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Abstract: For the different harvest targets, the requirement for the prolificacy trait of maize was
also different, so prolificacy is of great significance for modern production. Although some QTLs
and genes associated with prolificacy in teosinte have been reported, the genetic mechanism of
prolificacy in maize has not been fully elucidated. In this study, two RIL populations and GWAS
population were used to genetic research of prolificacy trait in maize, with multi-environment.
Combine linkage analysis and Genome-wide association study has identified a total of 13 QTLs and
8 significant SNPs. There were two genes related to tissue differentiation in the stable QTL gP9-2,
and two significant SNPs corresponding to three genes were in QTL gP5-1 and QTL gP7-1, respec-
tively. Four candidate genes GRMZM2G317262, GRMZM2G317584, GRMZM5G882364 and
GRMZM2G141679 were finally screened out by qRT-PCR analysis. Based on the function of can-
didate genes, ethylene signaling pathway plays an important role in the formation of prolificacy in
maize. It has deepened our understanding of the formation mechanism of prolificacy and laid a
foundation for breeding new varieties with various prolificacy in maize.
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1. Introduction

Maize (Zea mays L.) is one of the world's staple food and industrial raw materials
and energy crops [1]. In maize genetics and breeding, the number of ears on a plant is
scored as prolificacy [2]. Yield which consists of the ear number per plant and the yield
per ear is the goal of the ordinary maize. Prolificacy makes dominant ears smaller and
produces invalid ears, which leads to lower yield [3]. However, the economic benefits of
special maize such as silage corn, baby corn and sweet corn are closely related to the
number of ears [4,5]. In addition, for genetic breeding, maize inbred lines with prolificacy
can amplify the events of hybrid combinations. Therefore, it is very important to study
the prolificacy trait in maize.

Typically, maize has 1-2 economic benefits ears, with only one single ear at each
node. The prolificacy is that maize has 3 or more ears, including multi-node prolificacy,
single-node prolificacy and multi-tiller prolificacy. Maize originated from a single do-
mestication event of teosinte in the Balsas River Basin, Mexico, as early as 9000 years ago
[6,7]. During the process of maize evolution and artificial selection, the tiller and prolifi-
cacy characters of maize gradually degenerate [7,8]. But under certain environmental
conditions, the tillering and prolificacy phenomenon of maize still occurs. Besides, axil-
lary buds can potentially develop at every node except the top 5-9 nodes below the tassel
[9]. Interestingly, the ear of maize belongs to an abnormal stem, and axillary meristem in
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underground will develop into tillers, while that in aboveground may develop into ears.
The phenomenon of apical dominance plays an important role in regulating, in which the
growing apex meristem produces a long-distance inhibitory to maintain axillary buds in
a dormant state axillary shoots [10]. Dormancy is tightly regulated by a complex interac-
tion between internal and external stimuli[11]. When maize suffers high-temperature
stress, diseases and insect pests, high density, or not timely pollination, the development
of dominant ears is hindered, leading to the reduction of apex dominance [12]. Then,
lower axillary buds develop further to form prolificacy. Besides, the upper internode of
some tropical lines which grow in temperate regions, elongate slowly, and the lower ax-
illary buds develop preferentially, which can form prolificacy. Adequate nutrients, such
as increased use of nitrogen fertilizer, will also lead to the prolificacy by promoting lower
axillary meristems growth [13].

Phytohormone plays an important role in the growth and development of the fe-
male panicle, among which auxin is the main plant hormone to maintain and remove
apical dominance. The polar transport of auxin will affect the development of ears and
lower axillary buds. Studies have shown that the regulation of auxin responses began at
the initial stage of ear development [14]. Arabidopsis regulates the development of apical
and basal boundaries in octagonal tissues through positive regulation of ‘mid-level’
auxin responses [15]. Various studies revealed antagonistic interactions between the
plant hormones auxin and cytokinin (CK) in regulating bud outgrowth[16,17]. Studies in
other plant species also showed that auxin and abscisic acid (ABA) inhibited bud growth,
while cytokinin promoted it [18,19]. Strigolactones (SLs) and gibberellin (GA) can repress
bud outgrowth while brassinosteroids (BRs) promote bud outgrowth in rice [19]. Eth-
ylene participates in ear development and plays a negative regulatory role in the early
stage of ear development [14]. Because of a strong carbohydrate requirement in dividing
and differentiating cells, it makes sense that meristem maintenance, identity, and or-
ganogenesis should be carefully coordinated with nutrient status [20]. There is also in-
creasing evidence that sugars can regulate specific developmental programs and transi-
tions via genes that control meristem maintenance and identity [21,22]. Plasticity in plant
development is controlled by environmental signals with largely unknown signalling
networks. In particular, the maize G protein signaling plays a key role in ear develop-
ment and prolificacy [23].

Prolificacy is a result of several factors such as initiation of axillary primordia, de-
velopment of axillary bud, branch elongation, ear development and female floret devel-
opment, which in turn are controlled by a large number of genes [24]. The quantitative
inheritance pattern of prolificacy with the prevalence of non-allelic interactions of du-
plicate epistasis type has been observed. Dominance x dominance effect was predomi-
nant over additive x additive and additive x dominance effect [24]. Since the multi-ear
traits of maize are derived from teosinte, QTLs and related genes controlling the mul-
ti-ear traits can be found through genetic research on the hybrid offspring of teosinte and
maize inbred line. Some QTLs associated with maize prolificacy traits have been identi-
fied. Eight QTLs were identified which were associated with maize prolificacy, one QTL
(proll.1) is located on the short arm of chromosome 1 and accounts for 36.7% of the
phenotypic variance, which has a much larger effect than the other seven. Fine-mapped
proll.1 to a 2.7 kb ““causative region” upstream of the grassy tillersl (gt1) gene, which
encodes a homeodomain leucine zipper transcription factor [2]. The grassy tillers1 (gt1) is
named for excessive tillering and plays a role in maize development [25]. Loss of the gtl
function alleles also cause trait changes including prolificacy in maize [2]. Teosinte
branched1 (tb1) is responsible for the shortening and feminization of the axillary branches
in domesticated maize [26,27]. Since both tillers (basal lateral branches) and upper lateral
branches arise from axillary meristems, in a general sense, tb1 governs the fate of the ax-
illary meristems [28].

Although the genetic mechanism of the prolificacy trait has been elucidated by the
genetic populations of maize and teosinte, the genetic basis of the prolificacy among
modern maize inbred lines has not been revealed in detail. In this study, two RIL popu-
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lations and GWAS population used to identify the QTLs and candidate genes associated
with prolificacy trait in maize. Specifically, the three aims of this investigation were to (1)
identify the stable QTLs of prolificacy trait, (2) identify key candidate genes, (3) analyze
the genetic mechanism of prolificacy in maize.

2. Results
2.1. Phenotypic analysis

Through the investigation of prolificacy traits in different environments of three
populations, we analyzed the phenotypic frequency of each environment. The pheno-
typic distribution of each environment is similar to the normal distribution (Figure 1),
indicating that the prolificacy of maize is a quantitative trait controlled by multiple genes.
Besides, phenotypes in different environments in the three populations were correlated,
indicating that phenotypic data structures in different environments were relatively
similar, and joint analysis of phenotypic data in multiple environments in the population
could be conducted.
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Figure 1 Frequency distribution histogram and correlation analysis of three populations. A: BT-1xXI502 RIL
population. B: N6xCML170 RIL population. C: GWAS population. Regression Plot, histograms and Pearson correlation
coefficients (P=0.01) for prolificacy trait among different environments (2Z, Zhengzhou; XX, Xunxian; JZ, Jiaozuo; XC,
Xuchang). The diagonal of the figure is the frequency distribution histogram of each environment, and the bottom left
is the phenotypic scatter diagram, in which o and e represent the two different environments. On the upper right is

the correlation coefficient, with the ***representing a significant correlation.
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In order to further dissect the phenotypic variation of prolificacy traits, we imple-
mented heritability analysis in three populations respectively (Table 1). The combined
heritability of each population was 0.87, 0.83, and 0.85, respectively. This indicates that
the prolificacy traits are mainly controlled by genetics.

Table 1. Variances and heritabilities of prolificacy in three maize populations.

Population Environment DF oy’ Gy’ o2 H?
772018 226 0.50 0.29 0.76
XX2018 232 0.23 0.16 0.74
772019 247 0.22 0.16 0.75
BT-1xX1502
RIL XX2019 254 0.12 0.18 0.61
772020 252 0.21 0.10 0.81
XC2020 238 0.47 0.34 0.73
e BLUE 1449 020 009 026 087
XX2019 230 0.17 0.10 0.78
J72019 233 0.09 0.15 0.55
N6xCML170
RIL XC2020 224 0.41 0.15 0.85
XX2020 233 0.35 0.05 0.93
e BLUE 920 018 009 021 083
772018 205 0.39 0.12 0.86
XX2018 202 0.14 0.21 0.55
XX2019 215 0.19 0.18 0.70
J72019 209 0.08 0.15 0.51
GWAS
772020 190 0.24 0.16 0.72
XC2020 165 0.54 0.36 0.71
172020 199 0.18 0.15 0.68
BLUE 1385 0.15 0.09 0.23 0.85

2.2. Linkage analysis

The genetic maps of two RIL populations (BTxXI502 RIL and N6xCML170 RIL) were
constructed (figure S1). There were 7,528 polymorphic SNP markers in the BT-1xXI502
RIL population, with a total length of 2541cM and an average genetic distance of 0.34cM
between the markers. In the N6xCML170 RIL population, there were 3998 polymorphic
SNP markers with a total length of 1450.13cM and an average genetic distance of 0.36cM
between the markers.

The linkage analysis of the RIL population was carried out by composite interval
mapping method. Firstly, QTL analysis was performed on prolific phenotypes in differ-
ent environments. 30 and 11 QTLs were identified by the two populations respectively
(Table S2 and Table S3). In addition, we performed combined analysis of multiple envi-
ronments for RIL populations with the best linear unbiased estimate (BLUE) (Table 2). A
total of 13 QTLs were identified on chromosomes 1, 2, 5, 6, 7, 9 and 10 by the two RIL
populations. One of these QTLs qP6-1 on chromosome 6 in the BT-1xXI502 RIL explained
the highest phenotypic variation, 7.65%, and the QTL gP9-3 on chromosome 9 in the
N6xCML170 RIL explained the highest, 7.69%. It is noteworthy that both two populations
detected the common QTL on chromosome 9, gP9-2 and qP9-3. The overlapping interval
of two QTLs will be an important object of our study. A total of 15 genes were identified
in the overlapping interval 9_135605559 to 9_136357845 (Table 3). Two of fifteen genes
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have been reported associated with tissue differentiation. The gene GRMZM2G317262
encoding the F-box family protein, and GRMZM2G317584 encoding Ethylene insensitive
3 family protein.

Table 2. Quantitative trait loci for maize prolificacy in two RIL populations.

TL
Trait Name Chromosome 18 Left Marker Right Marker LOD PVE(%) Add
ame
1 qPI-1 1270460620 1 270866951  4.06 4.37 0.08
2 qP2-1 2 6635220 2 6961027 6.84 7.63 -0.11
2 qP2-2 2 238895013 2 239263725  3.09 3.42 -0.08
BT-1xX1502
. 6 qP6-1 6 97446909 6 97774642 6.95 7.65 -0.11
Population
7 qP7-1 7 103651052 7 106918613  2.94 3.33 -0.07
9 qP9-1 9 4771111 9 4987736 3.46 3.86 0.08
9 gP92 9135605559 9136370952 381 418 008
1 qPI-2 201510283 202298178 3.93 3.27 -0.10
1 qPI1-3 22965625 24963234 7.44 6.56 0.14
N6xCML170 2 qP2-3 49009196 49720987 3.31 2.76 -0.10
Population 5 qP5-1 181268715 182051176 3.29 2.79 -0.09
9 qP9-3 135295686 136357845 8.40 7.69 0.15

10 qP10-1 142077552 142161845 2.70 2.23 0.08

Table 3. Candidate genes and their functional annotations in ¢P9-2.

Gene Annotation
GRMZM2G131785 ABC transporter ATP-binding protein
GRMZM5G872256 glycosyl transferase 8 domain containing protein
GRMZM5G862107 (ARRPS1, RPS1) ribosomal protein S1
GRMZM2G134279 MYB family transcription factor
GRMZM2G060842 expressed protein
GRMZM2G060918 (AtWRKY41, WRKY41) WRKY family transcription factor
GRMZM2G317262 OsFBX82 - F-box domain containing protein
GRMZM2G317267 none
GRMZM2G161664 Leucine-rich receptor-like protein kinase family protein
GRMZM2G014839 (ATCAMBP25, CAMBP25) calmodulin (CAM)-binding protein of 25 kDa
GRMZM2G704475 (ATECP63, ECP63) embryonic cell protein 63
GRMZM2G043983 (TOM40) translocase of the outer mitochondrial membrane
AC207454.3 FG004 none
GRMZM2G317584 (AtEIN3, EIN3) Ethylene insensitive 3 family protein
GRMZM2G022398 exostosin family domain containing protein

2.3 Genome-wide association study
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In short, the GWAS population was constructed by three subgroups. The largest
subgroup 1 contained tropical germplasm available at CIMMYT. Tangsipingtou heterotic
subpopulation generated from Chinese very important elite materials belonged to sub-
group 2, and most of the lines in Subgroup 3 were from the Chinese Reid and Lancaster
heterotic subpopulation. Genome-wide association study is carried out for a single en-
vironment (figure S2 and S3). A total of 106 Significant SNPs were detected, which cor-
respond to 186 genes, (Table 54).

Through the joint analysis of the phenotypes in 8 environments of the GWAS pop-
ulation (Figure 2). A total of 8 significant SNPs were detected, which were located on
chromosome 1, 5, 6 and 7, respectively. The most significant SNP site was S6_31649694 on
chromosome 6. According to the LD value (10-20kb) of the GWAS population, we iden-
tified 7 candidate genes (Table 4). GRMZM2G025959, GRMZM2G088736,
GRMZM5G882364, GRMZM2G141679, GRMZM2G109126, GRMZM2G046297 and
GRMZM5G801004. By comparing to the QTL, the associated SNPs of 55_178621021 were
localized in the interval of QTL gP5-1. The two corresponding genes GRMZM2G088736
and GRMZMb5G882364 were identified based on the MaizeGDB database
(http://www.maizegdb.org/), which encodes an ycf45 protein and Copper transport
protein, respectively. The SNP S7_100241083 was localized in the interval of QTL gP7-1.
The corresponding gene GRMZM2G141679 encodes an ethylene-responsive transcription
factor. So, the genes GRMZM2G088736, GRMZM5G882364 and GRMZM?2G141679, were
considered important candidate genes.
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Figure 2. QQ-plots and Manhattan plots of GWAS for the maize prolificacy.

A: QQ-plots. B: Manhattan plots. Plots above the imaginary line show the genome-wide significance with threshold of
- log (10%). The horizontal axis shows the SNP density of physical positions on the ten chromosomes. The vertical

axis shows the value of - log (P).

Table 4. The significant SNPs and their candidate genes associated with maize prolificacy identified in the
GWAS with p-value less than 10,

Chromosome Marker P R? Gene Annotation

6 S6_33143794  5.58E-05 0.093  GRMZM2G025959 Mannose-binding lectin superfamily protein
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Jacalin-like lectin domain containing protein

(ATCULA4, CUL4) cullin4

GRMZM2G088736
uncharacterized protein ycf45
5 S5 182703041  7.07E-05  0.075
Copper transport protein family
GRMZM5G882364
heavy metal transport/detoxification protein
S7_103378110  8.05E-05  0.074
S7 103378111  8.05E-05  0.074 Integrase-type DNA-binding superfamily protein
7 GRMZM2G141679
S7 103378116  8.05E-05  0.074 ethylene-responsive transcription factor
S7_103378120  8.05E-05  0.074
GRMZM2G109126 none
S1_ 63928493  8.91E-05 0.083
Protein kinase superfamily protein
1 GRMZM2G046297
tyrosine protein kinase domain containing protein
S1_63928503  8.93E-05 0.081
GRMZM5G801004 none

2.4 Quantitative analysis

In summary, five important candidate genes were selected, namely,
GRMZM2G317262, GRMZM2G317584, GRMZM2G088736, GRMZM5G882364 and
GRMZM2G141679. In order to screen and verify the potential candidate genes, the rela-
tive expression levels of the above five genes were measured (Figure 3). The gene
GRMZM2G088736 was found not to be expressed in different parents and different in-
ternodes. The expression level of N1 ear in BT-1 was used as a calibrator to analyze the
gene expression of candidate genes. The expression level of candidate gene
GRMZM2G141679 was different between different nodes, and showed an upward trend,
except for the XI502 inbred line. The expression of gene GRMZM2G317584 in the four
inbred lines showed an increasing trend with the decrease of ear position. The expression
of these two genes was related to the differentiation of the young ear in maize and posi-
tively regulated the development of the ear. The expression level of GRMZM2G317262 in
different internodes of the four inbred lines were relatively stable, and it was obvious
that the gene GRMZM2G141679 and GRMZM?2G317262 expression levels of multi-ear
inbred lines XI502 and CML170 were lower than those in the low-ear inbred lines BT-1
and N6. The expression level of gene GRMZM5G882364 was not significantly different in
the female panicle between different nodes, and between the four inbred lines.


https://doi.org/10.20944/preprints202101.0185.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 January 2021 d0i:10.20944/preprints202101.0185.v1

A B

o 160 = T

-% 50 é 6.0

g 40 - g_ 5.0

& an g 40

P & o 30

s 20 li \II ‘ Z 20 T

T 10 EEI ] B 40 I

2 o B L | | 2 56 z il B
N1 N2 N3 N4 N1 N2 N3 N4
®BT-1 ®XI502 WN6 ©#CML170 BBT-1 BXI502 N6 »CML170

C D

c 50 g i

o e

B 40 ‘ @ 20

5 30 ( S 15

] | [ i @ |

s 20 ‘ i @ 10 i I 1|

¢ oo tmale el il wall oo tHOE MiAD M HAD

2 o 1= P Bz Ballz 2 1 .
N1 N2 N3 N4 N1 N2 N3 N4

uBT-1 uXI502 N6 =CML170 mBT-1 mXI502 =N6 = CML170

Figure 3. The relative expression of candidate genes. A: GRMZM2G141679. B:
GRMZM2G317584. C: GRMZM2G317262. D: GRMZM5G882364.

3. Discussion

The development of maize ear is divided into four stages, namely, growth cone ex-
tension stage, spikelet differentiation stage, floret differentiation stage and sex organ
formation stage [29]. Usually, the axillary buds of the middle and lower part of maize
stay in the early stage of ear development, and only 1-2 axillary buds of the middle and
upper part of maize will develop to ear. The differentiation process of the ear in maize is
similar to the tassel, but the ear differentiates is late and quickly. Finally, the silk of the
ear receives the pollen and develops the mature ear. The silking of the ear with different
development of axillary buds can be taken as the criterion for the formation of multiple
ears of maize, which had a long period and easily recognized. There is apical dominance
in ear development of maize. When the dominant ear of maize is subjected to biological
or abiotic stress, growth and development are hindered and apical dominance is weak-
ened, which promotes the development of lower female ear and finally effects prolificacy
trait. In abiotic stress, high temperature is a key factor affecting plant growth and de-
velopment. Prolificacy can indirectly reflect the high temperature tolerance of dominant
ear in maize [30]. Therefore, it is very important to analyze the genetic mechanism of
maize high temperature tolerance from the perspective of prolificacy.

Through QTL analysis, 13 QTLs affecting prolificacy trait were identified, among
which the range of gPI1-3 (V4: 22,965,625-24,963,234) includes the proll.1 (V4:
23,005,166-23,462,365) and gtl. QTL gP9-2 and gP9-3 located on chromosome 9 were
multi-environment and multi-population stable QTLs, of which including 15 genes in the
overlapping interval from 9_135605559 to 9_136357845. Combined with functional an-
notation, two candidate genes, GRMZM2G317262 and GRMZM2G317584 were selected.
Through the Genome-wide association study, 8 significant SNPs were identified, corre-
sponding to 7 candidate genes. Three of seven candidate genes, GRMZM2G141679,
GRMZM2G088736 and GRMZM5G882364, were selected combined linkage analysis re-
sults. Further expression analysis initially studied the functions of the above five candi-
date genes, and the results showed that GRMZM2G317262, GRMZM2G317584,
GRMZM2G141679 and GRMZMb5G882364 may be associated with maize prolificacy
traits.
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Hormones play an important role in the growth and development of plants, among
which auxin, gibberellin, cytokinin and BRs promote growth, while abscisic acid and
ethylene play the opposite role. Candidate gene GRMZM2G317584 identified by linkage
analysis encodes an ethylene-insensitive3 protein (EIN3/EIL). Ethylene-insensitive3
(EINB/EIL) is a key regulator for initiation of ethylene-mediated downstream transcrip-
tional cascades by binding to primary ethylene response elements (PEREs) and EIL con-
served binding sequences (ECBSs) in the promoters of downstream genes involved in the
ethylene reaction [31,32]. EIL is an important gene family in plants and plays key roles in
the ethylene signaling pathway which regulates a broad spectrum of plant growth and
development, as well as defenses to various biological and abiotic stresses [33]. Previous
studies have shown that ethylene has a negative regulatory effect on the early ear de-
velopment of maize[14]. Ethylene regulates the responses of plants to various abiotic
stresses, especially in low temperature stress [34]. Ethylene biosynthesis and signaling
negatively regulate plant freezing tolerance by repressing the cold-inducible CBFs and
type-A ARR genes in Arabidopsis [35].

GRMZM?2G141679 identified by Genome Wide Association Study encodes an eth-
ylene-responsive transcription factor. Quantitative analysis showed that the expression
level of GRMZM2G141679 was higher in the early stage of ear development and lower in
the prolific parents, indicating that this gene may negatively regulate the occurrence of
the prolificacy trait. The expression level of GRMZM2G317584 is higher in early ear de-
velopment, indicating that the gene plays an important role in early ear development.

The gene GRMZM2G317262 encodes an F-box family protein. The F-box family
protein is involved in the regulation of various developmental processes in plants, such
as photomorphogenesis, circadian clock regulation, self-incompatibility, anther meristem
and floral organ identity determination, etc. It is reported that the F-box gene (GenBank
ID: AJ577363) was expressed during all the spike developmental stages in wheat [36].
F-box proteins contain a conserved F-box domain, which interacts with Skp1, CULLIN,
and RBX1 to form the SCF complex [37]. The SCF complexes confer the specificity of se-
lective protein ubiquitination and subsequent degradation by the 26S proteasome [38].
Meanwhile, ethylene - induced stability of EIN3/EIL1 is mediated by proteasomal deg-
radation of two F-box proteins [35,39]. Based on the quantitative analysis of gene
GRMZM2G317262, it can be seen that the expression level of this gene is relatively low in
the early ear development and in the high prolificacy parent, which indicated that the
gene GRMZM?2G317262 negatively regulated prolificacy trait.

The gene GRMZM5G882364 encoding the Copper transport protein family. Copper
is an essential metal for plants. It plays key roles in photosynthetic and respiratory elec-
tron transport chains, in ethylene sensing, cell wall metabolism, oxidative stress protec-
tion and biogenesis of molybdenum cofactor. Cu homeostasis is also receiving a growing
interest in plant research, since it is implicated in adaptive responses to the oxidative
damage produced by environmental stress [40]. The ethylene receptor ETR1, which lo-
calizes in the endoplasmic reticulum (ER), high affinity binding of ethylene is mediated
by a copper co-factor [41].

Since the functions of the four candidate genes are related to ethylene metabolic
pathways, the model was speculated, (Figure 4). Under normal circumstances, the ex-
pression level of ethylene transcription factor is low in-ear (N1 and N2), the key of the
ethylene downstream cascade control factor of EIN3 expression level is low, at the same
time, the expression of F-box makes EIN3 unstable, causing the low ethylene content in
the ear (N1 and N2). It weakens ethylene to continue the metabolism of the binding
copper ions ethylene receptor ETR1 in the endoplasmic reticulum, causing ear (N1 and
N2) normal growth. After the high-temperature stress, the influx of copper ions in-
creased, and the ethylene receptor ETR1 increased in the endoplasmic reticulum. It may
be that the expression of F-box protein decreased, leading to the structural stability of
EIN3, which in turn led to the enhancement of ethylene metabolism pathway, and finally
inhibited the development of ear (N1 and N2), promoted the development of ear (N3 and
N4), and formed prolificacy trait.
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In the process of maize domestication, to facilitate field work and grain harvest,
traditional maize tends to have fewer ears per plant to ensure maize yield. With the de-
velopment of agricultural modernization, both field work and harvest can be done by
machines, and maize kernels are no longer the only harvest target. This made it impos-
sible for the currently domesticated maize to meet modern needs. With the development
of science and technology, genetics, molecular breeding and other means can accelerate
the breeding process of modern maize. For different harvest targets and facing different
environmental stresses, the demand for ear prolificacy traits of maize is also different, so
how to regulate the number of the ear is very important. The fundamental way to exca-
vate the genes controlling the prolificacy trait and to cultivate new varieties. In previous
studies, most genetic studies were carried out based on the hybrid offspring of teosinte
and maize, and the gene that can affect panicle number was also cloned, such as gtl and
tbl. However, allelic variation between teosinte and maize may be too rare to be used.
Combined linkage analysis and Genome-wide association study to find allelic variation
that can control prolificacy traits in maize, to develop functional markers and serve mo-
lecular breeding.
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4. Materials and Methods

4.1. Material and field management

For QTL mapping analysis, two bi-parental RIL populations are generated using the
method of single seed descent. One RIL population containing 276 lines was derived by
crossing BT-1(low prolificacy) with XI502 (high prolificacy). The other RIL population
containing 250 lines was generated by crossing N6 (low prolificacy) with CML170 (high
prolificacy). The GWAS population consisted of 298 maize inbred lines, which have also
been used in previous studies [42,43]. Three genetic populations were planted in
Zhengzhou (ZZ: N34°44 ', E113°37 '), Xunxian (XX: N35°67 ', E114°30 '), Jiaozuo (JZ:
N35°23 ', E113°53 ') and Xuchang (XC: N34° 13 ', E113°81 '), respectively. The BT-1xXI502
RIL population were planted in ZZ (in 2018, 2019 and 2020), XX (in 2018 and 2019) and
XC (in 2020). The N6xCML170 RIL population were planted in XX (in 2019 and 2020), JZ
(in 2019) and XC (in 2020), The GWAS populations were planted in ZZ (in 2018, 2019 and
2020), XX (in 2018 and 2019), JZ (in 2019 and 2020) and XC (in 2020). Two repeated plots
were set in each environment, with a row spacing of 60cm and plant spacing of 20cm, and
field management was carried out in the standard agronomic practices.

4.2. Phenotypic investigation and data analysis

After the pollen-shedding of tassel was finished, prolificacy investigation of maize
was carried out, the ear with silks was considered effective, and the axillary bud which
was not further developed was considered invalid. Here, we investigate the prolificacy
phenomenon at different internodes to highlight the development ability of axillary
buds, so the multiple ears (baby ears) at the same node were recorded as one ear. Inves-
tigate 10 plants in each row and take the average value of each material for further anal-
ysis.

Correlation analysis and frequency distribution visualization of phenotypic data in
different environments of three populations were carried out with R package "Hmisc"
and "PerformanceAnalytics", and AOV analysis. Genetic map construction, heritability
analysis and linkage analysis were implemented with QTL IciMapping software from
http://www .isbreeding.net/ [44]. The R package "LinkageMapView" is used to visualize
the genetic map. Mixed linear model (MLM) of Tassal5 was used for the Genome-wide
association study, in which BLUPs, markers, Kinship and PCA are included. The R
package "CMplot" was used for visualization of QQ-plot and Manhattan plot. Candidate
genes associated with the significant SNPs were searched by websites
(www.maizeGDB.com) and screened out according to function annotations and previous
research. The expression levels of candidate genes were analyzed by quantitative PCR.

4.3. RNA extraction and Quantitative Real-time PCR

The inbred lines BT-1, XI502, N6 and CML170 were planted in Zhengzhou in 2020,
and the female ears of maize were sampled at different internodes during the silking pe-
riod, from top to bottom namely N1, N2, N3, N4, N5 and N6, respectively. Three biolog-
ical replicates were performed, and each biological replicate consisted of three samples.
The Column Plant RNAout 2.0 (TTANDZ, China) was used to extract RNA from the
samples. HIScript® III RT SuperMix (VazymE, China) was used for the synthesis of
cDNA from the RNA samples. The primers were designed with software Primer5 (Table
S1) and synthesized by the company (SunYa, China). Quantitative real-time PCR was
carried out with UltraSYBR Mixture (CWBIO, China) and instrument QuantStudio5. The
relative expression of candidate genes with reference to 2 -4 4¢Tmethod to calculate.

5. Supplementary Materials:
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Table S1. Primers of Quantitative Real-time PCR.
Gene ID Primer
F: 5'-CAGCTGCTCCATAATGTAGAGA-3'

GRMZM5G882364
R: 5-CTATCCGCTCGATCGTACATAC-3'
F: 5'-GAGATGAACGGCTTCTAGTCTC-3'
GRMZM2G317262
R: 5'-CTGAGGCTAAAACCAACGGAG-3'
F: 5-TAGCAAGTGGGAGATAAACAGG-3'
GRMZM2G317584
R: 5'-ACAAGAACTGGGAAGCATAGAA-3'
F: 5-CGAGGTAAGCTTAGATCTGAGC-3'
GRMZM2G141679

R: 5-GAAGAGGATGAGAGAGTCGAAG-3'
F: 5'-TGGGCCTACTGGTCTTACTACTGA-3'

House-keeping gene
R: 5'-ACATACCCACGCTTCAGATCCT-3'

Table S2. Single environment linkage analysis of BTxXI502RIL population.
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TraitName Chromosome LeftMarker RightMarker LOD PVE(%) Add
772018 1 1 292993929 1 293224853 7.12 5.87 0.19
772018 2 2 829447 2 1552223 6.18 5.00 0.17
772018 2 2 7267715 2 7418226 8.94 7.55 -0.21
772018 2 2 49334664 2 49460777  3.93 3.19 -0.14
772018 3 3 31245435 3 33106545 7.23 6.13 -0.19
772018 3 3 169013130 3 169083576  8.07 6.79 0.21
772018 6 6 74712832 6 75660864  4.97 3.99 -0.15
772018 9 9 139475295 9 140061322  6.75 5.71 -0.18
XX2018 2 2 26784393 2 28748530  9.72 14.57 -0.18
XX2018 6 6_98894663 699234929  3.76 5.24 -0.11
XX2018 9 9 135605559 9 136370952 5.58 8.15 -0.14
772019 1 1 4402935 1 4907459 3.86 6.39 0.12
772019 2 2 7653174 2 8221754 5.79 9.47 -0.15
772019 6 6 97811789 6 98272410  2.92 4.65 -0.10
272019 9 9 138556752 9 138757556  2.87 4.50 -0.10
XX2019 2 2 62770243 2 64743707  6.06 8.76 -0.11
XX2019 5 5 2388407 5 2442032 3.44 4.83 -0.09
XX2019 6 6 108448141 6 108674753  3.54 5.03 -0.09
XX2019 7 7 9820593 7 9992337 2.90 4.16 -0.08
XX2019 7 7 177668009 7 178049575  3.88 5.55 -0.09
772020 2 2 6635220 2 6961027 6.21 6.54 -0.13
772020 2 2 55426207 2 55606653 8.07 8.61 -0.15
772020 5 5 60304719 5 60955807  3.51 3.65 0.10
772020 5 5 172004071 5 172413289  6.87 7.44 -0.14
772020 6 6 4325255 6_ 4692158 3.16 3.47 -0.10
XC2020 1 1 297383016 1 297386460 4.17 5.31 0.17
XC2020 2 2 40140355 2 40260911 11.16 15.20 -0.28
XC2020 4 4 15450682 4 15939816  4.00 5.19 0.17
XC2020 6 6 31727950 6 32910462  3.23 4.13 -0.15
XC2020 8 8 105394925 8 105776970  2.93 3.85 0.14

Table S3. Single environment linkage analysis of N6xCML170RIL population.
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TraitName Chromosome LeftMarker RightMarker LOD PVE(%) Add

XX2019 1 22965625 24963234 4.37 6.03 0.11
XX2019 8 128530058 131550621 3.90 5.45 -0.10
XX2019 10 80064013 80253047 7.32 10.20 0.15
172019 1 202894899 203219520 8.73 4.63 0.15
172019 1 201510284 202298178 1531 8.45 -0.21
172019 3 35963455 39661884 4.58 2.32 0.11
XC2020 1 21009283 22742958 4.33 4.75 0.17
XC2020 9 135295686 136357845 2.60 291 0.14
XX2020 1 29153532 29871226 3.64 6.00 0.14
XX2020 7 177581799 179421250 2.72 4.39 -0.12
XX2020 9 135295686 136357845 3.24 5.45 0.13

Table S4. Significant SNP and gene functional annotation of Single environment Genome-wide association study.

Position P R? Gene Annotation
516844145 1.90E-05 0.09  GRMZM2G077828 (ATCNGC7, CNGC?7) cyclic nucleotide gated channel 7
772018
516844539 3.54E-05 0.09  GRMZM5G838285 (ATNCEDY, NCED?9) nine-cis-epoxycarotenoid dioxygenase 9

772018 5 23573562 3.72E-05 0.09  GRMZM2G074543 Plant-specific transcription factor YABBY family protein

GRMZM2G016738 nuclear antigen

GRMZM2G016290 RmlC-like cupins superfamily protein
772018 1_297745240 6.17E-05 0.09

GRMZM2G016084  Nucleic acid-binding proteins superfamily

GRMZM2G316148 expressed protein

772018 7_98379306 6.55E-05 0.09 none

772018 9_91476300 7.24E-05 0.10  GRMZM2G074233  serine-rich protein-related

1_80621619 8.31E-05 0.09  GRMZM2G087063 (CCB2, HCF208) Protein of unknown function (DUF2930)

772018
1_80621624 8.31E-05 0.09  GRMZM2G703658  none
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GRMZM2G152156  root cap 1 (RCP1)
XX2018 1_200725159 1.11E-05 0.12
GRMZM2G133413 Cyclin D2

GRMZM2G429378 (CRF4) cytokinin response factor 4
XX2018 9_17667914 3.16E-05 0.09
GRMZM2G071249 GDSL-like Lipase/Acylhydrolase superfamily protein

GRMZM2G072814  none
GRMZM2G072682 clast3-related
XX2018 1_280826399 5.14E-05 0.12
GRMZM2G072653 (AOS, CYP74A, DDE2) allene oxide synthase

GRMZM2G376668 none

GRMZM5G871592 Domain of unknown function (DUF966)
GRMZM2G376061 C2H2-type zinc finger family protein

XX2018 3 181559598 5.91E-05 0.09  GRMZM5G804618  C2H2 and C2HC zinc fingers superfamily protein
GRMZM5G843352  none

GRMZM2G436295 none

GRMZM2G059703 none
XX2018 3 114779132 6.94E-05 0.08  GRMZM2G368126  Transducin/WD40 repeat-like superfamily protein

GRMZM2G046841 (H2B, HTBY) Histone superfamily protein

2219022778 7.93E-05 0.08
XX2018 GRMZM2G169681 (BAMI1) Leucine-rich receptor-like protein kinase family protein
2219022780 7.93E-05 0.08

GRMZM2G145814 alpha/beta-Hydrolases superfamily protein
XX2018 3 153915505 9.44E-05 0.08  GRMZM2G145715 6-phosphogluconate dehydrogenase family protein

GRMZM2G 145709 Protein kinase superfamily protein
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GRMZM2G045280 Coiled-coil domain-containing protein 55 (DUF2040)
772019 10_118146700 1.21E-05 0.11
GRMZM2G139419 (ATUPF3, UPF3) Smg-4/UPF3 family protein

GRMZM2G160069 (ATINT4, INT4) inositol transporter 4
772019 10_130205182 3.37E-05 0.08  GRMZMS5G866420  none

GRMZM2G016487 RING/U-box superfamily protein

5_172396840 4.11E-05 0.08
772019 5172396964 4.14E-05 0.08  GRMZM2G006791 (TAPX) thylakoidal ascorbate peroxidase

5_172396661 4.24E-05 0.08

3_136337629 5.73E-05 0.08
772019 GRMZM2G019090 (ATGSTZ2, GSTZ2) glutathione S-transferase (class zeta) 2
3_136336358 5.80E-05 0.08

GRMZM2G154721 GC-rich sequence DNA-binding factor-like protein with Tuftelin interacting domain

GRMZM2G154725  expressed protein
772019  10_130286132 9.69E-05 0.08  GRMZM5G810727  (BGLU47) beta-glucosidase 47
GRMZM2G031628  (BGLU47) beta-glucosidase 47

GRMZM2G031660 (BGLU46) beta glucosidase 46

3_153915506 1.65E-05 0.11 GRMZM2G145814  alpha/beta-Hydrolases superfamily protein
XX2019 3 153915511 1.65E-05 0.11 GRMZM2G145715 6-phosphogluconate dehydrogenase family protein
3_153915508 1.72E-05 0.11  GRMZM2G145709  Protein kinase superfamily protein

GRMZM2G046297 Protein kinase superfamily protein
XX2019 163098589 1.89E-05 0.10  GRMZM2G109126  none

GRMZM5G801004 none

GRMZM2G044819 HAD-superfamily hydrolase subfamily I1G 5\'-nucleotidase
XX2019 8 6111245 3.51E-05 0.08  GRMZM2G010280 (ATNRT2.4, NRT2.4) nitrate transporter 2.4

AC183888.4 FG006  (ATH9, TH9, TRX H9) thioredoxin H-type 9
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GRMZM2G353114  (ELF9) RNA binding (RRM/RBD/RNP motifs) family protein
GRMZM2G037617 (AtAUR3, AUR3) ataurora3

XX2019 1280560002 4.91E-05 0.09 GRMZM2G345582 hydroxyproline-rich glycoprotein family protein
GRMZM2G009944 none

GRMZM2G009958 (MEE14) maternal effect embryo arrest 14

XX2019 10_12924816 6.03E-05 0.08  GRMZM2G015869  PQ-loop repeat family protein / transmembrane family protein

GRMZM2G054032 F-box family protein
XX2019 7165754293 6.17E-05 0.08  GRMZM2G053999 (ALAAT?) alanine aminotransferase 2

GRMZM2G053939 (ALAAT?2) alanine aminotransferase 2

GRMZM2G096271 Calcium-binding EF-hand family protein
XX2019 7126222900 9.12E-05 0.08  AC202417.5_FG002  none

GRMZM2G090739  expressed protein

GRMZM2G162544 (ATSYP43, SYP43) syntaxin of plants 43
172019 5_27053405 3.86E-05 0.09
GRMZM2G117963 Peptide-N4-(N-acetyl-beta-glucosaminyl) asparagine amidase A protein

GRMZM2G024973 (RGA, RGA1) GRAS family transcription factor family protein
172019 5_11798566 5.26E-05 0.09
GRMZM2G024690  Transmembrane Fragile-X-F-associated protein

172019 5 17115812 6.04E-05 0.08  GRMZM2G095239 (ATTRBI, TRBI1) telomere repeat binding factor 1

9 20324957 GRMZM2G106683 (SOL1) carboxypeptidase D putative
172019 7.67E-05 0.10
920324985 GRMZM2G444801 (SULTR3:4) sulfate transporter 3
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GRMZM2G177942 (AHP2) Arabidopsis Hop2 homolog
172019 5_11490848 8.99E-05 0.08  GRMZM2G177934 (ARPN) plantacyanin

GRMZM2G177885 zinc finger (Ran-binding) family protein

GRMZM2G333183 (ABCBI1, ATPGPI1, PGP1) ATP binding cassette subfamily B1
172019 10_80573093 9.85E-05 0.08  GRMZM2G446895  ARM repeat superfamily protein

GRMZM2G502467 none

6161243424 1.13E-05 0.12  GRMZM2G158972  DNAse I-like superfamily protein
6161243515 5.71E-05 0.12  GRMZM2G159008  DNAse I-like superfamily protein

6_161283893 2.41E-05 0.12 GRMZM2G159032 (ATHD2A, HD2A, HDA3, HDT1) histone deacetylase 3
772020
6161283910 2.70E-05 0.11  GRMZM2G159404 UDP-Glycosyltransferase superfamily protein

GRMZM2G460542 (ATESD4, ESD4) Cysteine proteinases superfamily protein
6_161280391 4.14E-05 0.10
GRMZM2G034225 expressed protein

772020 921997264 4.78E-05 0.11 none

GRMZM5G837538  none
772020 1_85018362 9.06E-05 0.10  GRMZM2G026147  expansin-like Al

GRMZM2G327907  expressed protein

XC2020 6_117453528 3.62E-05 0.10  GRMZM2G168304 (CER6, CUTI, G2, KCS6, POP1) 3-ketoacyl-CoA synthase 6

GRMZM2G304712 (UGT84AL1) UDP-Glycosyltransferase superfamily protein
XC2020 4234572427 4.61E-05 0.10
GRMZM2G008859 translocon at inner membrane of chloroplasts 21

7124212594 7.28E-05 0.09  GRMZM2G151299  expressed protein

XC2020 7_124212655 7.92E-05 0.09
GRMZM2G121649 Microtubule associated protein (MAP65/ASE1) family protein
7_124212630 7.96E-05 0.09
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GRMZM2G002578 Dnal/Hsp40 cysteine-rich domain superfamily protein
XC2020 3225119653 8.27E-05 0.11
GRMZM2G022279 GDSL-like Lipase/Acylhydrolase superfamily protein

3197320947 2.83E-05 0.10  GRMZM2G021704 (DHOASE, PYR4) pyrimidin 4
172020 3197320911 4.25E-05 0.11
GRMZM2G317285 Tetratricopeptide repeat (TPR)-like superfamily protein
3197321346 8.86E-05 0.10

172020 2 235853396 7.27E-05 0.10  GRMZM2G148693 K-box region and MADS-box transcription factor family protein
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