage during seed deterioration (Châtelain et al., 2013; Og�e

et al., 2008; Waterworth et al., 2010, 2016; Zhang et al., 2023).

Moreover, rice 1-CYS PEROXIREDOXIN (PER1) was regarded as a

seed-specific antioxidant to maintain high seed vigour by

scavenging ROS (Wang et al., 2022a). In maize, galactinol and

raffinose synthase-related genes GLOS and RS functioned in

energy storage and release and could enhance seed vigour

through the RFOs biosynthesis (Li et al., 2017).

ABA is a vital hormone in regulating seed germination, usually

acting as an upstream regulator (Sybilska and Daszkowska-

Golec, 2023). Previous works identified three ABF genes, ABI3 to

ABI5, from Arabidopsis, and found that ABI3 (a B3 transcription

factor) functions in upstream of ABI5 (a bZIP transcription factor)

and both transcriptionally regulate genes in biochemical pro-

cesses relating to LEA and RFOs during seed AA germination

(Mao and Sun, 2015; Zinsmeister et al., 2016). ABI4 (an AP2

transcription factor) could directly target the PIMT gene to

improve protein repair ability during seed storage (Kamble

et al., 2022). In rice, ABA promoted bZIP23 could transcriptionally

activate OsPER1A expression and involve in controlling of

peroxiredoxin pathway during aged germination (Wang et al.,

2022a). In maize, ZmVP1 (an orthologous protein of AtABI3)

interacts with ZmABI5 and regulates ZmGOLS2 expression and

raffinose accumulation in seeds for regulating vigour (Zhang

et al., 2019). These results indicated that ABA signalling is

essential for seed-aged germination, which might be through its

functions of regulating accumulation of protective proteins and

Figure 5 ZCN9 and ZCN10 interact with ZmPYL3, ZmPP2C and ZmABI5. (a–c) Pull-down assays showing that ZCN9 and ZCN10 interact with ZmABI5 (a),

ZmPYL3 (b) and ZmPP2C (c). Recombinant proteins were immunoprecipitated with an anti-GST antibody and then immunoblotted using either anti-GST

(upper part) or anti-His (lower part) antibody. (d–f) Luciferase complementation imaging (LCI) assays showing that ZCN9 and ZCN10 interact with ZmABI5

(d), ZmPYL3 (e) and ZmPP2C (f) in N. benthamiana leaves. (g–i) Bimolecular fluorescence complementation (BiFC) assays showing that ZCN9 and ZCN10

interact with ZmABI5 (g), ZmPYL3 (h) and ZmPP2C (i) in N. benthamiana leaves. The fluorescence signals represent the interaction activities and

mcherry-AHL22 is the nucleus maker. Bar = 20 lm.
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protein-repairing proteins during storage. Although the functions

of ABA in seed vigour have been intensively investigated, the

upstream regulators of ABA were largely unknown.

In this study, we characterized an AP2 transcription factor,

ZmRap2.7, with an essential function in regulation of seed vigour

from maize. Evidence showed that ZmRap2.7 is highly expressed

in embryo, and its loss-of-function mutants decreased seed

AA-GP, suggesting it as a positive regulator for seed vigour

(Figure 2). Furthermore, Y1H and EMSA results showed that

ZmRap2.7 could bind to promoters of three ABA signalling genes,

ZmPYL3, ZmPP2C and ZmABI5 (Figure 3). The GAL4 system

revealed that ZmRap2.7 could repress expression of the report

gene LUC (Figure 6e). Together with increased expressions of the

three ABA signalling genes and decreased sensitivity to ABA
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treatment in ZmRap2.7 KO lines (Figure 3), it concluded that

ZmRap2.7 functioned in upstream of ABA for repressing its

signalling by binding three signalling gene promoters during seed

AA germination. We conducted a luciferase assay using

pGreenII0800 system in protoplasts, but only found that the

LUC activity driven by ZmPP2C and ZmABI5 promoters could be

repressed by ZmRap2.7 protein, whereas the activity driven by

ZmPYL3 promoter showed increased activity (Figure S19). As the

protoplast was extracted from mesophyll cell protoplasts, where

the inner cellular environments, such as some co-factors, might

differ from that in seed cells, this result might indicate a complex

repressing mechanism of ZmRap2.7 on ABA signalling.

ZCN9 and ZCN10 might be novel cofactors regulating
ABA signalling and seed vigour after accelerated ageing

PEBP are highly conserved proteins with diverse biological

functions in animals and plants that act as modulators of

intracellular signalling pathways (Danilevskaya et al., 2008; Zhu

et al., 2021). In plants, PEBP family is generally divided into three

subfamilies, FT-like, MFT-like and TFL1-like (Danilevskaya

et al., 2008). FT-like and TFL1-like genes are usually involved in

the flowering time regulation, such as the famous florin gene FT

in Arabidopsis and its ortholog ZCN8 in maize (Danilevskaya

et al., 2008). Unlike the other two subfamilies, MFT-like genes

expressed exclusively in seed and participated in regulating seed

germination and dormancy in Arabidopsis, rice and wheat

(Nakamura et al., 2011; Song et al., 2020; Xi et al., 2010). In

this study, we identified two new MFT-like members, ZCN9 and

ZCN10, whose expressions are exclusive in seed and increased by

ZmRap2.7 knockout (Figure 4a). Together with the fact that their

promoters can be bound by ZmRap2.7 protein (Figure 4c,d), it

indicated that ZCN9 and ZCN10 expressions could also be

transcriptionally repressed by ZmRap2.7, a phenomenon same

to the ZmPYL3, ZmPP2C and ZmABI5 expressions. However,

unlike the decreased promoter activities of ZmPP2C and ZmABI5,

ZCN9 and ZCN10 promoter activities increased after adding

ZmRap2.7 protein in the leaf protoplast (Figure S19), which is

inconsistent with their increased expressions in ZmRap2.7 KO

lines. As ZCN9 and ZCN10 are seed-specific expression genes, this

inconsistency is probably due to the different inner cell

environments between leaf cells and seed cells. Together, these

results identified an upstream regulator for MFT-like gene

expressions, which extended the understanding of regulation of

MFT-like subfamily gene expressions in crops.

Previous works revealed that the MFT-like proteins could

interact with ABF proteins to regulate seed germination. For

example, the Arabidopsis MFT protein, a homologue of ZCN9 and

ZCN10, was found to interact with ABI5 protein and inhibit ABI5

expression (Xi et al., 2010). The rice OsMFT2 interacts with three

bZIP transcription factors to enhance their binding to the

downstream ABA-responsive genes (Song et al., 2020). Here,

we not only observed the interaction between ZCN9/10 and ABF

proteins ZmABI5 but also found that ZCN9/10 interacted with

ZmPYL3 and ZmPP2C proteins, two other members in ABA

signalling (Figure 5). Moreover, ZCN9 overexpression decreased

ZmRap2.7, ZmABI5 and ZmPYL3 expression levels, indicating that

ZNC9 could further regulate expressions of its upstream gene

(ZmRap2.7) and its interaction genes (ZmABI5 and ZmPYL3)

through some unknown mechanism (Figure S20). Thus, these

results suggested that ZCN9/ZCN10 regulating seed vigour might

be through the functions as modulators for regulating ABA

signalling by interacting with signalling proteins, as well as by

regulating expressions of signalling genes and signalling upstream

genes. However, it cannot exclude the possibility that ZCN9 and

ZCN10 involves in pathways other than ABA signalling for

regulating seed vigour. Future research will be interesting to

uncover the comprehensive network relating to ZCN9/ZCN10

mediated seed vigour regulation.

Pleiotropy of ZmRap2.7 in regulating seed vigour and
other traits

Pleiotropy is a common phenomenon in plants, particularly for the

important agronomic traits controlling genes (Hendelman

et al., 2021; Song et al., 2022). For example, the classical gene

OsIPA1 could promote both yield and disease resistance by

targeting different downstream genes in rice (Song et al., 2022;

Wang et al., 2018). However, unlike IPA1, pleiotropy ofmost genes

was usually antagonistic, which makes their breeding application

challenging in crops (Auge et al., 2019; Khaipho-Burch et al., 2023;

Smith, 2016). Therefore, it is generally interesting to uncover their

molecular mechanism responding to pleiotropy.

ZmRap2.7 was firstly reported to act as the functional gene of

the important QTL, Vgt1, to negatively regulate flowering time in

maize (Salvi et al., 2007). Later, ZmRap2.7 was found to regulate

brace root development (Li et al., 2019a). In this study, we

demonstrated the third function of ZmRap2.7 in positively

regulating seed vigour. The pleiotropy of ZmRap2.7 had also

been supported by a combination analysis of 162 distinct traits

Figure 6 Allelic variation and evolution of ZmRap2.7 in seed vigour regulation. (a) ZmRap2.7-based association mapping and pairwise LD analysis

according to the B73 reference genome (Zm-B73-REFERENCE-GRAMENE-4.0). Triangles denote InDels, and dots represent SNPs. Exons and untranslated

regions are shaded with black and white boxes respectively. The promoter and introns are shown as lines. (b) Haplotypes of ZmRap2.7 identified in the

AM368 panel of natural variants. ‘count’ denotes the number of germplasms in each haplotype group. (c) The comparison of 3-day accelerated ageing

germination percentage (AA3-GP) between different haplotypes. (d) The schematic diagram of amino acid changes between Hap1 and Hap2. (e) A

luciferase assay comparing the binding activity of different haplotypes in maize protoplasts. 5 9 GAL4, multimerized GAL4 binding site; GAL4DBD,

DNA-binding site of the GAL4 protein; M1–M4, the four SNPs mutations in the Hap1 background; Nos, nopaline synthase terminator; TATA, TATA box;

VP16, strong activation domain from VP16 of the herpes simplex virus. The relative luciferase (LUC) activity is represented by the ratio of signal values of the

firefly LUC to that of the Renilla LUC (internal control). Data are shown as the means of three independent transformants. Different lowercase letters

indicate significant differences by Duncan’s test (P < 0.05). (f) EMSA assays showing the transcription binding activities of Hap1, Hap2 and the four SNP

mutated (M1–M4) ZmRap2.7 proteins on ZCN9 promotor in vitro. (g) Nucleotide diversity for the genomic region of ZmRap2.7 in teosinte, landrace and

maize. The region includes gene body, 4-kb upstream and 3-kb downstream of ZmRap2.7. The red line indicates ZmRap2.7 gene body. (h) The proportions

of ZmRap2.7Hap1 and ZmRap2.7Hap2 lines in lines with and without MITE insertion. (i) The comparison of AA3-GP between lines with variants associated

with brace root development (haplotype CC and GG). Different letters indicate significant differences between different groups. (j) The comparison of

AA3-GP among �MITE+Hap1, +MITE+Hap1 and +MITE-Hap2 lines.
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within three diverse association panels, where ZmRap2.7 locus is

associated with a peak consisting of 13 SNPs that were detected

for flowering traits and a number of vegetative traits (Mural

et al., 2022). Moreover, ZmRap2.7 ortholog in Arabidopsis was

the floral transition inhibitor TOE1 (Aukerman and Sakai, 2003).

This gene also showed pleiotropic functions in regulation of

flowering time (Zhang et al., 2015), innate immunity (Zou

et al., 2018), abaxial trichomes (Liu et al., 2023) and root

regeneration (Wang et al., 2022b). An upstream transcription

factor of ZmRap2.7, ZmMADS69, has been shown to associate

with flowering traits and multiple vegetative traits (Liang

et al., 2019). Thus, these studies suggested that pleiotropy of

ZmRap2.7 and its orthologs might commonly exist in plants, and

it will be interesting to uncover the mechanism responding to

different functions.

The MITE insertion into Vgt1 locus inhibited ZmRap2.7

expression in cis-form and alleviated the inhibition of

ZmRap2.7 on maize flowering stage (Castelletti et al., 2014).

The SNP1499 in ZmRap2.7 gene body responded to brace root

development (Li et al., 2019a). It was interesting to find that the

MITE insertion did not relate to brace root development, and the

SNP1499 was not relevant to flowering time (Castelletti

et al., 2014). In this study, we identified four SNPs located in

ZmRap2.7 coding region showing different transcriptionally

repressing activity to its target gene ZCN9 and ZCN10 expressions

(Figure S15), which responded to the divergence of seed vigour in

this population. Further results supported that these four SNPs

were not related to either flowering time or brace root

development (Figure S17, S18). Meanwhile, both MITE insertion

and SNP1499 were not related to seed vigour (Figure 6i,j). These

results suggested that the distinct allelic variations of ZmRap2.7

could be supposed to regulate flowering time, brace root

development and seed vigour independently.

To explore the possible evolutional achievement of these

distinct allelic variations within ZmRap2.7, we downloaded

HapMap 3 data, which contained genome sequences for 18

teosinte, 24 landrace and 1034 improved maize (Bukowski

et al., 2018). Together with the genome sequences of the

AMP368 panel, we found that the four seed vigour associated

SNP only existed in maize lines with the MITE insertion (Figure 6h),

while the root-associated SNP1499 only existed in lines without

the MITE insertion (Figure S16), indicating that the MITE insertion

may be selected firstly during domestication, and then different

SNPs located in gene coding region were selected to depress seed

vigour and improve brace root development independently in

MITE insertion lines and none-insertion lines respectively.

In summary, this study characterized that ZmRap2.7, a

previously identified AP2 transcription factor with functions in

regulating flowering time and brace root development, positively

regulates seed vigour by transcriptionally repressing expressions

of ZCN9 and ZCN10, and three ABA signalling genes ZmPYL3,

ZmPP2C and ZmABI5 (Figure 7). Moreover, ZCN9/10 could further

interact with the three ABA signalling proteins to involve in ABA

signalling (Figure 7). Four SNPs in ZmRap2.7 coding region could

influence its transcriptionally binding activity on the downstream

gene promoters (Figure 7), but not relevant to flowering time and

brace root development.

Experimental procedures

Phenotyping of seed accelerated ageing vigour

The AMP368 was planted in Sanya, Hainan province in the winter

of 2011, 2016 and 2017. SG test was conducted in paper row

system according to the methods from International Seed Testing

Association (ISTA, 2015). The GP was scored 7 days after sowing,

which was expressed as the ratio of germinated seeds to the total

tested seeds. AA treatment was conducted by putting seeds in an

ageing box for 3 or 6 days under 45 °C and 100% humidity

condition. After AA treatment, seeds were air-dried until water

content dropped to 14%, and then used for SG test. For ABA

treatment, aged seeds were sowed in sand, and were moisturized

with 16% water with or without 300 mM ABA. After 7 days, GP

were evaluated. For phenotyping, three independent replicates

were conducted with 30 seeds for each replicate.

Figure 7 A proposed working model for ZmRap2.7 in regulating seed vigour in maize. ZmRap2.7 transcriptionally represses expressions of ZCN9 and

ZCN10, and three ABA signalling genes ZmPYL3, ZmPP2C and ZmABI5. ZCN9/10 could interact with the three ABA signalling proteins to be involved in ABA

signalling. The two haplotypes of ZmRap2.7 influence its transcriptionally binding activity on the downstream gene and regulate ABA signalling mediated

seed vigour.
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Genome-wide association study

GWAS is executed in the Tassel 5.2.81 (Fu et al., 2013). Population

structure matrix and kinship matrix were input into mixed linear

model (MLM) to control for false positives in association

analysis and (�log10 (P) ≥ �log10(1/effective SNP number (EN));

EN=533906)) was used as a threshold. Phenotypic variation

explained rates were calculated using lm function package.

ZmRap2.7-based association analysis

The resequencing data of 358 maize inbred lines belonging to the

368 population were obtained from Genome Sequence Archive

(GSA, https://ngdc.cncb.ac.cn/gsa/browse/CRA001363) and

aligned to the reference genome sequence (B73, AGPv4). SNPs

that had missing values greater than 20% and minor allele

frequency (MAF) <5% were removed from further analysis.

Totally, 177 SNPs from 2-kb upstream and 1-kb downstream of

ZmRap2.7 were used for association analysis. Moreover, we

re-sequenced ZmRap2.7 genome sequence and found a pre-

sence/absence variation (PAV) in 813 bp upstream of the ATG.

Together with the classical MITE element in ~70-kb upstream of

ZmRap2.7 (Castelletti et al., 2014) and the PAV, candidate gene

association was carried out using the method same as GWAS.

Quantitative RT–PCR analysis and in situ hybridization

Total RNA extraction, the first-strand cDNA synthesis and qPCR

processing were conducted as previously described (Chen

et al., 2021). The quantification method (2�DCt) was used to

calculate gene expression with three biological replicates. The

maize GAPDH gene was used as an internal control. The primers

are listed in Table S3.

The immature seeds were harvested 18 days after pollination

(DAP), and fixed in 3.7% FAA solution for in situ hybridization

following a method described previously (Chen et al., 2021), with

hybridization probe sequences listed in Table S3.

Transgenic maize construction

The open reading frame (ORF) of ZCN9 and ZCN10 was amplified

from germinated embryo of B73 using primers listed in Table S3

and inserted into the pCambia3301 vector driven by a ubiquitin

promoter. The constructed vectors were transformed into

immature embryos of maize inbred line CAL according to the

Agrobacterium-mediated transformation method using Agrobac-

terium strain LBA4404. The positive and WT plants were

identified using PCR analysis with primers in Table S3.

Transcriptome sequencing

Fifty embryos from each sample of 24-h AA3 germinated seeds

were harvested with three replications, ground in liquid nitrogen

and used for RNA extraction (Tiangen, Beijing, China). Total RNA

was used to construct a library and perform RNA sequencing with

a read length of 150 bp (pared end) using the Illumina platform

(Annoroad, Beijing, China). Clean reads were obtained by Perl

scripts processing, and then mapped to the reference genome

(B73, AGPv4) using the HISAT2 program (Anders et al., 2015).

DESeq2 package was used for the identification of DEGs with a

threshold of P < 0.05 and log2(|fold change|) ≥1 (Love

et al., 2014). FPKM (expected number of fragments per kilobase

of transcript sequence per millions of base pairs sequenced) is

used for estimating gene expression levels. Cufflinks were

employed to assemble the transcripts, estimate their abundances

and test for differential expressions in RNA-Seq samples (Trapnell

et al., 2012). The agriGO online website (http://systemsbiology.

cau.edu.cn/agriGOv2/) was used to perform gene ontology

analysis under a threshold of FDR < 0.05.

Yeast one-hybrid and yeast two-hybrid assay

The Y1H assays were performed as described previously (Qi

et al., 2020). Gene promoters were amplified from B73 and

introduced into the Placzi vector. The AD-fusion expression

plasmids containing ZmRap2.7 ORF or the PB42AD empty vector

were transformed together with the Placzi-promoter vector into

yeast strain EGY48. Yeast transformants were applied to an

SD/�Trp-Ura solid medium and cultured at 30 °C for 3 days, and

then bred on SD/Gal/Raf-Trp-Ura solid medium including X-Gal

(5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) for blue col-

our development.

For Y2H analysis, the ORFs of ZmPYL3, ZmPP2C and ZmABI5

were cloned into pGADT7 vector, and the ORFs of ZCN9 and

ZCN10 were cloned into pGBDKT7 vector. Each pair of the

pGADT7 and pGBKT7 fusion vectors was co-transformed into

yeast strain Mav203. The transforms were grown on a selective

medium lacking Leu and Trp (SD/�Leu-Trp), then transferred to

an SD/�Leu-Trp-His-Ade medium containing 3-amino-1,2,4-

triazole (3-AT) as a competitive inhibitor of the HIS3 product.

Finally, X-a-gal was supplemented for blue colour development.

Protein interactions were observed after 3 days of growth at

30 °C.

Luciferase complementation image (LCI)

The LCI assay with the pCAMBIA1300-nLUC and

pCAMBIA1300-cLUC vectors was conducted as described previ-

ously (Chen et al., 2008). The ZCN9 and ZCN10 ORFs were cloned

to pCAMBIA1300-cLUC, and ZmPYL3, ZmPP2C and ZmABI5 ORFs

were cloned to pCAMBIA1300-nLUC. Agrobacterium strain

GV3101 containing infused nLUC and cLUC vectors was

co-infiltrated into tobacco leaves. After 2-day infiltration, luciferin

(100 mM) was used on the leaf surface in the dark, and luciferase

signals were detected using VILBER FUSION FX7 Spectra (VILBER,

Paris, France).

Bimolecular fluorescence complementation assay (BiFC)

The ORFs of ZmABI5, ZmPYL3 and ZmPP2C were recombined into

the pSPYNE-35S vector containing nYFP, and ORFs of ZCN9 and

ZCN10 into the pSPYCE-35S vector containing cYFP. Agrobacter-

ium strain GV3101 containing infused nYFP and cYFP vectors was

co-infiltrated into tobacco leaves. After 48 h, the fluorescence

signals were detected using a confocal laser-scanning microscope

(LSM880; Zeiss, Oberkochen, Germany).

Electrophoretic mobility shift assay (EMSA)

The ORF of ZmRap2.7 was cloned into the pET30a vector and

transformed into the Escherichia coli strain BL21. The recom-

binant protein was enriched with IPTG induction at 16 °C for

20 h, and purified using His-tag Protein Purification beads

(Thermo Fisher Scientific, Waltham). The biotin-labelled com-

plementary oligonucleotides were synthesized by Sangon

(Sangon Biotech Co., Ltd, Shanghai, China) and formed

double-stranded probes by heating for 5 min at 100 °C and

cooling slowly at room temperature. The probe sequences are

listed in Table S3.

EMSA assays were performed using a Light Shift Chemilumi-

nescent EMSA kit (Thermo Fisher Scientific, Waltham) following

the manufacturer’s instruction. The purified protein and
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biotin-label probe were incubated together at 25° for 20 min.

The binding products were separated by electrophoresis on 6%

native-PAGE gel, and then pre-electrophoresed for 1 h. Then, the

samples were transferred to nylon membrane at 380 mA for

45 min, and the chemiluminescence was detected using Chemi-

Scope6100 (CliNX, Shanghai, China).

Dual-luciferase transcriptional activity assay

The ORF of ZmRap2.7Hap1, ZmRap2.7Hap2 and four mutations of

ZmRap2.7Hap1(M1–M4) were cloned into the GAL4DBD vector

driven by the CaMV 35S promoter, acting as effector vectors. The

strong activation domain from viral protein16 (VP16) of

the herpes simplex virus was fused to either N or C terminus of

ZmRap2.7 ORF to elevate the LUC activity. The GAL4DBD empty

vector with and without VP16 was regarded as negative control

and positive control respectively. The luciferase vector with

5 9 GAL4 binding site in upstream of LUC reporter gene and

the luciferase vector with Renilla LUC were used as reporter

vectors.

For the pGreenII0800 system, the full-length ORF of ZmRap2.7

was cloned into the effector vector pGreenII 62-SK under the

control of the CaMV 35S promoter. The ~1.5 kb promoter

fragment of ZCN9/10, ZmPYL3, ZmPP2C and ZmABI5 was cloned

into the reporter vector pGreenII0800-LUC. CaMV35S

promoter-driven REN was used as an internal control.

The reporter vector and the effector vector were

co-transformed into maize mesophyll cell protoplasts, which

were cultured at 25 °C for 14 h in the dark. The transformed

protoplasts were enriched by centrifugation, and then cleaved by

adding a passive lysis buffer (PLB, Shanghai, China). The luciferase

activity was measured using the Dual-Luciferase Reporter Assay

System (Promega, Shanghai, China) following the manufacturer’s

instruction. The substrate luciferin was added and catalysed by

luciferase to emit fluorescence (the strongest wavelength was

around 560 nm). The firefly luciferase activity was recorded

immediately, and the Renilla luciferase activity was measured

after adding Stop & Glo� Reagent. The ratio of the firefly

luciferase value to the Renilla luciferase value was calculated with

four biological replicates.

Evolution analysis of ZmRap2.7 haplotypes

Maize HapMap 3 data downloaded from https://www.panzea.

org/ were used to calculate the nucleotide diversity along 5-kb

upstream to 5-kb downstream region of ZmRap2.7 (Bukowski

et al., 2018). The function sliding.window.transform of R package

POPGENOME (Pfeifer et al., 2014) was used to generate sliding

windows (window size = 1000 bp, step size = 100 bp). Nucleo-

tide diversity (P ) in each sliding window was calculated for maize,

landrace and teosinte (Zea may ssp. parviglumis) using the

function diversity.stats. Classification of maize is based on

the genotypes of the lead SNP (chr8.S_132046298), which is

most significantly associated with AA3-GP.

The flowering time of heading date, pollen shed time and

silking time were downloaded from maizego website

(http://www.maizego.org/), and the brace root numbers were

extracted from Li et al. for the AMP368 panel (Li et al., 2019a).

Accession numbers

The datasets generated and/or analysed during the current study

are provided in this paper. The transcriptome sequencing data are

available at Genome Sequence Archive (GSA, https://ngdc.cncb.

ac.cn/gsa/) with accession number subCRA020522.
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