
Vol.:(0123456789)

Theoretical and Applied Genetics (2024) 137:94 
https://doi.org/10.1007/s00122-024-04587-z

ORIGINAL ARTICLE

Identification of a novel marker and its associated laccase gene 
for regulating ear length in tropical and subtropical maize lines

Yaqi Bi1,2 · Fuyan Jiang2 · Yudong Zhang2 · Ziwei Li3 · Tianhui Kuang2 · Ranjan K. Shaw2 · Muhammad Adnan2 · 
Kunzhi Li1   · Xingming Fan2 

Received: 26 December 2023 / Accepted: 20 February 2024 / Published online: 5 April 2024 
© The Author(s) 2024

Abstract
Key message  This study revealed the identification of a novel gene, Zm00001d042906, that regulates maize ear length 
by modulating lignin synthesis and reported a molecular marker for selecting maize lines with elongated ears.
Abstract  Maize ear length has garnered considerable attention due to its high correlation with yield. In this study, six maize 
inbred lines of significant importance in maize breeding were used as parents. The temperate maize inbred line Ye107, char-
acterized by a short ear, was crossed with five tropical or subtropical inbred lines featuring longer ears, creating a multi-parent 
population displaying significant variations in ear length. Through genome-wide association studies and mutation analysis, 
the A/G variation at SNP_183573532 on chromosome 3 was identified as an effective site for discriminating long-ear maize. 
Furthermore, the associated gene Zm00001d042906 was found to correlate with maize ear length. Zm00001d042906 was 
functionally annotated as a laccase (Lac4), which showed activity and influenced lignin synthesis in the midsection cells of 
the cob, thereby regulating maize ear length. This study further reports a novel molecular marker and a new gene that can 
assist maize breeding programs in selecting varieties with elongated ears.

Introduction

Maize ear development initiates from the female spike pri-
mordia (SP). As the transition from vegetative to reproduc-
tive growth occurs, the female SP situated in the leaf axil 
undergoes gradual transformation into the spikelet-pair 
meristem, spikelet meristem, and floral meristem of the 
inflorescence (Vollbrecht and Schmidt 2009). Through the 
coordinated influence of multiple genetic networks regulat-
ing inflorescence development in maize, spikelets ultimately 
give rise to maize ears with varying lengths and thicknesses.

The length of maize ears plays a pivotal role in determin-
ing the number of kernels per row, exerting the most sig-
nificant positive impact on yield among various maize yield 
components (Jia et al. 2020; Ning et al. 2021). Therefore, the 
increase in maize ear length (EL) directly leads to a higher 
yield in production (Mendes-Moreira et al. 2014; Luo et al. 
2022). EL in maize is controlled by multiple genes. Cur-
rently, numerous quantitative trait loci (QTL) or candidate 
genes that regulate EL in maize have been identified through 
fine mapping or genome-wide association analysis (GWAS) 
(Li et al. 2011; Chen et al. 2014; Yi et al. 2019; Ning et al. 
2021). Nevertheless, owing to the low size of mapping popu-
lation or low marker density, further in-depth research is 
still required for most of these QTLs and candidate genes. 
Recently, a few functional genes responsible for EL have 
been successfully cloned. For instance, Luo et al. (2022) 
discovered that YIGE1, which encodes an unknown protein, 
might play a role in regulating EL by participating in sugar 
and auxin signaling pathways. Pei et al. (2022) observed that 
EAD1 regulates ear development by modulating malate con-
tent in the apex of immature ears. Despite these discoveries, 
the practical application of these functional genes in maize 
breeding is still limited.
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Tropical and subtropical maize germplasms exhibit rich 
genetic variations that are absent in temperate maize (Grzy-
bowski et al. 2023). By crossing tropical and subtropical 
maize lines with temperate maize lines, many elite hybrid 
varieties have been developed (Fan et al. 2014). In this study, 
five tropical and subtropical maize lines and a temperate 
maize line that displayed notable differences in EL were 
used to establish a multi-parent population. Each of these 
six inbred lines holds significant breeding value and has 
served as parental lines in developing elite hybrids (Yin et al. 
2022; Jiang et al. 2023; Wang et al. 2023). The objective of 
this study was to identify molecular markers and candidate 
genes closely associated with EL of maize, and investigate 
the regulatory mechanisms of the identified gene. This study 
may help lay a theoretical foundation for understanding the 
mechanisms underlying EL and will aid in marker-assisted 
breeding for EL in maize.

Materials and methods

Parental lines and population construction

In this study, the temperate maize inbred line Ye107, with 
relatively short ears (EL = 8.5 cm), was used as the com-
mon male parent. It was crossed with five tropical and sub-
tropical maize inbred lines (YML226, TML418, TRL02, 
CML312, and CML373), characterized by long ears. After 
seven generations of selfing, a multi-parental population 
(MPP) comprising five distinct recombinant inbred line 
(RIL) populations was constructed. The MPP comprised 814 
families, including120, 216, 151, 151, and 176 families in 
RIL_YML226, RIL_TML418, RIL_TRL02, RIL_CML312, 
and RIL_CML373 populations, respectively. The pedigrees, 
ecological types and heterotic groups of the six parental 
lines are presented in Table 1.

Field trial and phenotypic data analysis

The MPP was planted in Dehong (98°58' E, 24°43' N), 
Jinghong (100°78′ E, 22°00′ N) and Baoshan (99° 16′ E, 
25°11′ N) in Yunnan Province, China, in 2021 and 2022. 

A complete randomized block design was implemented at 
each location with two replications. The field experiment 
was conducted with a row length of 3 m, inter-row space 
of 0.70 m, 14 plants per row, and two rows per plot. The 
plant spacing in a row was set at 0.25 m, resulting in a 
plant density of approximately 62,112 plants per hectare. 
Field management was conducted according to local stand-
ard agronomic practices. After 65 days of pollination, the 
EL of ten plants situated in the middle of each row was 
documented to determine the average EL. Phenotypic data 
were analyzed using R software (v3.2.2) to assess nor-
mal distribution. Broad-sense heritability was computed 
using the lme4 (v1.1–31.1) software package, using the 
formula h = Vg/(Vg + (Ve/L)), where Vg represents the 
genetic variance, Ve is the residual variance, and L is the 
number of environments. Multifactor analysis of variance 
(ANOVA) was performed using the Statsmodels (v 0.14.1) 
library in Python.

Genotyping and principal component analysis

Genomic DNA was extracted from maize seedling leaves 
using a modified CTAB method (Allen et al. 2006). The 
DNA concentration was quantified using Qubit and then 
diluted to 20 ng/μl for library construction, following the 
protocol of Poland et al. (2011). The six parental lines and 
five F1 hybrids were sequenced by whole-genome re-sequen-
ceing (WGS) using Illumina HiSeq TM platform (Illumina, 
SanDiego, CA, USA), while the 814 families of MPP were 
sequenced by genotyping-by-sequencing (GBS) on pair-
end 150 Illumina Novaseq platform (Illumina, SanDiego, 
CA, USA). Clean reads were obtained after quality control, 
and aligned to the maize reference genome Zm_B73_REF-
ERENCE_GRAMENE_4.0 using BWA software. Single 
nucleotide polymorphisms (SNPs) were identified using 
the Genome Analysis Toolkit (McKenna et al. 2010; Jiao 
et al. 2017). The genetic relationship matrix (GRM) was 
obtained using GCTA software (1.94.1) with the -make-grm 
parameter, and the first three principal components were 
extracted for principal component analysis (PCA) using the 
-pca3 option.

Table 1   Parental lines utilized 
in constructing the multi-
parental population (MPP)

Parental lines Pedigree Heterotic group Ecotypes Ear length (cm)

Ye107 Selected from US hybrid DeKalb XL80 Reid Temperate 8.5
YML226 (CML226/(CATETO DC1276/7619))

F2-25-1-B-1-2-1-1-2(DH)
Non-Reid Tropical 13.4

TML418 Derived from Thailand Monsanto hybrid Non-Reid Subtropical 16.8
TRL02 Derived from US hybrid Non-Reid Subtropical 13.9
CML312 S89500-F2-2-2-1-1-B Non-Reid Tropical 14.7
CML373 P43SR-4-1-1-2-1-B-8-1-B Non-Reid Tropical 13.1
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GWAS and haplotype analysis

The MPP was used for conducting GWAS to identify candi-
date functional genes regulating EL. The mixed linear model 
of the EMMAX (v intel64-20,120,205) software package 
was employed for GWAS analysis, and the significant thresh-
old was determined using Plink (v 1.9) to identify SNPs 
associated with EL of maize (Jiang et al. 2023). Linkage 
disequilibrium (LD) analysis was performed using PopLD 
to determine the distance at which LD decayed by half in 
the population. Genes associated with EL were subsequently 
identified within the 50 kb upstream and downstream of the 
significantly associated SNPs (Jiang et al. 2023; Xu et al. 
2024). Haplotype analysis of functional genes was car-
ried out using the Haplotype Caller-based method (Li et al. 
2022).

Comparative expression analysis of functional gene 
in the parental lines

Ears were harvested from the six parental lines at the 9-leaf 
stage (V9), tasseling stage, and silking stage, with subse-
quent recording of EL. The top part (10% of the EL) and 
middle part (50% of the EL) of the cobs were designated as 
the tip and midsections, respectively. These sections were 
sampled to assess the relative expression (RE) levels of the 
identified gene. RE levels were quantified with three repli-
cates through fluorescence quantitative RT-PCR (qRT-PCR) 
using the Tiangen SuperReal PreMix Plus (SYBR Green) 
kit (Tiangen, Beijing). The total reaction volume for each 
sample was 20 μL. The gene expression was carried out 
using the following pair of primers: F-5'ATG​GCG​ATC​TCC​
TCT​GCT​CTT and R-5'TGC​CTC​GTG​ATG​CCT​TGC​. Maize 
Actin1 gene was used as internal control for the normaliza-
tion of gene expression (Li et al. 2019). The qRT-PCR was 
conducted using the following program: initial pre-denatur-
ation at 95 °C for 3 min, followed by denaturation at 95 °C 
for 20 s, and annealing and extension at 60 °C for 30 s. This 
cycle was repeated for 40 cycles. Fluorescence signals were 
captured during the annealing and extension steps.

Variation analysis of functional gene in TML418 
and the hybrids

SNP calling was performed by aligning the re-sequencing 
reads of the five F1 hybrids used in developing the MPP to the 
Zm-B73-REFERENCE-GRAMENE-4.0 reference genome. 
This process was accomplished using GATK4 (v4.2) soft-
ware in Haplotyper Caller mode. The integrated vcf file was 
obtained for annotation using ANNOVAR. Subsequently, 
genotypic files and amino acid variation files for the cor-
responding segments were extracted. The position informa-
tion of functional genes was determined according to the 

annotation file (Zm-B73-REFERENCE-GRAMENE-4.0_
Zm00001d.1.gff3). The amino acid sequence information of 
the functional gene was extracted from the Zm-B73-REF-
ERENCE-GRAMENE-4.0_Zm00001d.1.pep file. The vari-
ant information of SNPs and amino acids was aligned using 
DNAMAN. The conserved domain was identified using the 
NCBI Conserved Domain Search Tool (https://​www.​ncbi.​
nlm.​nih.​gov/​Struc​ture/​bwrpsb/​bwrpsb.​cgi), and motif pre-
diction for the functional gene was performed using MEME 
online software (https://​meme-​suite.​org/​meme/​tools/​meme).

Homology analysis of the functional gene

To determine the function of the identified gene, homolo-
gous gene sequences in Arabidopsis and Oryza sativa were 
analyzed using BLAST (v2.2.26) with parameters “-e 1e-07 
-a 15 -F F -m 8”. Gene family identification for the func-
tional genes was performed using the OrthoMCL process, 
available at http://​ortho​mcl.​org/​ortho​mcl/. A neighbor-join-
ing tree was constructed using Treebest software (v1.9.2) 
with 1000 bootstrap replicates. The resulting neighbor-join-
ing tree was visualized, annotated, and adjusted using iTOL 
(Interactive Tree of Life, available at https://​itol.​embl.​de/).

Measurements of lignin content and enzyme 
activity

Lignin content, laccase (LAC) activity, and peroxidase 
(POD) activity had been measured using the same samples 
as for RE quantification. Lignin content was measured fol-
lowing a modified method reported by Chen et al. (2018) 
with three replicates for each sample. The ear samples were 
weighted, and 100 mg of tissues were placed in a centrifuge 
tube. Subsequently, 4 mL of 80% (v/v) ethanol was added, 
allowing it to stand for 2 h. The mixture was then centri-
fuged at 12,000 rpm for 10 min to settle the precipitate. The 
precipitate was dissolved by immersing it in 4 mL of 80% 
(v/v) ethanol in a water bath for 2 h at 80 °C. Following this, 
the solution was centrifuged at 12,000 rpm for 10 min to col-
lect the precipitate. Then, 4 mL of chloroform was added to 
the solution at 62 °C in a water bath for 1 h. The mixture was 
then subjected to centrifugation as previously described, to 
collect the precipitate. The extraction process was repeated 
by employing 80% ethanol and chloroform. After each 
extraction, the precipitate was subjected to drying in an oven 
at 60 °C for 2 days. The dry matter was treated with 3.6 mL 
of 25% (v/v) acetyl bromide solution in 2.7% (v/v) perchloric 
acid in acetic acid. This mixture was then subjected to water 
bath at 70 °C for 1 h. In each sample, 2 mL of a solution 
comprising of 17.24% (v/v) 2 mol/L sodium hydroxide and 
82.76% (v/v) acetic acid was added. Subsequently, 0.15 ml 
of 7.5 mol/L hydroxylamine hydrochloride was added to ter-
minate the reaction. The absorbance at A280 was measured 

https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://meme-suite.org/meme/tools/meme
http://orthomcl.org/orthomcl/
https://itol.embl.de/
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using a spectrophotometer, and the lignin content was deter-
mined by referencing a standard curve.

The activities of LAC and POD in the samples were 
measured using Laccase Activity Assay Kit (BC1630) and 
Peroxidase Activity Assay Kit (BC0090), respectively, 
obtained from Solarbio Company (Beijing, China). Enzyme 
activities were calculated based on protein concentration. 
The protein concentration was determined using the Brad-
ford Protein Assay Kit (PC0010) procured from Solarbio 
Company (Beijing, China) using a microplate reader. Three 
replicates were used for each sample. Significant differ-
ences between different stages of each sampling section 
and between the tip and midsection parts of each sampling 
stage were analyzed using GraphPad Prism (v9.0). Pearson 
correlation analysis of EL, RE, lignin content, and enzyme 
activity were performed using SPSS software (v22.0).

Results

Phenotypic data analysis

Phenotypic data revealed significant differences in EL 
among various RIL subpopulations within the MPP 
(Fig. 1). Normalization analysis of the phenotypic data 
from Dehong, Baoshan, and Jinghong demonstrated that 
EL in the MPP followed a normal distribution at all three 
locations (Fig. 2a). The normal distribution of phenotypic 
data suggests that the MPP is suitable for GWAS, as illus-
trated in Fig. 2a. The broad-sense heritability of EL in 
MPP was 0.93. ANOVA indicated significant differences 
in EL among the RIL subpopulations of the MPP across 
the three locations (P < 0.01). However, no significant 

Fig. 1   The MPP with a significant difference in EL established through the crossbreeding of a short-ear parent Ye107, with five long-ear sub-
tropical lines
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differences were observed between the location and RIL 
(Table 2). Correlation analysis revealed Spearman corre-
lations ranging from 0.74–0.98 (P < 0.05) among the RIL 
subpopulations across the three locations.  

SNP genotype and PCA analysis

After filtration, a total of 594,577 effective SNPs from GBS 
were identified and distributed across 10 chromosomes of 

maize. The highest number of SNPs was identified on Chr1 
(83,599 SNPs), whereas the lowest was observed on Chr10 
(43,750 SNPs). Across the genome, the SNP density was 
281.11 per Mb, with the highest marker density on Chr4 
(310.47 per Mb) and the lowest on Chr5 (260.27 per Mb) 
(Supplementary Table 1). PCA revealed that the five RIL 
subpopulations were generally independent of each other, 
although some families clustered with other RILs due to the 
common parent Ye107 used in MPP development (Fig. 2b).

Fig. 2   Analysis of phenotypic and genotypic data. a Frequency dis-
tributions of EL of the MPP at three locations. b Principal compo-
nent analysis of MPP. Red, orange, purple, blue and green dots rep-
resent the families of RIL_CML312, RIL_TML418, RIL_TRL02, 
RIL_CML373 and RIL_YML226, respectively. c GWAS results of 
the MPP at three locations. d Significant differences in EL between 

two haplotypes (AA, GG) at three locations, with ***indicating 
P < 0.0001. e The proportions of the two haplotypes observed in five 
RIL subpopulations. f Maize hybrid Yunrui88 resulting from the 
cross TRL02 × Ye107. g Hybrid Xingdan106 obtained from the cross 
TML418 × Ye107 and h the linkage between genes Zm00001d042905 
and Zm00001d042906 (colour figure online)

Table 2   Analysis of variance 
(ANOVA) for the EL of the 
MPP at three locations in 
Yunnan province

† Pr, Probability

Source of variation df Sum of squares Mean squares F value Pr† > F

Location (loc) 2 2994.08 1497.04 218.24 < 0.0001
RIL population (RIL) 4 734.15 183.57 26.76 < 0.0001
Loc × RIL 8 102.93 12.87 1.88 0.0598
Error 1697 11,640.72 6.86
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GWAS and identification of functional genes

GWAS analysis of maize EL was conducted using 594,577 
effective SNPs. The results showed that SNPs significantly 
correlated with EL could be identified on all 10 maize chro-
mosomes across various environments (Fig. 2c). By assess-
ing the annotations of each gene where significantly asso-
ciated SNPs were located, an SNP at 183,573,532 bp on 
chromosome 3, associated with maize EL, was consistently 
identified across multiple environments. Haplotype analysis 
of the five RILs of MPP revealed two haplotypes, AA and 
GG, at this particular location. Analysis of haplotypes in 
MPP from Dehong, Baoshan, and Jinghong locations dem-
onstrated that haplotype GG led to a significant increase 
in maize EL compared with haplotype AA (Fig. 2d). Fur-
ther analysis of the five RIL subpopulations revealed that 
RIL_TML418, derived from the parent with the longest 
EL, TML418, exhibited the highest proportion of the GG 
haplotype (Fig. 2e). This observation suggests that the GG 
haplotype has a positive effect on increasing maize EL.

Genotyping data for the five F1 hybrids of MPP for 
SNP_183573532 were also obtained. The results indicated 
that the F1 hybrids of TRL02 × Ye107, TML418 × Ye107, 
and YML226 × Ye107 had the heterozygous geno-
type AG, while the F1 hybrids of CML312 × Ye107 and 
CML373 × Ye107 had the homozygous AA genotype at this 
location. The results revealed that the long-ear parental lines 
TRL02, TML418, and YML226 carried the A to G mutation 
at SNP_183573532, indicating a strong impact of this muta-
tion on the selection of long-ear maize. Notably, by crossing 
TRL02 with Ye107, an elite hybrid variety named Yunrui88 
(Fig. 2f) was developed. In the demonstration of a 100 mu 
(1 mu = 666.67 m2) areas in Kunming, the average yield 
reached 1134.4 kg per mu, which set a record of the high-
est yield in 100 mu area in tropical and subtropical regions. 
Consequently, Yunrui88 was cultivated across an extensive 
area of 350,000 hectares from 2012 to 2014, and was rec-
ognized as a leading variety by the Ministry of Agriculture 
of China in both 2014 and 2015 (Jiang et al. 2023). Another 
notable hybrid, Xingdan106 (Fig. 2g), obtained from the 
cross TML418 × Ye107, achieved an impressive yield of 
1078.1 kg per mu in demonstration areas in Southwest 
China in 2022 (Wang et al. 2023). The heterozygous AG at 
SNP_183573532 in the two elite hybrids strongly suggests 
that the A to G mutation at SNP_183573532 is an effective 
marker for selecting long-ear maize, especially in hybrids.

A range of 50  kb upstream and downstream of 
SNP_183573532 was explored to identify functional genes 
associated with EL, and two genes, Zm00001d042905 and 
Zm00001d042906, were identified (Fig. 2c). The interval 
between Zm00001d042905 and Zm00001d042906 was 
7.8 kb (Fig. 2h), which showed that the two genes were 
closely linked, as the interval was significantly lesser than 

the average distance between gene blocks (Li et al. 2022). 
The distance between the upstream and downstream adja-
cent genes of Zm00001d042905 and Zm00001d042906 was 
found to exceed 50 kb. Hence, our observations suggest that 
Zm00001d042905 and Zm00001d042906 are two closely 
linked genes in the target region associated with maize EL.

Analysis of relative expression levels 
of Zm00001d042906

To investigate whether gene expression differed between 
long and short ears, qRT-PCR was conducted by sam-
pling the six parental lines. By calculating the distances 
between SNP_183573532 and the promoters of the two 
candidate genes, the downstream gene Zm00001d042906 
was chosen because it was closer to the SNP (the dis-
tances between SNP_183573532 and the promoter start of 
Zm00001d042905 and Zm00001d042906 were 7522 and 
2495 bp, respectively). Throughout the V9, tasseling, and 
silking stages of maize growth, the relative expression (RE) 
of Zm00001d042906 in the tip and midsection tissues of the 
ear cob were measured (Fig. 3a). The findings revealed that 
at the V9 stage, the highest expression of Zm00001d042906 
was observed in YML226, when considering the short-ear 
parental line Ye107 as a reference. Additionally, the RE of 
Zm00001d042906 in the midsection of the ear was slightly 
higher than that in the tip tissue, except for CML312. At 
the tasseling stage, the RE of Zm00001d042906 exhib-
ited a significant increase from the V9 stage in TML418, 
TRL02 and CML373 parental lines. Moreover, the RE in 
the midsection remained higher than that in the tip, except 
for TRL02, although the differences were not significant. At 
the silking stage, the RE of Zm00001d042906 varied among 
different parental lines. Notably, in TRL02, YML226, and 
CML312, the RE in midsection tissues greatly increased, 
reaching 85.08, 53.02, and 30.06 times higher compared 
to Ye107, respectively (Fig. 3b, Supplementary Table 2). 
However, no significant differences were observed between 
the two sections (Fig. 3b). This may be attributed to the 
relatively small sample size. Correlation coefficients were 
calculated between EL and RE of Zm00001d042906 of 
the two ear sections during the V9, tasseling, and silking 
stages. The results showed that the correlations between 
EL and RE in the midsection were r = 0.04, 0.84 (P < 0.05), 
and 0.81 (P < 0.05) at the V9, tasseling, and silking stages, 
respectively (Fig.  3c). Furthermore, no correlation was 
observed between the EL and RE at the tip during these 
stages (Fig. 3c). These findings strongly indicate that the 
increased RE of Zm00001d042906 in the midsection of the 
cob at the tasseling and silking stages is directly associated 
with maize EL, which confirmed role of this gene in control-
ling EL. Notably, the RE of Zm00001d042906 in TML418 
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was consistently lower than that of the other long-ear parents 
across all the three stages.

Among the five long-ear parental lines used to develop 
the MPP, TML418 exhibited the longest EL after maturity 
(Fig. 1, Table 1). However, the RE of Zm00001d042906 
in TML418 was relatively low. To investigate whether 
the gene has mutated in TML418, five F1 hybrids result-
ing from crosses between Ye107 and the five long-ear par-
ents were analyzed. The F1 hybrid of TML418 × Ye107 
exhibited the highest number of SNP variations in the cod-
ing region of Zm00001d042906 (Fig. 4a, Supplementary 
Table 3). Among these, nine SNPs were unique to the F1 
hybrid of TML418 × Ye107 (Fig. 4b). A conserved domain 
of the laccase family was identified in the amino acid 
sequence spanning positions 29–580 in the coding region of 
Zm00001d042906 (Fig. 4c). Further investigation revealed 
two non-synonymous SNPs in the nucleotide sequence of 
the conserved domain of Zm00001d042906. These two syn-
onymous SNPs alter the amino acid sequence at positions 

33 and 371 (Fig. 4d), resulting in the alteration of motifs 
(Fig. 4e). Therefore, it is speculated that the function of 
Zm00001d042906 in TML418 was altered by the mutation 
of SNPs, subsequently affecting its expression.

Prediction of the functions of genes regulating ear 
length

According to gene annotation, Zm00001d042906 was 
identified as a laccase gene known as Lac4. Laccase genes 
play roles in various metabolic activities, but the function 
of Lac4 in maize remains unknown. To predict the func-
tion of Zm00001d042906, a homology analysis targeting 
Zm00001d042906 was conducted. This analysis revealed 
that the homology of Zm00001d042906 is highly conserved 
in both Oryza sativa and Arabidopsis thaliana and is associ-
ated with the laccase gene (Table 3). A phylogenetic tree was 
constructed to elucidate the function of Zm00001d042906, 
incorporating 23 reported maize laccase genes, 28 Oryza 

Fig. 3   a EL of each parental lines at V9, tasseling and silking stages, 
with red dotted lines indicating the tip and midsection parts for sam-
pling. b The RE of Zm00001d042906 in the tip and midsection tis-
sues of six parental lines at V9 stage, tasseling and silking stages. 
From left to right are Ye107, YML226, TML418, TRL02, CML312 
and CML373, respectively. Orange bars represent the tissue collected 
from the tip of the cob, and purple bars represent the midsection of 
the cob. The orange and purple lowercase letters above the corre-
sponding columns represent the significance level at P < 0.001 of the 

tip and midsection tissues at three sampling stages. The symbols ns, 
** and *** indicate no significance, significance at P < 0.005 and at 
P < 0.001, respectively, between the tip and midsection tissues. c Cor-
relation analysis between EL and RE for the gene Zm00001d042906. 
The data above diagonal reports correlation coefficients for tip section 
of ears, while data under diagonal reports correlation coefficients for 
the midsection of ears. The * indicates significance at P < 0.05. From 
left to right are V9, tasseling and silking stages, respectively (colour 
figure online)
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sativa laccase genes, and 17 Arabidopsis laccase genes (Sup-
plementary Table 4). The results revealed that all laccases 
could be categorized into five clusters. Laccases, such as 
OsLac5, AtLac4, AtLac11, and AtLac17, which are known to 

be involved in lignin synthesis, were predominantly grouped 
in Cluster 1 (Lafayette et al. 1999; Zhao et al. 2013). AtLac3, 
AtLac5, and AtLac13 in cluster III exhibited close associa-
tions with the formation of Casparian strips (Rojas-Murcia 

Fig. 4   Changes of domain and motifs by the non-synonymous SNP 
in the coding region of Zm00001d042906 in TML418. a The num-
ber of SNP variations in coding region of Zm00001d042906 of five 
F1 hybrids; b the number of unique heterozygous SNPs in coding 

region of Zm00001d042906 in five F1 hybrids; c conserved domain of 
Zm00001d042906; d change of amino acid by the non-synonymous 
SNP; e changes of motifs by the alteration of amino acid at 32 and 
370 positions
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et  al. 2020) (Fig.  5). Zm00001d042906 (ZmLac4) and 
Zm00001d042905 (ZmLac17), identified in this study, clus-
tered with laccase genes known to regulate lignin synthesis 
(Fig. 5). Hence, it can be inferred that the genes identified in 
this study are involved in lignin synthesis in maize. Specifi-
cally, Zm00001d042906 (ZmLac4) exhibited a closer rela-
tionship with previously reported OsLac5, which is involved 
in lignin synthesis (Fig. 5). Consequently, the correlations 
between the lignin content, LAC activity, POD activity, and 
RE of Zm00001d042906 were investigated. 

Measurements of lignin content, LAC and POD 
activity in maize ears at different growth stages

To determine whether Zm00001d042906 is involved in 
lignin synthesis in maize cob, we measured lignin content, 
LAC, and POD activity from samples collected following the 
same procedure as that for qRT-PCR. The results revealed 
that at all stages, the lowest lignin content was observed 
in Ye107, whereas the highest lignin content was observed 
in YML226 (Fig. 6a, Supplementary Table 5). Across all 
parental lines, the lignin content was consistently slightly 
higher in the midsection tissues than in the tip part during 
the same sampling period, although the differences were not 
significant. Simultaneously, as ear growth progressed, lignin 
content in the same section steadily increased in all parental 
lines (Fig. 6a, Supplementary Table 5). This result indicates 
that the apical meristematic tissues at the tip of the ear ini-
tially have a lower lignin content, but as the cob forms, there 
is a gradual increase in lignin accumulation, contributing to 
the toughening of the cob. The results of LAC activity meas-
urements revealed that, at the V9 stage, significantly high 
laccase activity was observed in all parental lines (Fig. 6b, 
Supplementary Table 5). The LAC activity in the tip tissues 
was generally higher than that in the midsection of the cob, 
except for Ye107. In TML418 and TRL02, the differences 
between the tip and midsection were large, but not statisti-
cally significant (Fig. 6b). This could also be attributed to 
the relatively small sample size. This finding suggested that 

LAC activity is the most robust in the apical meristem of the 
ear tip during the V9 stage. However, as cell differentiation 
and cob growth progressed, laccase activity in the cells rap-
idly decreased (Fig. 6b, Supplementary Table 5). Given that 
POD is also the key enzyme in the final stage of the plant 
lignin synthesis pathway (Dong and Lin 2020; Gao et al. 
2023), we measured POD activity as well from the tip and 
midsection ears of the six parental lines at the V9, tasseling, 
and silking stages. The results exhibited diverse trends in 
POD activities among different parental lines as the growth 
of the ears progressed. However, in TML418, which had the 
longest ear, POD activity was higher in all three sampling 
stages and significantly exceeded the activity in the other 
parental lines (Fig. 6c, Supplementary Table 5).

Pearson correlation analysis was conducted on the RE 
of the Zm00001d042906 gene, lignin content, LAC activi-
ties and POD activities at three sampling stages. The results 
indicated significant correlations between RE and lignin 
content at 0.93 (P < 0.01) and 0.82 (P < 0.05) during the V9 
and tasseling stages, respectively (Fig. 6d). This suggested 
the predominant involvement of Zm00001d042906 in lignin 
synthesis in the cells at the midsection of the cob.

Discussion

Tropical and subtropical maize exhibit abundant diver-
sity compared with temperate maize (Grzybowski et al. 
2023). Through the utilization a maize MPP constructed 
with tropical and subtropical maize inbred lines, which 
display significant variation in EL, we identified a marker, 
SNP_183573532, and two genes, Zm00001d042905 and 
Zm00001d042906, located on chromosome 3, encoding lac-
cases. The marker can be considered as a functional marker, 
and the genes as functional genes regulating maize EL. Pre-
vious studies have reported QTLs for EL on Chr3 (Li et al. 
2011; Yi et al. 2019; Yang et al. 2020). However, these QTLs 
did not overlap with the functional regions identified in the 
present study. This discrepancy could be attributed to the use 

Table 3   Homology analysis of Zm00001d042906 

Gene ID Species Description Location (Chr: start–end) Protein length Target iden-
tity (%)

Query 
identity 
(%)

LOC4327500 O. sativa Laccase-4-like 1:36,165,917–36,168,951 579 100 100
LOC107277101 O. sativa Putative laccase-16 1:15,648,465–15,661,413 584 100 100
LOC4327501 O. sativa Laccase-13-like 1:36,177,288–36,180,140 577 100 100
LAC16 A. thaliana Laccase 16 5:23,789,362–23,792,382 567 100 100
LAC1 A. thaliana Laccase 1 1:6,238,838–6,241,510 581 98 99
LAC2 A. thaliana Laccase 2 2:12,524,826–12,527,803 573 98 99
LAC5 A. thaliana Laccase 5 2:16,857,958–16,860,779 580 98 99
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of tropical and subtropical maize inbred lines, which har-
bor more favorable variations for EL than temperate maize 
germplasms. While assessing the broad-sense heritability of 
MPP, we observed that the EL of maize was predominantly 
influenced by genetic factors. Therefore, we hypothesize 
that incorporating tropical and subtropical germplasms into 
breeding programs to enhance EL in temperate germplasms 
is feasible due to the beneficial variations carried by tropical 
and subtropical maize.

Among the six parental lines used in this study, TML418 
exhibited the longest EL after maturity. However, the RE 
of Zm00001d042906 in TML418 was not high compared 
to in other long-ear parental lines. Gene expression is influ-
enced by several factors, including genomic suppressors 

(Bautista et al. 2021), cis-regulatory elements (Yu et al. 
2023), the presence of SNPs (Ymer et al. 2002), and envi-
ronmental factors (Napier et al. 2023). In TML418, the 
low RE of Zm00001d042906 may be attributed to SNPs 
that alter amino acids in the conserved region of the gene 
(Fig. 4). However, it is noteworthy that although the RE of 
Zm00001d042906 was relatively low, the LAC activity of 
TML418 was not (Figs. 3b and 6b). This could be due to 
the LAC activity measured in this study encompassed all 
types of laccases, rather than just ZmLac4. Consequently, 
it is possible that in the samples, other laccases excluding 
ZmLac4, exhibited high activities. POD and LAC are crucial 
enzymes involved in polymerizing lignin monomers during 
the later stages of the lignin synthesis pathway (Hoffmann 

Fig. 5   Phylogenetic tree of the reported laccases of Z. mays (ZmLac), 
O. sativa (OsLac) and A. thaliana laccases (AtLac). Red, green and 
blue label represents laccase of ZmLac, OsLac and AtLac, respec-
tively. The seven laccases marked with black stars have been previ-

ously reported to participate in lignin synthesis. The two laccases 
marked with red stars represent the functional genes identified in this 
study (colour figure online)
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et al. 2020; Gao et al. 2023), the genes regulating POD 
activity in TML418 may also contribute to ear elongation 
(Fig. 6c). This finding highlights the complexity of quanti-
tative trait regulation (Holland 2007). The long-ear pheno-
type of TML418 may result from the combined action of 
several EL-related genes. In addition, although the RE of 
Zm00001d042906 was relatively low in TML418, the GG 
haplotype at SNP_183573532 appeared to be effective in 
selecting long-ear maize.

LACs were first reported in lacquer tree (Rhus vernic-
ifera) by Yoshida 1883). They belong to a family of mul-
ticopper oxidases, serving as multifunctional biocatalysts 
involved in plant responses to environmental stress (Liang 

et al. 2006; Yamasaki et al. 2009; Cho et al. 2014; Swetha 
et al. 2018; Janusz et al. 2020). In recent years, numerous 
studies have highlighted the role of laccases in lignin syn-
thesis. Zhao et al. (2013) observed that simultaneous dis-
ruption of AtLAC11, AtLAC4, and AtLAC17 in Arabidopsis 
results in a significant reduction in lignification, provid-
ing evidence that LACs are involved in the lignification 
of Arabidopsis stems. Li et al. (2020) demonstrated that 
the overexpression of PeLAC10 from bamboo increased 
lignin content in transgenic Arabidopsis. Additionally, it 
regulates genes associated with drought and phenolic acid 
tolerance. Liu et al. (2021) discovered that PtrLAC16 plays 
a crucial catalytic role in the polymerization of lignin 

Fig. 6   Lignin content, LAC activity and POD activity of six paren-
tal lines used in the construction of MPP at three different growth 
stages. From left to right are Ye107, YML226, TML418, TRL02, 
CML312 and CML373, respectively. Orange bars represent the tissue 
from the tip of the cob and purple bars represent the midsection of 
the cob. a Lignin content, b LAC activity and c POD activity in the 
tip and midsection tissues of six parental lines at the V9, tasseling, 
and silking stages. The orange and purple lowercase letters above the 
corresponding columns represent the significance level at P < 0.001 

for the tip and midsection tissues at the three sampling stages. The 
symbols ns, **, and *** indicate no significance, significance at 
P < 0.005, and significance at P < 0.001, respectively, between the 
tip and the midsection tissues. d Correlation analysis between RE 
of Zm00001d042906, lignin content, activity of LAC and POD. The 
data above the diagonal report correlation coefficients for tip section 
of ears, while data under the diagonal report correlation coefficients 
for the midsection of ears. * and ** indicate a significance at P < 0.05 
and P < 0.01, respectively



	 Theoretical and Applied Genetics (2024) 137:9494  Page 12 of 14

monomers in the cell walls of poplar xylem, particularly 
in the polymerization of sinapyl lignin.

By measuring the EL, RE of Zm00001d042906, lignin 
content, and LAC and POD activities in the six parental 
lines of maize at the three growth stages, it was observed 
that at the V9 stage, the correlation between EL and RE in 
the midsection was very low (Fig. 3c). This is because at 
the initial stage of ear development, the tissues were very 
small, and the differences in EL among the six parental 
lines were not apparent. However, the lignin content and 
RE were significantly correlated at the V9 stage (Fig. 6d), 
indicating the involvement of Zm00001d042906 in lignin 
synthesis. At the tasseling stage, RE in the midsection 
tissues exhibited a significant positive correlation with 
EL and lignin content (Figs. 3c and 6d). During the silk-
ing stage, RE and EL were significantly correlated in the 
midsection (Fig. 3c). In summary, we hypothesized that 
Zm00001d042906 regulates maize EL by participating 
in lignin synthesis in cells from the midsection of the 
maize cob. It is well known that lignin content is high 
in maize cobs. Thus, Zm00001d042906 may play a vital 
role in lignin synthesis in the cob cells. When the expres-
sion of Zm00001d042906 was enhanced, lignin content 
increased, promoting the development and elongation of 
cells, thereby contributing to the longer EL of maize.

In the present study, some parental lines were selected 
from the hybrids (Yin et al. 2022; Jiang et al. 2023). For 
instance, Ye107 and TRL02 were derived from the US 
hybrid, and TML418, with the longest ear, was derived 
from the Monsanto hybrid in Thailand (Table 1). There-
fore, the candidate gene Zm00001d042906, identified from 
MPP, is likely to have an important value in maize pro-
duction. In particular, for baby corn that is harvested at 
the silking stage, Zm00001d042906 may play a role in 
elongating maize cobs to increase yield.

In conclusion, this study identified SNP_183573532 
and a functional gene, Zm00001d042906, on chromosome 
3 from tropical and subtropical maize germplasms sig-
nificantly associated with maize EL. The novel molecular 
marker and candidate laccase gene identified in this study 
hold promise for assisting in maize breeding programs by 
facilitating the selection of maize varieties with elongated 
ears.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00122-​024-​04587-z.

Author contribution statement  XF and YB designed the study. ZL, FJ 
and YB performed the experiments. YB, YZ and TK analyzed the data. 
YB wrote the first version of the manuscript and manage the images, 
with inputs from XF, KL, YZ and MA. All authors read and approved 
the final manuscript.

Funding  This study was supported by the Xingdian Talent Support 
Program of Yunnan Province, National Natural Science Foundation 

of China (grant no. 32360482), the Joint Laboratory Project of Seed 
Industry in Yunnan Province (202205AR070001) and the Food 
Security and Seed Industry Support Project of Yunnan Province 
(530000210000000013809).

Data availability  The raw data for genotyped individuals of this study 
are available under NCBI BioProject PRJNA1011459 (https://​datav​
iew.​ncbi.​nlm.​nih.​gov/?​search=​SUB13​804196).

Declarations 

Conflict of interest  The authors declare that they have no competing 
interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Allen G, Flores-Vergara M, Krasynanski S, Kumar S, Thompson WF 
(2006) A modified protocol for rapid DNA isolation from plant 
tissues using cetyltrimethylammonium bromide. Nat Protoc 
1:2320–2325. https://​doi.​org/​10.​1038/​nprot.​2006.​384

Bautista DE, Carr JF, Mitchell AM (2021) Suppressor mutants: history 
and today’s applications. EcoSal Plus 9(2):eESP00372020. https://​
doi.​org/​10.​1128/​ecosa​lplus.​ESP-​0037-​2020

Chen Z, Wang B, Dong X, Liu H, Ren L, Chen J, Hauck A, Song 
W, Lai J (2014) An ultra-high-density bin-map for rapid QTL 
mapping for tassel and ear architecture in a large F2 maize 
population. BMC Genomics 15:433. https://​doi.​org/​10.​1186/​
1471-​2164-​15-​433

Chen X, Wang J, Wang Z, Li W, Wang C, Yan S, Li H, Zhang A, Tang 
Z, Wei M (2018) Optimized nitrogen fertilizer application mode 
increased culms lignin accumulation and lodging resistance in 
culms of winter wheat. Field Crop Res 228:31–38. https://​doi.​org/​
10.​1016/j.​fcr.​2018.​08.​019

Cho HY, Lee C, Hwang SG, Park YC, Lim HL, Jang CS (2014) Over-
expression of the OsChll gene, encoding a putative laccase precur-
sor, increases tolerance to drought and salinity stress in transgenic 
Arabidopsis. Gene 552:98–105. https://​doi.​org/​10.​1016/j.​gene.​
2014.​09.​018

Dong NQ, Lin HX (2020) Contribution of phenylpropanoid metabo-
lism to plant development and plant-environment interactions. J 
Integr Plant Biol 63:180–209. https://​doi.​org/​10.​1111/​jipb.​13054

Fan XM, Zhang YD, Yao WH, Bi YQ, Liu L, Chen HM, Kang MS 
(2014) Reciprocal diallel crosses impact combining ability, 
variance estimation, and heterotic group classification. Crop Sci 
54:89–97. https://​doi.​org/​10.​2135/​crops​ci2013.​06.​0393

Gao J, Zhang Y, Xu C, Wang X, Wang P, Huang S (2023) Abscisic 
acid collaborates with lignin and flavonoid to improve pre-silking 
drought tolerance by tuning stem elongation and ear development 
in maize (Zea mays L.). Plant J 114:437–454. https://​doi.​org/​10.​
1111/​tpj.​16147

https://doi.org/10.1007/s00122-024-04587-z
https://dataview.ncbi.nlm.nih.gov/?search=SUB13804196
https://dataview.ncbi.nlm.nih.gov/?search=SUB13804196
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nprot.2006.384
https://doi.org/10.1128/ecosalplus.ESP-0037-2020
https://doi.org/10.1128/ecosalplus.ESP-0037-2020
https://doi.org/10.1186/1471-2164-15-433
https://doi.org/10.1186/1471-2164-15-433
https://doi.org/10.1016/j.fcr.2018.08.019
https://doi.org/10.1016/j.fcr.2018.08.019
https://doi.org/10.1016/j.gene.2014.09.018
https://doi.org/10.1016/j.gene.2014.09.018
https://doi.org/10.1111/jipb.13054
https://doi.org/10.2135/cropsci2013.06.0393
https://doi.org/10.1111/tpj.16147
https://doi.org/10.1111/tpj.16147


Theoretical and Applied Genetics (2024) 137:94	 Page 13 of 14  94

Grzybowski MW, Mural RV, Xu G, Turkus J, Yang J, Schnable JC 
(2023) A common resequencing-based genetic marker data set 
for global maize diversity. Plant J 113:1109–1121. https://​doi.​org/​
10.​1111/​tpj.​16163

Hoffmann N, Benske A, Betz H, Schuetz M, Samuels AL (2020) Lac-
cases and peroxidases co-localize in lignified secondary cell walls 
throughout stem development. Plant Physiol 184:806–822. https://​
doi.​org/​10.​1104/​pp.​20.​00473

Holland JB (2007) Genetic architecture of complex traits in plants. 
Curr Opin Plant Biol 10:156–161. https://​doi.​org/​10.​1016/j.​pbi.​
2007.​01.​003

Janusz G, Pawlik A, Swiderska-Bureau U, Polak J, Sulej J, Jarosz-
Wilkolazka A, Paszczynski A (2020) Laccase properties, physi-
ological functions, and evolution. Int J Mol Sci 21:966. https://​
doi.​org/​10.​3390/​ijms2​10309​66

Jia H, Li M, Li W, Liu L, Jian Y, Yang Z, Shen X, Ning Q, Du Y, 
Zhao R et al (2020) A serine/threonine protein kinase encoding 
gene Kernel number per row6 regulates maize grain yield. Nat 
Commun 11:988. https://​doi.​org/​10.​1038/​s41467-​020-​14746-7

Jiang F, Liu L, Li Z, Bi Y, Yin X, Guo R, Wang J, Zhang Y, Shaw 
RK, Fan X (2023) Identification of candidate QTLs and genes 
for ear diameter by multi-parent population in maize. Genes 
14:1305. https://​doi.​org/​10.​3390/​genes​14061​305

Jiao Y, Peluso P, Shi J, Liang T, Stitzer MC, Wang B, Campbell MS, 
Stein JC, Wei X, Chin CS et al (2017) Improved maize reference 
genome with single-molecular technologies. Nat 546:524–527. 
https://​doi.​org/​10.​1038/​natur​e22971

Lafayette PR, Eriksson KEL, Dean JFD (1999) Characterization 
and heterologous expression of laccase cDNAs from xylem tis-
sues of yellow-poplar (Liriodendron tulipifera). Plant Mol Biol 
40:23–35. https://​doi.​org/​10.​1023/A:​10264​37406​859

Li JZ, Zhang ZW, Li YL, Wang QL, Zhou YG (2011) QTL con-
sistency and meta-analysis for grain yield components in three 
generations in maize. Theor Appl Genet 122:771–782. https://​
doi.​org/​10.​1007/​s00122-​010-​1485-4

Li Y, Liu X, Chen R, Tian J, Fan Y, Zhou X (2019) Genome-scale 
mining of root-preferential genes from maize and characteriza-
tion of their promoter activity. BMC Plant Biol 19:584. https://​
doi.​org/​10.​1186/​s12870-​019-​2198-8

Li L, Yang K, Wang S, Lou Y, Zhu C, Gao Z (2020) Genome-wide 
analysis of laccase genes in moso bamboo highlights PeLAC10 
involved in lignin biosynthesis and in response to abiotic 
stresses. Plant Cell Rep 39:751–763. https://​doi.​org/​10.​1007/​
s00299-​020-​02528-w

Li C, Guan H, Jing X, Li Y, Wang B, Li Y, Liu X, Zhang D, Liu C, 
Xie X et al (2022) Genomic insights into historical improvement 
of heterotic groups during modern hybrid maize breeding. Nat 
Plants 8:750–763. https://​doi.​org/​10.​1038/​s41477-​022-​01190-2

Liang M, Haroldsen V, Cai X, Wu Y (2006) Expression of a putative 
laccase gene, ZmLAC1, in maize primary roots under stress. 
Plant Cell Environ 29:746–753. https://​doi.​org/​10.​1111/j.​1365-​
3040.​2005.​01435.x

Liu Y, Cao S, Liu X, Li Y, Wang B, Sun Y, Zhang C, Guo X, Li H, 
Lu H (2021) PtrLAC16 plays a key role in catalyzing lignin 
polymerization in the xylem cell wall of Populus. Int J Biol 
Macromol 188:983–992. https://​doi.​org/​10.​1016/j.​ijbio​mac.​
2021.​08.​077

Luo Y, Zhang M, Liu Y, Liu J, Li W, Chen G, Peng Y, Jin M, Wei 
W, Jian L, Yan J, Fernie AR, Yan J (2022) Genetic variation in 
YIGE1 contributes to ear length and grain yield in maize. New 
Phytol 234:513–526. https://​doi.​org/​10.​1111/​nph.​17882

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernyt-
sky A, Garimella K, Altshuler D, Gabriel S, Daly M et al (2010) 
The genome analysis toolkit: a mapreduce framework for ana-
lyzing next-generation DNA sequencing data. Genome Res 
20:1297–1303. https://​doi.​org/​10.​1101/g.​R.​107524.​110

Mendes-Moreira PMR, Mendes-Moreira J, Fernandes A, Andrade 
E, Hallauer AR, Pego SE, Vaz Patto MC (2014) Is ear value an 
effective indicator for maize yield evaluation? Field Crop Res 
161:75–86. https://​doi.​org/​10.​1016/j.​fcr.​2014.​02.​015

Napier JD, Heckman RW, Juenger TE (2023) Gene-by-environment 
interactions in plants: molecular mechanisms, environmental 
drivers, and adaptive plasticity. Plant Cell 35:109–124. https://​
doi.​org/​10.​1093/​plcell/​koac3​22

Ning Q, Jian Y, Du Y, Li Y, Shen X, Jia H, Zhao R, Zhan J, Yang 
F, Jackson D et al (2021) An ethylene biosynthesis enzyme 
controls quantitative variation in maize ear length and ker-
nel yield. Nat Commun 12:5832. https://​doi.​org/​10.​1038/​
s41467-​021-​26123-z

Pei Y, Deng Y, Zhang H, Zhang Z, Liu J, Chen Z, Cai D, Li K, 
Du Y, Zang J et al (2022) Ear apical degeneration1 regulations 
maize ear development by maintaining malate supply for api-
cal inflorescence. Plant Cell 34:2222–2241. https://​doi.​org/​10.​
1093/​plcell/​koac0​93

Poland JA, Bradbury PJ, Buckler ES, Nelson RJ (2011) Genome-
wide nested association mapping of quantitative resistance to 
northern leaf blight in maize. PNAS 108:6893–6898. https://​
doi.​org/​10.​1073/​pnas.​10108​94108

Rojas-Murcia N, Hematy K, Lee Y, Emonet A, Ursache R, Fujita S, 
De Bellis D, Geldner N (2020) High-order mutants reveal an 
essential requirement for peroxidases but not laccases in Cas-
parian strip lignification. PNAS 117:29166–29177. https://​doi.​
org/​10.​1073/​pnas.​20127​28117

Swetha C, Basu D, Pachamuthu K, Tirumalai V, Nair A, Prasad M, 
Shivaprasad PV (2018) Major domination-related phenotypes in 
indica rice are due to loss of miRNA-mediated laccase silenc-
ing. Plant Cell 30:2649–2662. https://​doi.​org/​10.​1105/​tpc.​18.​
00472

Vollbrecht E, Schmidt RJ (2009) Development of the inflorescences. 
In: Bennetzen JL, Hake S (eds) Handbook of maize: its biology. 
Springer, New York, pp 13–40

Wang Y, Bi Y, Jiang F, Shaw RK, Sun J, Hu C, Guo R, Fan X (2023) 
Mapping and functional analysis of QTL for kernel number 
per row in tropical and temperate-tropical introgression lines 
of maize (Zea mays L.). Curr Issues Mol Biol 45:4416–4430. 
https://​doi.​org/​10.​3390/​cimb4​50502​81

Xu L, Hao J, Lv M, Liu P, Ge Q, Zhang S, Yang J, Niu H, Wang Y, 
Xue Y et al (2024) A genome-wide association study identifies 
genes associated with cuticular wax metabolism in maize. Plant 
Physiol 00:1–15. https://​doi.​org/​10.​1093/​plphys/​kiae0​07

Yamasaki H, Hayashi M, Fukazawa M, Kobayashi Y, Shikanai T 
(2009) Squamosa promoter binding protein-like7 is a central 
regulator for copper homeostasis in Arabidopsis. Plant Cell 
21:347–361. https://​doi.​org/​10.​1105/​tpc.​108.​060137

Yang J, Liu Z, Chen Q, Qu Y (2020) Mapping of QTL for grain 
yield components based on a DH population in maize. Sci Rep 
10:7086. https://​doi.​org/​10.​1038/​s41598-​020-​63960-2

Yi Q, Liu Y, Hou X, Zhang X, Li H, Zhang J, Liu H, Hu Y, Yu G, Li 
Y et al (2019) Genetic dissection of yield-related traits and mid-
parent heterosis for those traits in maize (Zea mays L.). BMC 
Plant Biol 19:392. https://​doi.​org/​10.​1186/​s12870-​019-​2009-2

Yin X, Bi Y, Jiang F, Guo R, Zhang Y, Fan J, Kang MS, Fan X 
(2022) Fine mapping of candidate quantitative trait loci for plant 
and ear height in a maize nested-association mapping popula-
tion. Front Plant Sci 13:963985. https://​doi.​org/​10.​3389/​fpls.​
2022.​963985

Ymer SI, Huang D, Penna G, Gregori S, Branson K, Adorini L, 
Morahan G (2002) Polymorphisms in the Il12b gene affect 
structure and expression of IL-12 in NOD and other autoim-
mune-prone mouse strains. Genes Immun 3:151–157. https://​
doi.​org/​10.​1038/​sj.​gene.​63638​49

https://doi.org/10.1111/tpj.16163
https://doi.org/10.1111/tpj.16163
https://doi.org/10.1104/pp.20.00473
https://doi.org/10.1104/pp.20.00473
https://doi.org/10.1016/j.pbi.2007.01.003
https://doi.org/10.1016/j.pbi.2007.01.003
https://doi.org/10.3390/ijms21030966
https://doi.org/10.3390/ijms21030966
https://doi.org/10.1038/s41467-020-14746-7
https://doi.org/10.3390/genes14061305
https://doi.org/10.1038/nature22971
https://doi.org/10.1023/A:1026437406859
https://doi.org/10.1007/s00122-010-1485-4
https://doi.org/10.1007/s00122-010-1485-4
https://doi.org/10.1186/s12870-019-2198-8
https://doi.org/10.1186/s12870-019-2198-8
https://doi.org/10.1007/s00299-020-02528-w
https://doi.org/10.1007/s00299-020-02528-w
https://doi.org/10.1038/s41477-022-01190-2
https://doi.org/10.1111/j.1365-3040.2005.01435.x
https://doi.org/10.1111/j.1365-3040.2005.01435.x
https://doi.org/10.1016/j.ijbiomac.2021.08.077
https://doi.org/10.1016/j.ijbiomac.2021.08.077
https://doi.org/10.1111/nph.17882
https://doi.org/10.1101/g.R.107524.110
https://doi.org/10.1016/j.fcr.2014.02.015
https://doi.org/10.1093/plcell/koac322
https://doi.org/10.1093/plcell/koac322
https://doi.org/10.1038/s41467-021-26123-z
https://doi.org/10.1038/s41467-021-26123-z
https://doi.org/10.1093/plcell/koac093
https://doi.org/10.1093/plcell/koac093
https://doi.org/10.1073/pnas.1010894108
https://doi.org/10.1073/pnas.1010894108
https://doi.org/10.1073/pnas.2012728117
https://doi.org/10.1073/pnas.2012728117
https://doi.org/10.1105/tpc.18.00472
https://doi.org/10.1105/tpc.18.00472
https://doi.org/10.3390/cimb45050281
https://doi.org/10.1093/plphys/kiae007
https://doi.org/10.1105/tpc.108.060137
https://doi.org/10.1038/s41598-020-63960-2
https://doi.org/10.1186/s12870-019-2009-2
https://doi.org/10.3389/fpls.2022.963985
https://doi.org/10.3389/fpls.2022.963985
https://doi.org/10.1038/sj.gene.6363849
https://doi.org/10.1038/sj.gene.6363849


	 Theoretical and Applied Genetics (2024) 137:9494  Page 14 of 14

Yoshida H (1883) LXIII.-Chemistry of lacquer (Urushi). Part I. 
Communication from the chemical society of Tokio. J Chem 
Soc 43:472–486. https://​doi.​org/​10.​1039/​ct883​43004​72

Yu Y, He J, Liu L, Zhao H, Zhang M, Hong J, Meng X, Fan H 
(2023) Characterization of cafeoyl shikimate esterase gene fam-
ily identifies CsCSE5 as a positive regulator of Podosphaera 
xanthii and Corynespora cassiicola pathogen resistance in 
cucumber. Plant Cell Rep 42:1937–1950. https://​doi.​org/​10.​
1007/​s00299-​023-​03074-x

Zhao Q, Nakashima J, Chen F, Yin Y, Fu C, Yun J, Shao H, Wang 
X, Wang ZY, Dixon RA (2013) Laccase is necessary and 

nonredundant with peroxidase for lignin polymerization during 
vascular development in Arabidopsis. Plant Cell 25:3976–3987. 
https://​doi.​org/​10.​1105/​tpc.​113.​117770

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1039/ct8834300472
https://doi.org/10.1007/s00299-023-03074-x
https://doi.org/10.1007/s00299-023-03074-x
https://doi.org/10.1105/tpc.113.117770

	Identification of a novel marker and its associated laccase gene for regulating ear length in tropical and subtropical maize lines
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Parental lines and population construction
	Field trial and phenotypic data analysis
	Genotyping and principal component analysis
	GWAS and haplotype analysis
	Comparative expression analysis of functional gene in the parental lines
	Variation analysis of functional gene in TML418 and the hybrids
	Homology analysis of the functional gene
	Measurements of lignin content and enzyme activity

	Results
	Phenotypic data analysis
	SNP genotype and PCA analysis
	GWAS and identification of functional genes
	Analysis of relative expression levels of Zm00001d042906
	Prediction of the functions of genes regulating ear length
	Measurements of lignin content, LAC and POD activity in maize ears at different growth stages

	Discussion
	References




