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Abstract  Flowering regulation is important for maize to adapt to a variety of environments as well as associated with high yield. In this study,

the genetic mechanism of three flowering traits of 310 maize inbred lines with rich genetic background was investigated in three years at three

different environments such as days to tasseling (DTT) , days to silking (DTS) and days to pollen shedding (DTP). Based on mean perform-

ance, the longest flowering time was observed in Zhanyi (2018) , whereas the shortest in Shizong (2019). The coefficient of variance depicted

the range from 3.62% t0 9.06% for three flowering traits under all environments. Therefore, we have integrated these flowering traits corre-

sponding to SNP molecular markers for genome-wide association study (GWAS). Results showed that 22 SNPs markers were significantly asso-

ciated with DTT according to physical position and average linkage disequilibrium (LD) decay distance, and a total of 234 candidate genes

were identified near these significantly associated SNP markers. Moreover, KEGG and GO analysis showed that these genes were enriched in

the regulation of the physiological pathways for flowering. In more details, 16 genes involved in development of floral organs are more worthy of

our attention in future studies.
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1 Introduction

The flowering time reflects the transitional process of vegeta-
tive growth to reproductive growth in the life cycle of maize. It is
closely related to the regional and seasonal adaptability of maize
varieties and affects the seed setting rate of maize ears''’. There-
fore, understanding the genetic mechanisms of maize flowering
traits not only provides useful information for maize adaptability
improvement and high yield breeding, but also lays the foundation
for further fundamentally molecular research.

Recently, the QTL mapping of flowering traits has been re-
ported by an increasing number of studies”’. Sun et al. ©*! identi-
fied the 11 QTLs associated with a flowering time from the 188
F2:3 population. Meanwhile, Agrama et al. "*' found 3 ASL (in-
terval between anthesis ) -associated QTLs using the maize F3 pop-
ulation. Buckler’s study'®’ showed that the difference of flowering
time was not caused by the QTLs with large effects, but rather by
countless small-effect QTLs. Besides, Chardon et al. " integrated
a large number of QTLs from different mapping populations to per-
form meta-analysis, and the hot regions of consistent QTLs on
chromosome 1, 8, 9, and 10 were identified. Because QTL map-
ping uses man-made recombination events, the number of recom-
bination is limited due to the limitation of hybridization and sel-
fing, so the accuracy of QTL mapping is low and can only be loca-

ted in a large range. It is necessary to create near-isogenic lines in

Received : October 2, 2020 Accepted: November 28, 2020

Supported by Sichuan Science and Technology Support Project (2016NYZ-
0049, 2016NZ0103).

Haiying ZHANG, master candidate, engaged in research on the molecular
mechanism of maize response to low phosphorus stress.

# Corresponding author. Bowen LUO, doctor, lecturer, engaged in research
on efficient utilization of nutrients in maize.

Editorial Office E-mail; asiaar@ 163. com

order to locate candidate genes.

Another kind of mapping method is association mapping, also
known as linkage disequilibrium mapping and it is a relatively new
and promising method for the mapping of complex quantitative
traits. Based on the concept of linkage disequilibrium, association
analysis uses historical recombination events accumulated around
the target traits and natural genetic diversity within the population
for gene mapping, which has a high mapping accuracy. Some
GWAS studies related to flowering have been reported in maize.
For example, a total of 26 SNPs which were significantly associat-
ed with tassel number were detected by genome-wide associated
analysis ( GWAS) ",

containing 423 candidate genes were revealed by selective signa-

In addition, 106 selective-sweep regions

ture analysis and SNP- and haplotype-based GWAS were per-
formed with 39 350 high-quality SNP markers'® . To detect more
variations associated with maize flowering time, Li et al. ) used a
population containing more than 8 000 lines and nearly 1 million
single nucleotide polymorphisms (SNPs) to conduct GWAS and
identified about 220 candidate genes in 90 genomic regions. Al-
though there have been so many studies on the mapping of maize
flowering, only a few genes related to flowering have been cloned,
such as Vgt1™', ZmCCT™ and Nuwl™.

mechanisms and regulatory pathways for flowering time in maize

So, the molecular

need to be further explored.

In this study, we investigated the days to tasseling (DTT) ,
days to silking (DTS) and days to pollen shedding (DTP) of 310
genotypically diverse inbred lines from the Southwest China breed-
ing program at three environments in three years. GWAS was con-
ducted using the 46 209 high-quality SNPs and BLUP values of
three flowering traits of the 310 inbred lines to screen flowering as-
sociated candidate genes. It will provide stable mapping results for

further understanding the regulation of the maize flowering.
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2 Materials and methods
2.1 Plant materials A total of 310 genotypically diverse in-
bred lines from the current Southwest China breeding program
were screened to investigate flowering traits. The field experiments
were conducted during the natural growing season in 2018 — 2020
at three experimental locations, Zhanyi ( Yunnan Province, 2018;
southwest region ), Jiuquan ( Gansu Province, 2018 and 2019,
northwest region) and Shizong ( Yunnan Province, 2019, south-
west region) , with different hours of sunlight. The tested materials
were sowed on March 3, May 30, and May 3 at each environmen-
tal location, respectively. The plots were arranged in a complete
randomized block design of single row plots with two replications at
each location. Each row plot was 3 m in length with 0.75 m spac-
ing between the rows and 0.3 m between plants.
2.2 Phenotypic identification and data analysis Days to tas-
seling (DTT), days to silking (DTS), and days to pollen shed-
ding (DTP) were investigated for each plot as the interval from
the date of sowing to the date on which 50% of the plants in the
plot had initiated tasseling, silking, and pollen shedding, respec-
tively. Descriptive analysis and analysis of variance ( ANOVA)
were calculated by R software 3.3.3. After eliminating the abnor-
mal values of each phenotype, the best linear unbiased predictive
value (BLUP) of each flowering trait under different environmen-
tal condition was calculated using the Ime4 package in R software
3.3.3"7'. The broad-sense heritability formula for each phenotype
was performed using the model as follows'"’ ;

h2 =0g2/082 + oge2 + ge2
where og2 is the variance of the genotype, oge2 is the variance of
the interaction between genotype and environment, and ge2 is er-
ror variance.
2.3 Genome-wide association analysis and candidate gene
screening The 46 209 high-quality genomic SNPs of the 310

Table 1 Descriptive statistical analysis of flowering traits

maize inbred lines (with missing rate <20% and minor allele fre-
quency >0.05) were used for GWAS"*'. Combined with the
BLUP value of the flowering traits, the GWAS was calculated by
using the MLM model (Q + K model) in Tassel 5.2.30". The
results of the population structure (Q) and the kinship matrix
", For 46 209 mark-
ers, the corresponding Bonferroni-corrected threshold P values at
a=1and ¢ =0.05 were 2.16 x 10 ™* and 1.08 x 10 ~* (log P val-
ues of 4.66 and 5.97, respectively). So, we set P <2.16 x107

as the standard to determine whether an SNP locus was significant-

(K) were estimated from a previous study

ly associated with a trait. According to the average LD decay dis-
tance, we extracted the genes near the significant association sites
from the public maize genome data set (www. maizegdb. org). GO
and KEGG-pathway enrichment analysis of these candidate genes

were performed by ClueGo'’.

3 Results and analysis

3.1 Phenotypic analysis based on three environmental con-
DTT, DTS, and DTP of 310 maize inbred lines in three
environmental conditions all varied widely ( Table 1). The mean
of DTT ranged from 47.49 to 110.68 d. The mean of DTS ranged
from 51.56 to 114.73 d. And the mean of DTP ranged from 49. 74
to 113. 75 d. It suggested that the maize germplasm contained

ditions

abundant genetic variations in flowering traits. Among different
environments, the flowering time at Zhanyi in 2018 was the lon-
gest, with an average DTT of 110. 68 d, DTS of 114.73 d, and
DTP of 113.75 d, and the corresponding coefficients of variation
ranged from 3.62% to 4.53% . Whereas the flowering time at Shi-
zong in 2019 was the shortest, with an average DTT of 47.49 d,
DTS of 51.16 d, DTP of 49.74 d, and the coefficients of variation
ranged from 6.64% to 9.06% .

Trait En N Mean + SD Min Max Skew Kurtosis CV// %
DTT 187 285 110.68 +4.4 104 121.5 0.5 -0.62 3.98
19, 20G 310 85.44 £7.32 76.25 128.25 0.01 -0.59 8.57
19S 236 47.49 £3.15 38 56 0.05 0.16 6.64
DTS 187 285 114.73 £5.2 106 126 0.02 -1.09 4.53
19, 20G 302 90.02 £5.16 77 104 0.25 -0.15 5.74
19S 228 51.16 £4.63 33 74.5 -0.53 4.98 9.06
DTP 187 285 113.75 £4.12 107.5 123.5 0.54 -0.73 3.62
19, 20G 305 87.36 +4.77 77.25 104 0.73 1.12 5.46
19S 235 49.74 +£3.47 33 57 -1.08 4.54 6.98

Note: 18Z: Zhanyi in the 2018 year; 19,20G: Gansu in the 2019 and 2020 years; 19S: Shizong in the 2019 year.

3.2 Mining candidate genes related to flowering by GWAS

A total of 22 single-nucleotide polymorphism (SNP) markers were
significantly associated with DTT and the contribution rate ranged
from 5.948% to 19.361% (Table 2). Among the 22 SNPs, 13
SNP markers were extremely significantly associated with DTT.
According to the physical position of these SNP markers and aver-
age LD (linkage disequilibrium) decay distance, 234 candidate
genes were identified near these significantly associated SNP mark-

ers. These candidate genes were mainly distributed on chromosome
1, 4, with few on chromosome 3, 9. The GO and KEGG pathway
enrichment of these 234 candidate genes were analyzed by Clue-
GO, the results showed that these genes were mainly involved in
meiosis, synthesis of plasma membrane protein complexes, and
plant-type vacuoles. In more detail, 16 genes were annotated to be
involved in autonomous, photoperiod, pollen germination path-

ways, et al.
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Table 2 The SNPs significantly associated with DTT trait

Marker Chr Position —log (10)? Niarker

R* /%
PZE-106022223 6 55 606 659 5.024 5.948
PZE-106022533 6 56 856 129 4.899 5.949
PZE-109101467 9 148 187 596 5.203 6.030
PZB01083.2 7 4 404 928 4.783 6.312
PZE-108054728 8 99 636 333 5.125 6.316
PZE-101108756 1 117 652 768 5.020 6.387
PZE-101233249 1 286 487 468 5.273 6.569
PZE-102018146 2 8 679 944 5.313 6.783
PZE-108073496 8 132 235 741 6.093 6.887
7ZM013214-0531 1 18 617 155 5.851 7.463
PZE-101181366 1 229 372 360 6.014 8.160
PZE-104047067 4 73 913 873 6.615 8.385
PZE-104042239 4 60 824 101 6.790 8.572
PZE-101212333 1 267 325 358 6.875 8.832
PZE-104061095 4 124 312 210 7.074 9.029
PZE-107128336 7 176 156 073 6.802 9.725
PZE-101081600 1 70 069 217 7.844 10.379
PUT-163a-14244132-310 7 165 218 873 8.083 10. 815
PZE-103091448 3 152 438 209 8.384 11.779
PZE-104078405 4 156 173 691 8.990 11.964
PZE-102019311 2 9 302 999 9.329 12.580
PZE-108047111 8 80 376 634 11.662 19.361

Table 3 The 16 genes involved in flowering among the 234 candidate genes

The functions of the 16 corresponding homologous genes all
have been verified in Arabidopsis (Table. 3). According to the
function and annotation of homologous genes, we divided these 16
candidate genes into four categories. Firstly, 11 homologous genes
involved in the development of pollen germination and pollen tube
growth were obtained, including 7 genes screened from transcrip-
"Y1 Then, some studies reported that EMF1 and

BASI are involved in photoperiod or photomorphogenesis'™ """

tome analysis'

Thirdly, ATLP-3 was identified by genome-wide analysis of spatial

[2] " Besides, as a metallo-

gene expression in Arabidopsis flowers
phosphoesterase, the expression of ATPAP3 was detected in spe-
cific flower organs™™ . Finally, SDS encodes a meiotic cyclin-like
protein that is necessary for meiotic DNA double-strand breaks

(DSBs) repair and it was also reported to affect the fertility' ™’ .

4 Discussion

In this study, three environmental locations were selected in
northern and southern regions, namely, the areas of long-day and
short-day respectively, which have a great impact on the growth of
maize. The phenotypic values with extremely large changes in
flowering time under different environmental conditions were found
in the experimental results, especially some photoperiod-sensitive
materials, indicating that the adaptability of maize to the environ-
ment is still different. Although the field experiment is easily af-
fected by environmental factors, it is more suitable for us to screen
extreme materials.

Maize Gene ID Arb ID or Name Position Marker Chr Marker R? // % Description
Zm00001d002231 ATFDB7* 267 325 358 PZE-101212333 1 8.832 F-box only protein 7
Zm00001d002232 ATFDA11?* 8 679 944 PZE-102018146 2 6.783 F-box only protein 7
Zm00001d002266 ATPAO2Y 9 302 999 PZE-102019311 2 12.58 Lysine-specific histone demethylase 1
Zm00001d002279 FBX2* 9 302 999 PZE-102019311 2 12.58 F-box/WD-40 repeat-containing protein
Zm00001d002284 AT5G60570" 9 302 999 PZE-102019311 2 12.58 F-box/kelch-repeat protein
Zm00001d010112 AT2G37980" 99 636 333 PZE-108054728 8 6.316 O-fucosyltransferase family protein
Zm00001d010889 AT5G01200" 132235741 PZE-108073496 8 6.887 Myb proteinl

Zm00001d010894 AT5G58300 132 235 741 PZE-108073496 8 6.887 Embryonic flower 1-like protein
Zm00001d018751 AAP6* 4 404 928 PZB01083.2 7 6.312 Amino acid permease 6
Zm00001d022351 BAS1 176 156 073 PZE-107128336 7 9.725 Cytochrome P450 734A1
Zm00001d022372 ATCXE18* 176 156 073 PZE-107128336 7 9.725 Probable carboxylesterase 18
Zm00001d033566 ATPAP3 267 325 358 PZE-101212333 1 8.832 Purple acid phosphatase 3
Zm00001d048014 ATLP-3 148 187 596 PZE-109101467 9 6.03 Thaumatin-like protein 3
Zm00001d048026 SDS 148 187 596 PZE-109101467 9 6.03 Cyclin-SDS

Zm00001d050815 KFB39" 124 312 210 PZE-104061095 4 9.029 F-box/kelch-repeat protein SKIP20
Zm00001d050816 ATAL7® 124 312 210 PZE-104061095 4 9.029 PHD finger protein

Note: * and *, involved in pollen germination. b, derived from transcriptome analysis.

GWAS is a powerful method for analyzing complex quantita-
tive traits, it uses molecular markers distributed throughout the ge-
nome to associate with target traits™. In our study, only the tas-
seling trait was significantly associated with SNPs. It may be
caused by the relatively lower density of SNPs which does not com-
pletely cover the genes that control other flowering traits. In this
study, the flowering traits were recorded under multiple environ-
ment conditions, and the BULP values were estimated for each

line across the different environments, which can help to identify
stable genetic locus'”’. Maize flowering, pollen germination, and
pollen tube elongation are a series of complex biological processes,
involving in many signal transduction and physiological metabolic
pathways. The analysis of GO and KEGG pathway enrichment
showed that most of the candidate genes were mainly involved in
meiosis. As an important process of gametes producing (eggs and
germs) at flowering stage, meiosis plays a very important role in
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the seed setting rate of plants'™'. This result is a good illustration
of the accuracy of the flowering related candidate genes screened
by GWAS.

In addition, the homologs of 16 candidate genes screened
from the GWAS results were verified in Arabidopsis thaliana. In
the process of pollen germination (PG) and pollen tube growth
(PTG), ATFDBT, ATFDA1l and ATALT will generate proteins
via intercompartmental duplication in anthers and pollen organellar
to fight against microbial pathogens'™'. Meanwhile, the transcrip-
tome analysis showed that seven genes ( ATPAO2, FBX2,
AT5G60570, AT2G37980, AT5G01200, ATLP-3, KFB39) have
initiated transcription to mobilize materials and energy for PG with
PTG that increase the physiological and biochemical activities of
germinating pollen and pollen tubes'"”’. Besides, AAP6 was inter-
preted to be a higher affinity system that can transfer acidic and
neutral amino acids as the nitrogen source to the locule for pollen

development "’

. In the signal response of photoperiod and photo-
morphogenesis, EMF1 can integrate LHP1 and a trimethyl histone
H3lysine4 (H3K4) demethylase to form a complex, which can
silence the florigen gene FLOWERING LOCUS T (FT) to prevent
photoperiod-independent flowering and make flowering time re-

spond to environmental signals in Arabidopsis'™’.

Furthermore ,
the photomorphogenesis could occur at multiple stages of plant
growth and development, such as the flowering time. After floral
induction, the expression of BAS1 was observed throughout the
shoot apex that may prevent an early flowering transition by trans-
porting brassinosteroids™’. In flower organs, ATPAP3 has been
identified as a metallo-phosphoesterases that could activate the
process of dephosphorylation and was found to express specifically
in some flower organs, indicating that it may be related to the

flowering of plants'™'.

Meanwhile, ATLP-3 expressed in tapetum
of anthers encodes a thaumatin-like protein that can accelerate the
cellular differentiation in petals and stamens'™’. Lastly, SDS is a
meiosis specific cyclin protein involved in meiosis. In order to en-
hance the fertility of male gametes, SDS can act with ASY1 and
AtHOP2/AHP2 1o drive DNA double-strand breaks repair >’ .

Although these candidate genes have not been verified in
maize, the verification results of the homologs of these genes in
other model plants provide us important reference information and
increase the reliability of our screened candidate genes. These re-
sults will provide valuable information for further study of maize
flowering regulation mechanisms in the future.

References

[1] AUSTIN DF, LEE M, VELDBOOM LR. Genetic mapping in maize with
hybrid progeny across testers and generations: plant height and flowering
[J]. Theoretical & Applied Genetics, 2001, 102(1): 163 —176.

[2] XINHAI L, GENLAI G, XIAOLING L, et al. Genetic diversity of
drought tolerance at flowering time in elite maize germplasm[J]. Acta
Agronomica Sinica, 2002, 28(5) : 595 - 600.

[3] SUN TT, JIANG Y, SHEN X, et al. QTL analysis of flowering related
traits in maize using F(2:3) population[ J]. Journal of Maize Sciences,
2013, 21(2) : 42 -46.

[4] AGRAMA HAS, MOUSSA ME. Mapping QTLs in breeding for drought
tolerance in maize (Zea mays L. )[J]. Euphytica, 1996, 91(1) . 89 —
97.

[5] BUCKLER ES, HOLLAND JB, BRADBURY PJ, et al. The genetic ar-
chitecture of maize flowering time [ J ]. Science, 2009, 325 (5941).

714 -718.

CHARDON F, VIRLON B, MOREAU L, et al. Genetic architecture of

flowering time in maize as inferred from quantitative trait loci meta-analy-

[6

[

sis and synteny conservation with the rice genome[ J]. Genetics, 2004,
168(4) : 2169 -2185.

DU Y, YANG S, ZHU H, et al. Genome-wide association analysis of tas-
sel branch number under high and low plant densities in maize (Zea mays
L.)[J]. Molecular Plant Breeding, 2018, 16(18) : 5970 —5977.

[8] LI Z, LIU X, XU X, et al. Favorable haplotypes and associated genes for

flowering time and photoperiod sensitivity identified by comparative selec-

—
=
[

tive signature analysis and GWAS in temperate and tropical maize[ J].
The Crop Journal, 2020, 8(2) . 227 -242.

LI YX, LI C, BRADBURY PJ, et al. Identification of genetic variants
associated with maize flowering time using an extremely large multi-genet-
ic background population[ J]. Plant Journal for Cell & Molecular Biolo-
gy, 2016, 86(5) : 391 —402.

[10] SALVI S, SPONZA G, MORGANTE M, et al. Conserved noncoding ge-

nomic sequences associated with a flowering-time quantitative trait locus

—
o
—

in maize[ J]. Proceedings of the National Academy of Sciences of the
United States of America, 2007, 104(27) . 11376 —11381.

[11] HUNG HY, SHANNON LM, TIAN F, et al. ZmCCT and the genetic
basis of day-length adaptation underlying the postdomestication spread of
maize[ J]. Proceedings of the National Academy of Sciences of the Unit-
ed States of America, 2012, 109(28) : 1913 - 1921.

[12] DONG ZB, XU ZN, XU L, et al. Necrotic upper tipsl mimics heat and
drought stress and encodes a protoxylem-specific transcription factor in
maize[ J]. Proceedings of the National Academy of Sciences of the Unit-
ed States of America, 2020, 117(34) ; 20908 —20919.

[13] PACE J, GARDNER C, ROMAY C, et al. Genome-wide association
analysis of seedling root development in maize(Zea mays L. )[J]. BMC
Genomics, 2015, 16(1) : 47.

[14] ZHANG X, ZHANG H, LI L, et al. Characterizing the population
structure and genetic diversity of maize breeding germplasm in Southwest
China using genome-wide SNP markers[ J]. BMC Genomics, 2016, 17
(1):697.

[15] BRADBURY PJ, ZHANG Z, KROON DE, et al. TASSEL: software for
association mapping of complex traits in diverse samples[ J]. Bioinfor-
matics, 2007, 23(19) : 2633.

[16] ZHU M, ZHANG M, XING L, et al. Transcriptomic analysis of long
non-coding RNAs and coding genes uncovers a complex regulatory net-
work that is involved in maize seed development[]J]. Genes, 2017, 8
(10) : 274.

[17] WANG Y, ZHANG WZ, SONG LF, et al. Transcriptome analyses show
changes in gene expression to accompany pollen germination and tube
growth in Arabidopsis[ J]. Plant Physiology, 2008, 148(3). 1201 -
1211.

[18] SBATIE L, MARTYNA B, ZAHRA A, et al. Neofunctionalization of
mitochondrial proteins and incorporation into signaling networks in plants
[J]. Molecular Biology and Evolution, 2019(5) : 5.

[19] LEE YH, TEGEDER M. Selective expression of a novel high-affinity
transport system for acidic and neutral amino acids in the tapetum cells
of Arabidopsis flowers[ J]. The Plant Journal, 2004, 40(1) . 60 —74.

[20] WANG Y, GU X, YUAN W, et al. Photoperiodic control of the floral
transition through a distinct polycomb repressive complex[ J]. Develop-
mental Cell, 2014, 28(6) : 727 -736.

[21] SANDHU KS, HAGELY K, NEFF MM. Genetic interactions between
brassinosteroid-inactivating P450s and photomorphogenic photoreceptors
in Arabidopsis thaliana[ J]. G3: Genes Genomes Genetics, 2012, 2
(12): 1585 - 1593.

(To page 62)



62

Asian Agricultural Research

2020

were (85.77 +3.53)% , (48.36 £4.20)% and (7.86 +0.09) %,
respectively.

The total flavonoid, pectin, limonin, reducing sugar and vol-
atile oil contents of the peel were 1.00% , 7. 14% , 0. 51%
5.98% and 4.25% , respectively. The total flavonoid, pectin, li-
monin and reducing sugar contents of the pulp were 1.02% ,
5.04% , 0.03% and 4.56% , respectively. The total flavonoid,
total acid, reducing sugar and vitamin E contents of the juice were
0.11% , 6.74% , 0.37% and 1. 68 mg/kg, respectively, while
the content of vitamins A, B,, B,, B;, B, and D was very low.
The limonin, reducing sugar and volatile oil contents of the seed
were 0. 46% , 1.39% and 30. 46% , respectively. The vitamin
B,, B;, By, and E contents of the fruit residue were 44.83,
19.31, 17.55, and 15.72 mg/kg, respectively. The amino acid
profile of the residue included aspartic acid, glutamate, cystine,
serine, glycine, histidine, arginine, threonine, alanine, proline,
tyrosine, valine, methionine, isoleucine, leucine, phenylalanine
and lysine contents of 4.42, 1. 81, 2.10, 0.78, 0.59, 0.20,
0.72, 0.16, 0.67, 3.65, 0.50, 0.67, 0.59, 1.00, 0.76, 0.57
and 0.91 g/kg, respectively.

The technical data obtained in this study can be used to fur-
ther improve the study and processing of calamondins, and to aid
the development of specialized harvesting and processing equip-
ment. The chemical properties of the peel, pulp, juice and seeds
further research and value-added product development focused on
the calamondin fruit.
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