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Abstract Ear traits play a vital role in maize (Zea

mays) yield. The ear angle (EA) has an obvious impact

on corn yield and planting density as well as other

maize ear traits. However, the genetic control of EA is

still unclear. In this study, we identified quantitative

trait loci (QTLs) for EA from four recombinant inbred

line populations, BY815/DE3, BY815/K22, CI7/K22

and Mo17/X26-4, which were grown in three envi-

ronments, and the genetic architecture of EA in maize

was subsequently dissected. The results indicated that

maize EA was highly heritable and was affected by

both genotype and environment. Based on the genetic

linkage map constructed using 56,110 bins as markers,

nine effective QTLs for maize EA were detected

locating on chromosomes 2, 3, 4, 6 and 7. These QTLs

accounted for different EA variations ranging from

5.5% (qCIKEA6) to 7.6% (qBYKEA3). Moreover, 14

candidate genes were identified from the reduced

QTLs using a bin-map method, which mainly encoded

enzymes in signal transduction, transcriptional regu-

lation and metabolism. Conclusively, our results can

benefit further study of the genetic basis of EA and

improve the maize EA quality through molecular

breeding.
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Introduction

Nowadays, maize (Zea mays L.) is a staple food crop

worldwide as a starch source as well as a raw material

in the feed and energy industries (Wang et al. 2015).

With a growing world population and demand,

increasing maize yield is an effective method to meet

the requirement (James andMyers 2009). Dehydration

rate of maize grains affects mechanical harvest and

storage, while maize ear angle (EA) has a direct and

substantial influence on dehydration and maize yield

(Zhang et al. 2012). In addition, Tang and Ding (2008)

found that smaller maize EAs affected pollination,

which resulted in a lower seed-setting percentage and

finally decreased the maize yield. Sun (2019) reported

that maize EAs get smaller with increased planting

density. Hence, to illustrate the genetic basis for maize

EA and to improve the EA trait will definitely benefit

maize breeding.

Maize ears are the main harvested organs and ear

traits directly impact the yield. Robinson et al. (1951)

proved that it is more efficient to breed high-quality

maize by selecting ear traits as yield traits. A variety of

maize ear traits, including ear length, ear weight and

ear line number, have been noted to possess significant

correlations with maize yield (Li et al. 2016a, b; Tong

2015; Li et al. 2010; Song et al. 2006). Recent studies

showed that ear tip-barrenness and ear rot resistance

could also influence maize yield, and their genetic

architectures were investigated (Li et al. 2020; Guo

et al. 2020). Among all ear traits, little is known about

maize EA. However, previous studies have revealed

that rice panicle angle (PA), which is identical to

maize EA, was obviously related to rice yield. Liu and

Hong (2005) found that PA affected not only rice yield

but also rice quality. Jiang et al. (2007) stated that rice

PA shared positive correlations with grain length, the

grain length/width ratio, and the milled rice rate.

Moreover, the genetic basis for rice PA and potential

candidate genes have also been investigated (Chen

et al. 2006; Niu et al. 2013). In addition, a latest report

showed that the panicle angle of Tef [Eragrostis tef

(Zucc.) Trotter] contributed to the likelihood of

lodging tolerance (Blösch et al. 2020). All those imply

that the maize EA is an important ear trait which might

have a potential influence on other maize ear traits and

maize yield.

As a classic method, quantitative trait loci (QTL)

mapping is widely applied to identify loci contributing

to specific quantitative traits without a prior genetic

background (Goldman et al. 1993). Plenty of QTLs for

maize ear traits have been identified to date (Veld-

boom and Lee 1994; Guo et al. 2008; Tang et al. 2010;

Wang et al. 2016; Huang et al. 2016). For example,

Correlations and heritability for several maize ear

fasciation-related traits and yield were determined by

Mendes-Moreira et al. (2015) using a segregating

population. In addition, QTLs associated with maize

leaf angle have been extensively reported (Ding et al.

2015; Li et al. 2015; Zhang et al. 2014; Ku et al. 2010).

Ten QTLs related to maize leaf angle were detected

from the B73/Mo17 RIL population in two locations,

among which one large effect QTL accounted for 27.7

variation (Mickelson et al. 2002). Furthermore, Niu

et al. (2013) determined eight QTLs for PA in a 254

rice recombinant inbred line using SSR markers.

Similar to QTLs for maize leaf angle and rice panicle

angle, punctual maize EA QTLs need to be identified

for further investigation. In addition, with the devel-

opment of genomics and genotyping technologies,

high-density single nucleotide polymorphism (SNP)

markers have been utilized to increase marker density

for their low-cost, time-saving and high-throughput

properties (Van et al. 2015). Using saturated SNP

markers and combining co-segregating markers into

one bin and separating adjacent bins on the basis of a

single recombinant event, we can successfully exam-

ine most recombination events and determine nar-

rower QTL intervals (Zou et al. 2012; Orawan et al.

2017; Li et al. 2016a, b; Song et al. 2016).

The objectives of our study were (1) to illustrate the

genetic basis of maize EA by refining the position of

identified QTLs, (2) to screen for the candidate genes

responsible for maize EA, and (3) to dissect the

genetic architecture of maize EA. Our expectation is

that the results obtained from this study will be helpful

in improving maize yield and quality.

Materials and methods

Maize populations

Four maize RIL populations were kindly supplied by

Professor Yang (National Maize Improvement Centre

of China, China Agricultural University, Beijing). The

BYD (F6), BYK (F6), CIK (F7) and MX (BC2F5)

populations were derived from the cross between the
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inbred lines BY815/DE3, BY815/K22, CI7/K22 and

MO17/X26-4, respectively. BY815 is an inbred line

developed from a Beijing high-oil population, and

K22 is a Chinese elite inbred line derived from a cross

between the two Chinese inbred lines, LK11 and

Ye478 (Yang et al. 2010). CI7 is a high-carotenoid and

late maturing line introduced from America. DE3 was

derived from a Germplasm Enhancement of Maize

breeding cross (Xiao et al. 2016). The BC2F5 popu-

lation was derived from a cross between Mo17 and a

wild teosinte X26-4 (Z. mays ssp. Mexicana, 566686)

(Pan et al. 2016).

Growth and phenotyping

Four maize RIL populations, including 207 BYD

lines, 207 BYK lines, 196 CIK lines and 191MX lines,

along with their respective parents, were grown at

three locations in China, Beijing (40�080N, 116�100E),
Neimeng (40�310N, 107�050E) and Liaoning

(41�820N, 123�560E) in 2015. All the lines were

planted in a single-row blot which was conducted with

one replication under a completely randomized block

design. More than five plants in each row were self-

pollinated in order to obtain homozygous offspring.

On the 15th day after pollen emission, the EAs were

measured using an independent R&D angle detector

which is a smart steel parallelogram with a degree

display (Fig. 1). When measuring EAs, we parallel the

two arms opposite to the display to the inner side of the

maize ear and the maize stem, respectively, and read

the angle degree on the display, as the opposite angles

in a pair are equal in a parallelogram. Each angle

degree was recorded to the decimal point. The data of

four maize ear traits, including ear length (EL), ear

row number (ERN), ear weight (EW) and cob weight

(CW), were kindly shared from a previous study (Xiao

et al. 2016). Pearson correlation coefficients were

calculated for comparison of maize EA with these ear

traits according to the method from Tai et al. (2016).

Statistical analysis

All statistics were analyzed and performed via R

software 3.1.1 (www.R-project.org). A mixed linear

model was fitted to obtain the best linear unbiased

prediction (BLUP) for maize EA. The model for

BLUP was: yi = l ? fi ? ei ? ei, where yi is the

individual phenotypic value, l is the grand mean for

all environments, fi is the genetic effect, ei is the effect

of different environments, and ei is the random error.

The grand mean was considered as a fixed effect, and

genotype and environment were fitted as random

effects. An ANOVA of all maize EAs in different RIL

populations was performed using the aov function in R

software to estimate different variance components,

including VG (genetic variance), VE (environmental

variance), VP (total phenotypic variance), VA (additive

genetic variance) and VNA (non-additive genetic

variance), where VP is the sum of VG and VE, and VG is

the sum of VA and VNA. Then, those variance com-

ponents were employed to calculate the broad-sense

heritability as: H2 = VG/VP (Knapp et al. 1985),

whereas the narrow-sense heritability was estimated

as: h2 = VA/VP, according to the classic method from

Falconer (Falconer and Mackay 1996).

Genotyping and the construction of bin

and genetic-linkage maps

All 801 lines from four maize RIL populations,

together with their respective parents, were genotyped

with the Illumina MaizeSNP50 BeadChip (Illumina,

San Diego, CA, USA), which contains a total of

56,110 SNPs (Ganal et al. 2011). SNP genotyping was

carried out on the Illumina Infinium SNP genotyping

platform at the Cornell University Life Sciences Core
Fig. 1 An independent R&D EA detector used in this study to

measure maize EAs
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Laboratories Centre or at DuPont Pioneer (Wilming-

ton, DE, USA). pLink software (Li et al. 2012) was

utilized to estimate the missing rate, minor-allele

frequency and heterozygosity for each SNP, and the

missing rate and heterozygosity for each line.

After quality control, 56,110 SNPs that were

polymorphic between each separate parental lines

were used to construct the genetic linkage map using

an economic go-wrong method with integrated

Carthagene software (de Givry et al. 2005) in a Linux

system with in-house Perl scripts (www.maizego.org/

Resources.html). Co-segregating markers were com-

pletely assigned to a chromosomal bin and each bin

was considered as one marker (Pan et al. 2016).

Details of the bins used to construct genetic linkage

maps and recombination dynamics in those RILs and

their parent strains have been published previously

(Xiao et al. 2016).

QTL mapping

QTL mapping of maize EA was undertaken using

composite-interval mapping implemented in Win-

dows QTL Cartographer 2.5 (Basten et al. 2005). The

whole genome was scanned with a marker interval of

0.5 cM and a window size of 10 cM. Model 6 of the

Zmapqtl module was applied to detect QTLs and to

evaluate their effects. A forward–backward stepwise

regression with five controlling markers was used to

control the background from flanking markers. The

threshold LOD values to declare the putative QTLs

were estimated via permutation tests with more than

1000 replicates at a significance level of P\ 0.05

(Churchill and Doerge 1994). The confidence interval

of QTL positions was determined with the 1.5-LOD

support interval method (Lander and Botstein 1989).

To further detect the interactions between significant

QTLs and their total phenotypic variations, multiple

interval mapping (MIM) in Windows QTL Cartogra-

pher 2.5 was performed using Bayesian Information

Criteria (Kao et al. 1999).

Annotation of candidate genes

Based on the available information in the Gramene

BioMart database (ensembl.gramene.ort/biomart),

genes within the target QTL intervals were extracted.

The physical locations of these genes were determined

according to the maize genomic sequence v.2. By

performing a BLASTP search through the NCBI

website (blast.ncbi.nlm.nih.gov/Blast.cgi), the corre-

sponding genes were annotated, and the candidate

genes were assigned into various biological processes

after gene ontology term analysis.

Results

Phenotypic variation and heritability in maize EA

and its correlations with other ear traits

The Best Linear Unbiased Prediction (BLUP) value of

EA revealed that the means of the BYD, BYK andMX

RIL populations were close to their mid-parent values,

whereas the mean EA value of the CIK RIL population

was a little higher than the mid-parent value (Table 1).

The ANOVA results indicated that there were highly

significant effects on the EA trait due to genotypes and

environments (Table 1). The EA trait followed normal

distributions, as shown in Fig. 2. Moderately positive

EA correlations were observed among the three

locations in all the four RIL populations, ranging

from 0.21 to 0.59 (P\ 0.01) (Fig. 2). In addition, the

broad-sense heritability estimates showed moderate

heritability (H2) for EA in the four RIL populations

ranging from 0.48 to 0.63, while the narrow-sense

heritability estimates (h2) ranged from 0.32 to 0.50.

These indicated the genetic determination of maize

EA phenotypic variations, and their suitability for

subsequent QTL mapping (Table 1). In addition,

correlation analysis showed that maize EA was

positively correlated with ERN but negatively corre-

lated with EL, indicating that maize EA was indeed

related to some ear traits. However, no significant

correlation was observed between maize EA and EW

or CW (Fig. 3).

Identification of QTLs for EA

QTL mapping was performed by the composite-

interval mapping method (He et al. 2015) to identify

QTLs for EA, and phenotypic BLUP values across

different environments were adopted to minimize the

environmental variation effect. Totally, 56 QTLs

associated with maize EA were detected in the four

RIL populations, including 12 QTLs from BYD, 13

QTLs form BYK, 16 QTLs from CIK and 15 QTLs

from MX, among which 9 QTLs were selected from
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the BLUP values at empirical threshold LOD values

more than 3.0 (Table 2; Fig. 4). These QTLs had an

average length of 32.6 Mb (8.4 cM), with a range of

0.6–124.3 Mb (2.3–19.4 cM) which located in nine

genomic regions on chromosomes 2, 3, 4, 6 and 7,

respectively (Table 2; Fig. 5). In addition, a pair of

partial overlapping QTLs, qCIKEA3-1 and qCIKEA3-

2 were observed, both of which came from the CIK

RIL population (Fig. 5). Additionally, the EA pheno-

typic variations could be explained by each QTL (R2)

ranging from 5.5% (qCIKEA6) to 7.6% (qBYKEA3).

The largest-effect QTL, qBYKEA3, with an additive

effect of 0.67%, was distributed on chromosome 3

from the BYK RIL population (Table 2). For six

QTLs, alleles from the female-parents including DE3,

K22 and X26-4, were regarded to have a higher value

for EA than those from the male-parents, BY815, CI7

and MO17 (Table 2).

For further confirmation, the nine QTLs were also

individually mapped following growth in different

environments to detect the stability without the effect

of the environments (Fig. 4). It can be noted that

association with EA was stable for the QTLs from the

four RIL populations planted in all three environ-

ments. Although the LOD values of some QTLs were

lower than the threshold, these QTLs still showed

obvious LOD peaks in the RILs when grown in

different environments (Fig. 4). In addition, qBY-

DEA2 from YPD and qCIKEA6 from MX showed a

small difference in Neimeng compared with the other

two environments; qBYKEA3 from BYK was a

slightly different in Liaoning in contrast to the other

two places. Moreover, the additive 9 additive epi-

static interactions for the identified QTLs in the four

RIL populations were also investigated by MIM. The

result revealed that no epistatic interaction in each

maize EA QTL was observed (data not shown), which

indicated that the EA genetic components of these four

RIL populations were mainly characterized by addi-

tive gene actions.

Identification of candidate genes for maize EA

QTLs

Combined with the bin map, the intervals containing

identified QTLs for maize EA were narrowed to single

bins for each QTL peak using co-segregating markers

(Fig. 6). The physical distances of the top bins ranged

from 9.24 Mb (qBYKEA3) to 240.2 Mb (qMXEA4).T
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These bins each contained various annotated genes

from the B73 reference genome v.5b.60 (http://

ensembl.gramene.org/Zea_mays/Info/Index). A sig-

nificant difference was found in gene types between

QTLs for maize EA in the four RIL populations.

Fourteen genes have been functionally annotated from

a total of 331 genes which were regarded as the can-

didates for maize EA QTLs, including GRMZM

2G350165, GRMZM5G881387, GRMZM2G036340,

GRMZM2G176063, GRMZM2G133331, GRMZM2

G351330, GRMZM2G178102, GRMZM2G418415,

AC199526.5_FG003, GRMZM2G332280, GRMZM

5G834377, GRMZM2G044752, GRMZM2G106053

and GRMZM2G324285. According the function

analysis, these candidate genes could be roughly

divided into three categories: signal transduction (3

genes), gene expression regulation including tran-

scriptional, epigenetic and translational regulation (7

Fig. 2 Frequency distributions and correlations of maize EA

across different environments in four maize RIL populations. A,
B, C and D indicate the BYD, BYK, CIK and MX maize RIL

populations, respectively. Bar charts show the phenotypic

distribution of maize EA, the values are Pearson correlation

coefficients and the corresponding plots are scatter plots of

maize EA. BJ, LN and NM represent the environments in

Beijing, Liaoning, and Neimeng, respectively. **P B 0.01
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genes), and metabolism related activities (3 genes).

Additionally, one gene was of unknown function

(Table 3). The ratios of different gene types are

exhibited in Fig. 7.

Discussions

Dissecting the genetic architecture of the maize

EA trait

In the current study, 56 QTLs related to maize EA

were identified from four RIL populations, among

which nine QTLs were noted to have larger effects by

BLUP value detection. These nine QTLs were located

on chromosomes 2, 3, 4, 6 and 7 with each accounting

for 5.5–7.6% of the EA phenotypic variation (Table 2;

Fig. 5). All these nine QTLs were stable across

different environments, which was consistent with

heritability of maize EA in the four RIL populations

(Table 1; Fig. 4). However, three QTLs were a bit

different in one place from the other two, the reason

for that perhaps caused by the interaction between

QTLs and environments. Additionally, no epistatic

interaction between EA QTLs was observed. Basi-

cally, we did not find any prominent large-effect QTLs

in this study, as the top two effective QTLs,

qBYKEA3 and qMXEA2-2, only explained 7.6%

and 6.9% of the EA variation, respectively. Neverthe-

less, the nine QTLs related to maize EA identified in

this paper are all novel. In addition, these QTLs

contributed 12.0%, 7.6%, 17.7% and 20.2% to the

phenotypic variations for maize EA in the BYD, BYK,

CIK and MX RIL populations, respectively (Table 2).

All the results above indicate that the genetic compo-

nent of maize EA is quite complicated, reflecting the

complexity of maize EA development and biosynthe-

sis. Moreover, not only the 9 large-effect QTLs but

also the other 47 QTLs with smaller effects might

make important contributions to maize EA trait, which

deserve further study. Moreover, three QTLs, qCI-

KEA3-1, qCIKEA3-2 and qCIKEA6, all from the CIK

RIL population, were found to locate in excessively

large bins which covered the centromeres in chromo-

somes 3 and 6 (Fig. 5). As we know, few recombina-

tion events occur at the centromeres and surrounding

regions during meiosis, and it is difficult for fine

mapping. Hence, further study was unexpected to

Fig. 3 Correlation coefficients of maize EA with other maize ear traits based on BLUP value in BYD, BYK and CIK populations. EA
ear angle, EL ear length, ERN ear row number, EW ear weight, CW cob weight, EA ear angle. *Significant at P B 0.05
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narrow the bins in which these QTLs located. Inter-

estingly, qCIKEA3-1 and qCIKEA3-2 were partially

overlapped at the mapping level. Anyway, it was

difficult to determine whether they were the same

QTLs after fine mapping, which also needs further

investigation.

Interaction between identified QTLs for maize EA

Annotated gene types were apparently different

between the nine effective QTLs for maize EA in

the four RIL populations (Table S1). Based on the

gene composition, the nine QTLs could be divided

into five groups or classes.

Table 2 Ear angle QTLs in the four maize RIL populations

RIL

population

QTL Chr Marker interval Genetic

interval (cM)

Physical

intervala (Mb)

LOD Ab R2

(%)c
Peakd

(cM)

BYD qBYDEA2 2 PZE102129469-PZE102131220 106.1–108.4 179.54–181.54 3.3 0.56 5.7 107.8

qBYDEA7 7 PZE107132828-PZE107134294 157–160.2 172.78–173.42 3.6 - 0.61 6.3 159.2

BYK qBYKEA3 3 PZE103016288-SYN28449 53.5–59.4 9.24–11.44 4.5 - 0.67 7.6 57.8

CIK qCIKEA3-1 3 SYN9954-PZ-103074117 66.2–74.6 33.06–122.51 3.4 - 0.63 5.9 67.3

qCIKEA3-2 3 PZE103068250-SYN20899 71.3–82.4 86.92–154.97 3.4 - 0.64 6.3 79.8

qCIKEA6 6 SYN15348-SYN9841 58.5–65.4 3.83–128.16 3.2 0.61 5.5 60.5

MX qMXEA2-1 2 PZE102039435-PZE102043269 79.4–85.3 19.33–22.03 3.3 0.75 6.6 84.1

qMXEA2-2 2 SYN35589-SYN13771 171.4–183.9 204.17–206.05 3.6 - 0.93 6.9 181.6

qMXEA4 4 SYN7826-SYN861 115.9–135.3 238.3–240.25 3.3 - 0.91 6.7 123.2

aThe physical positions of the identified QTLs are based on the B73 reference sequence Version 5.60 (www.maizesequence.org)
bAdditive effect (A) of the identified QTL: the positive values indicate that the alleles from their male parents increased the EA trait,

while the negative values indicate that the alleles from their female parents increased the EA trait
cPercentage of phenotypic variation explained by the additive effect of the identified QTL
dThe peak position (in centimorgans, cM) with the highest logarithm of the odds (LOD) of each QTL

Fig. 4 Chromosome-wise logarithm of the odds (LOD) scores

of maize EA QTLs in three locations in different RIL

populations. A, B, C and D represent the BYD, BYK, CIK and

MX RIL populations. Horizontal lines indicate LOD thresholds

determined empirically with 1000 random permutations

separately with values of 3.0. BJ, LN and NM show the

environments in Beijing, Liaoning, and Neimeng, respectively.

BLUP represents the results of QTL mapping using the best

linear unbiased prediction value of maize EA traits from three

locations
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The first group has two QTLs, qBYKEA3 and

qCIKEA3-1, and only contained two genes for signal

transduction, without any known gene for gene

expression regulation or metabolism. Hence, the role

of this QTL might be related to cell signaling of other

loci.

The unique QTL, qCIKEA3-2, in the second group

contained three genes for signal transduction and gene

expression regulation but no genes for metabolism-

related activities, implying its role in cell signal

transducing and gene expression regulating.

As for the third group, qMXEA2-2 and qMXEA4,

both from the MX RIL population, contained three

genes related to metabolism activities but no genes for

signal transduction or gene expression regulation,

which could probably depend on the input of cell

signals and transcriptional regulation from other loci.

In the fourth group, three QTLs, qBYDEA2,

qCIKEA6 and qMXEA2-1, contained a total of five

genes for gene expression and transcriptional regula-

tion, without any known genes for signal transduction

or metabolism-related activities, which suggests that

these QTLs might play a role in regulating the gene

expression of other loci.

The last QTL contained a gene with unknown

function, which is homologous to a gene encoding

vacuole sorting receptor-1 from Arabidopsis.

Taken together, the results above demonstrated that

interactions between QTLs probably occurred for

maize EA in different populations, although we have

not observed any epistatic effect among them. Further

study and deeper investigation are needed to solve the

contradiction between theory and observation.

Association of candidate genes with maize EA

QTLs

As we know, the population and marker density

mainly determine the recombination frequency of a

population which subsequently affect the QTL map-

ping resolution (Hennen-Bierwagen and Myers 2013).

Thus, improving the marker density enables the

revealing of the recombination events, the increase

the genetic map resolution and the enhancing of the

Fig. 5 Co-localization of maize EA QTLs on maize chromosomes identified in current study
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precision of QTL mapping (Huang et al. 2014). The

high-density SNP bin map is a successful example

used in QTL mapping, which has been proven in

previous studies on multiple maize traits (Xie et al.

2010; Yu et al. 2011; Zou et al. 2012; Guo et al. 2014;

Chen et al. 2014; Wen et al. 2015). In this study, the

sizes of the QTL interval were finely reduced in spite

of three larger ones. And the single bins at each QTL

peak exhibited more associations than those outside

the peak. In addition, the accuracy of the associated

Fig. 6 Chromosome-wise logarithm of the odds (LOD) profiles

for maize EA QTL bins, and representations of genes spanning

the peak bins. The candidate genes to have putative functions

associated with maize are indicated by red bands; other genes in
the peak bin are marked by dark bands
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bins was further confirmed by the stability of the QTL

peak positions across the four RILs grown in different

environments (Fig. 2). Hence, the relatively small

distance allowed us to identify candidate genes for the

observed maize EA QTLs. Finally, 14 leading candi-

date genes were annotated for the nine EA QTLs,

which could be mainly classified into three groups

(Table 3).

Candidate genes for signal transduction

Three genes for signal transduction located in

qBYKEA3, qCIKEA3-1 and qCIKEA3-2 for EA were

from the BYK and CIK RIL populations. The first

candidate gene encodes CAF2–CRS2-associated fac-

tor 2, which promotes the splicing of group II introns

in maize chloroplasts (Ostheimer et al. 2006). The

second gene encodes the Leucine-rich repeat trans-

membrane protein kinase (LRR-RK), which plays an

essential role in hormone signal transduction and plant

development in maize (Mitchell et al. 1970). The third

candidate is identified from a maize mutant d1-dwarf

plant1, which is homologous to GA3OX1 (Gibberellin

3-oxidase-1) participating in the GA biosynthesis (Ren

et al. 2016).

Candidate genes for gene expression regulation

As many as seven potential genes for gene expression

and transcription regulation in qBYDEA2, qCIKEA3-

2, qCIKEA6 and qMXEA2-1 were from the BYK,

CIK and MX populations. These genes encode various

transcription factors regulating the growth and devel-

opment, protein synthesis and differentiation, etc. For

example, Fea4 (fasciated ear4) encodes a bZIP

transcription factor that regulates shoot meristem size

in maize (Pautler et al. 2015). Another gene encodes a

transcription factor for bHLH88 (basic helix–loop–

helix), which is proved to participate in the photo-

morphogenesis in maize (Teppeman et al. 2006).

Candidate genes for metabolism

Three genes associated with metabolism-related activ-

ities were located in qMXEA2-2 and qMXEA4, both

from MX RIL population. Two genes encode a/b-
hydrolases and another one encodes anthranilate

phosphoribosyl-transferase, regulating the polysac-

charide metabolism (Koch 2004; Kramer and Ackels-

berg 2015).

Table 3 Composition of types of candidate genes in maize EA-associated QTLs in the four RIL populations

RIL population QTL Type and number of genes

Signal

transduction

Gene expression and

transcriptional regulation

Metabolism-related

activities

Unknown

function

BYD qBYDEA2 1

qBYDEA7 1

BYK qBYKEA3 1

CIK qCIKEA3-1 1

qCIKEA3-2 1 2

qCIKEA6 2

MX qMXEA2-1 2

qMXEA2-2 1

qMXEA4 2

22%

50%

21%

7%
Signal transduc�on

Gene expression &
transcrip�onal regula�on

Metabolism related
ac�vi�es

Unknown func�on

Fig. 7 Relative proportion of the 14 candidate genes for maize

EA QTLs from the four maize RIL populations
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Future potential application of EA QTLs in maize

breeding

In the current study, nine effective QTLs associated to

maize EA were identified from four RIL populations

using a high-density linkage map and bin mapping.

Two major effective QTLs, qBYKEA3 on chromo-

some 3 and qMXEA2-2 on chromosome 2, explained

7.6% and 6.9% of EA variation in BYK and MX

populations, respectively, which were stable across

different environments. They are both promising for

the introgression of their favorable alleles to improve

the maize EA trait using the marker-assisted selection,

whereas the favorable alleles of these two loci

associated with EA came from different parents.

Therefore, in order to improve the EA into one

genotype, it is better to pyramid them in this genotype

from different genotypes.
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