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a b s t r a c t

Flowering time is an indicator of adaptation in maize and a key trait for selection in breeding. The genetic
basis of flowering time in maize, especially in response to plant density, remains unclear. The objective of
this study was to identify maize quantitative trait loci (QTL) associated with flowering time-related traits
that are stably expressed under several plant densities and show additive effects that vary with plant
density. Three hundred recombinant inbred lines (RIL) derived from a cross between Ye 478 and Qi
319, together with their parents, were planted at three plant densities (90,000, 120,000, and 150,000
plants ha�1) in four environments. The five traits investigated were days to tasseling (DTT), days to silking
(DTS), days to pollen shed (DTP), interval between anthesis and silking (ASI), and interval between tas-
seling and anthesis (TAI). A high-resolution bin map was used for QTL mapping. In the RIL population,
the DTT, DTS, and DTP values increased with plant density, whereas the ASI and TAI values showed neg-
ligible response to plant density. A total of 72 QTL were identified for flowering time-related traits,
including 15 stably expressed across environments. Maize flowering time under different densities seems
to be regulated by complex pathways rather than by several major genes or an independent pathway. The
effects of some stable QTL, especially qDTT8-1 and qDTT10-4, varied with plant density. Fine mapping and
cloning of these QTL will shed light on the mechanism of flowering time and assist in breeding early-
maturing maize inbred lines and hybrids.

� 2020 Crop Science Society of China and Institute of Crop Science, CAAS. Production and hosting by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Maize (Zea mays L.) is a major global source of food, forage, and
bioenergy [1]. Maize also is one of the most adaptable crops [2].
Numerous landraces and commercial hybrids show features such
as flowering time, maturity, and plant architecture that are
adapted to various climates and locations. Flowering time is a
key breeding target of maize because it reflects adaptability to a
given environment and varies among agro-ecological zones with
different farming systems [3,4]. For example, a winter wheat–sum-
mer maize rotation is a dominant farming system in the Huang-
Huai-Hai plain, a major maize production area in northern China,
whereas a single maize crop per year is the typical mode for grain
production in northeastern China.

Flowering time has been widely investigated in numerous plant
species, especially in Arabidopsis thaliana and rice (Oryza sativa)
[5,6]. Hundreds of genes that control flowering time have been
identified in Arabidopsis and a relatively complete flowering-time
gene regulatory network has been constructed for this species
[7–9]. In contrast, our understanding of the genetic mechanisms
of flowering time in maize is still rudimentary. Several genes
affecting flowering time have been cloned in maize using compar-
ative genomics, such as ZmCCA1 [10], ZmMADS1 [11], and ZmCOL3
[12], which are homologous to AtCCA1 and AtSOC1 in Arabidopsis
and to OsCOL4 in rice. Overexpression of any of these genes delayed
flowering time in maize or Arabidopsis. Only a handful of flowering
time mutants in maize have been reported to date. For example,
the gigantea1 (gi1) mutant promotes flowering earlier than wild-
type under long day condition, while delayed flowering1 (dlf1), inde-
terminate1 (id1), and leafy (irrelevant to Arabidopsis LFY) are all
late-flowering mutants [13–16]. Among these, DLF1 and ID1 have
been cloned [14,15]. DLF1 is a homolog of Arabidopsis FLOWERING
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LOCUS D (FD) and encodes a bZIP transcription factor [14]. The ID1
gene appears to be present only in grasses, as no homologs of this
gene are present in Arabidopsis, implying divergence in the genetic
basis of flowering time between monocots and dicots, and encodes
a zinc-finger transcription factor [7,15]. Flowering time in maize is
controlled by a set of small-effect QTL [2], and several QTL have
been identified using large populations, such as RIL and NAM pop-
ulations, and high-resolution genetic linkage maps [2,7,17,18].
Only a few genes controlling flowering time have been fine-
mapped or cloned, including Vgt1 (Vegetative to generative 1)
[19], ZCN8 [3], ZmMADS69 [20], ZmCCT9 [4], and ZmCCT [21,22].

The per-plant yield potential of maize has reached an apparent
plateau with the use of maize hybrids, and the more gradual
increases in maize yield in recent decades have been attributed
primarily to tolerance of high plant density [23–26]. However, high
plant density may result in delayed flowering time and late matu-
rity [23,27]. The genetic architecture of maize flowering time
under high plant density has been less studied than yield-related
traits. For instance, under 52,500 and 90,000 plants ha�1, Guo
et al. [24] found that decreases of partial yield-component traits
under high density could be compensated by increased plant num-
ber, and 76 QTL were associated with the 10 yield-related traits;
Ma et al. [28] identified four heterosis-related genes in maize
under two plant densities (45,000 and 67,500 plants ha�1).

The objective of the present study was to identify stable and
density-specific QTL for flowering-time-related traits in 300 maize
recombinant inbred lines planted at three densities. The present
study aims to broaden our understanding of the genetic basis of
flowering time under high plant densities and improve the theoret-
ical basis for molecular marker-assisted breeding in maize.

2. Materials and methods

2.1. Materials

A population of 300 recombinant inbred lines (RIL) was ran-
domly selected from a set of 365 RIL derived from a cross between
Ye 478 (PA heterotic group) and Qi 319 (PB heterotic group) by
single-seed descent. The RIL population and parents grown at
60,000 plants ha�1 have been described [17,29,30]. The 365 RIL
had been genotyped with 86,257 single nucleotide polymorphism
(SNPs), and a high-resolution linkage map with 4602 bin markers
was constructed [17,29]. The total genetic length of the map was
1533.72 cM with a mean genetic distance of 0.33 cM, equivalent
to a physical distance of 0.45 Mb, between adjacent markers
[17,29].

2.2. Field trials and phenotyping

Phenotypes were evaluated in two locations per year in the
2017 and 2018 summer maize seasons. Three plant densities were
employed in each location: 90,000 (low plant density, LPD),
120,000 (moderate plant density, MPD), and 150,000 plants ha�1

(high plant density, HPD). In Shijiazhuang, Hebei province
(37.27�N, 113.30�E), all RIL and their parents were sown on June
18, 2017 and June 14, 2018. In Xinxiang, Henan province
(35.19�N, 113.53�E), the materials were sown on June 20, 2017
and June 16, 2018. Field trials were laid out in randomized com-
plete blocks with three replications. Each line was grown in a sin-
gle 4-m row, with 0.6-m row spacing. Field management followed
local production practice.

Three primary and two secondary flowering time-related traits
were measured: days to tasseling (DTT, number of days from sow-
ing to tasseling of 50% plants), days to silking (DTS, number of days
from sowing to silking of 50% plants), days to pollen shed (DTP,

number of days from sowing to top third of the tassels shedding
pollen), anthesis–silking interval (ASI = DTP � DTS), and tassel-
ing–anthesis interval (TAI = DTP � DTT).

2.3. Statistical analysis

The mean of three replications in each environment was used as
a measurement. Analysis of variance (ANOVA), correlation analysis
and broad-sense heritability (H2) calculation were performed with
SPSS version 22 [31]. To reduce the influence of external factors on
phenotypic variation, a BLUE (best linear unbiased estimate) value
for each recombinant inbred line at each plant density was calcu-
lated using QTL IciMapping 4.1 software [32]. The H2 value was
estimated as follows [33]:

H2 ¼ r2
G

r2
G þ r2

GE
n þ r2

nr

ð1Þ

where r2
G is genotypic variance, r2

GE is the effect of interaction
between genotype and environment, r2 is error variance, n is the
number of environments, and r is the number of replications in each
environment.

2.4. QTL mapping

QTL were identified using the inclusive composite interval map-
ping (ICIM) method in QTL IciMapping with the scanning step and
PIN value of 0.1 cM and 0.0002, respectively. The LOD (logarithm of
odds) score for declaring a significant QTL was estimated as 3.3
using 1000 permutations and P-value of 0.05 [32,34]. For single-
environment QTL mapping analysis, phenotypic data consisted of
means of three replications in a single environment. For single-
plant density QTL mapping analysis, phenotypic data consisted of
BLUE values across environments at a given plant density. QTL
for a given trait with the same or overlapping confidence intervals
were considered to be a single QTL, and QTL for different traits with
the same or overlapping confidence intervals were considered to
be a QTL cluster or a pleiotropic QTL. In particular, QTL identified
at all three plant densities were considered to be stable QTL.
Location-specific QTL were defined as QTL identified in only one
location and density-specific QTL as QTL identified only under
one plant density.

3. Results

3.1. Phenotypic evaluation of five traits related to flowering time under
three plant densities

Among the five traits, there was no significant difference
between the parents Ye 478 and Qi 319 in DTT, whereas the phe-
notypic values of DTS, DTP, and TAI were higher for Ye 478 than
for Qi 319, and those of ASI were higher for Qi 319 than for Ye
478 (Table 1; Table S1). The values of all five traits in the two par-
ents increased with plant density. In the RIL population, the pheno-
typic values of the primary traits DTT, DTS, and DTP also increased
with plant density. However, the phenotypic values of the sec-
ondary traits ASI and TAI were insensitive to plant density (Table 1;
Table S1). Bidirectional transgressive segregation of all traits was
observed in all measured environments, suggesting that these
traits are quantitative traits under polygenic control and the
genetic difference of flowering time exist in in the parental lines.
All five traits showed high broad-sense heritability (H2) across all
environments, ranging from 69.68% (TAI in E9) to 96.43% (DTP in
E4). The broad-sense heritability of the primary flowering time-
related traits was higher than that of the secondary traits, indicat-
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ing that stably inherited genetic factors played crucial roles in the
establishment of these traits (Table 1; Table S1).

Heat maps of the phenotypic data in the 12 environments
revealed high correlations among the five traits, suggesting that
use of the BLUE values for the five traits was suitable for statistical
analyses and QTL mapping (Fig. S1). Highly significant (P < 0.001)
differences were found among genotypes, environments, and
G � E interactions for all traits (Table S2). There were significant
positive correlations among DTT, DTS, and DTP (Fig. 1). Similarly
to DTP and TAI, DTS showed a low positive correlation with ASI.
There was a weak negative correlation between ASI and TAI. No
correlations were detected between the other traits. The correla-
tions among the five traits were little affected by plant density
(Fig. 1).

3.2. QTL mapping of flowering time-related traits in the RIL population

QTL for the five traits were detected across all 12 individual
environments under each of three plant densities.

3.2.1. DTT
A total of 15 QTL influencing DTT, distributed on all chromo-

somes except 4, 6, and 9, were identified by single-environment
mapping (Fig. 2; Table S3). The individual QTL contributions to
phenotypic variance ranged from 3.90% (qDTT2 in E7) to 17.80%
(qDTT10-2 in E1) and the cumulative contributions from 15.62%
(E8) to 38.13% (E9; Table S4). Nine QTL were detected under at
least two plant densities. qDTT5 on chromosome 5 was a plant
density-specific QTL identified only in LPD in 2018, explaining
5.08%–6.15% of the phenotypic variation in DTT. The six stable
QTL qDTT3-1, qDTT7-2, qDTT10-2, qDTT2, qDTT10-4, and qDTT8-1
were detected in respectively four, four, five, seven, eight, and nine
environments under all three plant densities. Three location-
specific QTL, qDTT10-2 (Shijiazhuang), qDTT1-1 (Xinxiang), and
qDTT1-4 (Xinxiang), all showed positive additive effects and were
detected under at least two plant densities, and indicated that they
carry alleles derived from parent Qi 319 that could delay tasseling.
The stable QTL qDTT2 was detected in seven environments and
contributed 3.90%–10.70% of the phenotypic variation in DTT.
The additive effects of this QTL ranged from � 0.25 to � 0.54,
implying that the qDTT2 allele from Qi 319 promoted tasseling. A
QTL with positive additive effects, qDTT10-4, was consistently
detected in eight environments under all plant densities and
explained 4.09%–9.67% of the phenotypic variation in DTT. The
mapped locations of another stable QTL, qDTT8-1 overlapped in
bin 8.02 on chromosome 8 in nine different environments.
qDTT8-1 explained 4.10%–9.88% of the phenotypic variation in
DTT and the allele derived from Qi 319 advanced tasseling by
0.25–0.60 days. The effects of qDTT8-1 with increasing plant den-
sity appeared to be cumulative (Table S5).

3.2.2. DTS
Twelve QTL for DTS were discovered in single environments,

with nine QTL were detected uniquely in Xinxiang (Fig. 2;
Table S3). The mapped locations of five QTL, including three
location-specific QTL, qDTS1-2 (Xinxiang), qDTS2-2 (Xinxiang),
and qDTS2-3 (Shijiazhuang), overlapped under two plant densities.
qDTS3-1 and qDTS9 showed opposite additive effects on DTS and
were identified uniquely in Xinxiang under all three plant densi-
ties. qDTS7 and qDTS10 both showed positive additive effects on
DTS and were identified under two plant densities. No QTL
explained more than 10% of the phenotypic variation in DTS, sug-
gesting that DTS is controlled by a set of small-effect QTL
(Table S3).

Table 1
Descriptive statistics for flowering time-related traits of the parental lines and RIL population under three plant densities using BLUE values.

Trait Plant density Ye 478 Qi 319 RIL population

Mean ± SD Range Skewness Kurtosis CV (%) H2 (%)

DTT LPD 54.36 54.33 54.54 ± 1.73 49.71–61.00 0.24 0.94 3.17 82.08
MPD 55.37 55.47 55.03 ± 1.82 50.00–61.50 0.29 1.09 3.31 80.88
HPD 56.04 56.25 55.53 ± 1.53 51.50–61.33 0.39 0.46 2.76 78.58

DTS LPD 59.83 58.92 59.06 ± 2.41 53.00–68.00 0.35 0.49 4.08 82.49
MPD 59.66 59.68 59.77 ± 2.37 54.07–68.00 0.10 0.25 3.97 80.3
HPD 61.21 60.94 60.19 ± 2.17 54.50–66.50 0.41 0.30 3.61 79.2

DTP LPD 57.25 56.6 58.70 ± 2.18 53.50–64.91 0.29 0.06 3.71 83.15
MPD 61.24 59.14 59.11 ± 2.22 53.21–65.00 0.15 0.05 3.76 83.22
HPD 60.53 59.54 59.79 ± 2.05 55.06–66.00 0.41 0.24 3.43 79.25

ASI LPD �0.41 �0.6 0.53 ± 1.41 �3.65–5.27 0.17 0.31 266.04 79.51
MPD 0.66 1.96 0.50 ± 1.42 �3.50–5.15 0.25 0.04 284.00 75.48
HPD 1.18 2.24 0.58 ± 1.44 �3.50–4.27 �0.02 �0.23 248.28 76.55

TAI LPD 3.63 2.58 3.96 ± 1.02 1.00–7.50 0.37 0.19 25.76 73.51
MPD 4.52 2.41 3.99 ± 1.04 1.76–8.00 0.76 0.75 26.07 71.13
HPD 4.21 2.78 4.02 ± 1.00 1.87–7.00 0.44 �0.09 24.88 67.48

DTT, days to tasseling; DTS, days to silking; DTP, days to pollen shed; ASI, anthesis–silking interval; TAI, tasseling–anthesis interval; LPD, low plant density (90,000 plants
ha�1); MPD, moderate plant density (120,000 plants ha�1); HPD, high plant-density (150,000 plants ha�1); BLUE, best linear unbiased estimate; SD, standard deviation; CV
(%), coefficient of variation; H2 (%), broad-sense heritability.

Fig. 1. Significant correlations for flowering time-related traits in the RIL popula-
tion under three plant densities. The numbers represent Pearson correlation
coefficients between traits under LPD, MPD and HPD, and the red, blue, green, and
black numbers indicate respectively high, moderate, low, or no correlation; single
and double asterisks indicate significance at P < 0.05 and P < 0.01, respectively.
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3.2.3. DTP
Fifteen QTL influencing DTP were detected in all single environ-

ments, but only six of them were expressed under at least two
plant densities (Fig. 2; Table S3). One plant density-specific QTL,
qDTP10-2, was detected only under MPD in 2018 and explained
6.46%–14.35% of the phenotypic variation in DTP. Three location-
specific QTL were identified, including qDTP7-3 in Shijiazhuang,
qDTP10-3 in Shijiazhuang, and qDTP10-5 in Xinxiang. The stable
QTL qDTP10-5 explained 4.76%–11.98% of the phenotypic variation.
The major QTL qDTP10-4 was revealed on one environment (E9) in
which it explained 10.84% of the phenotypic variation in DTP.
Another major QTL located on chromosome 10, qDTP10-3, was
expressed repeatedly under all three plant densities. qDTP10-3
explained 9.89%–15.33% of the phenotypic variation in DTP and
the Qi 319 allele delayed DTP up to 1.03 days. Two stable QTL on
chromosome 2, qDTP2-1 and qDTP2-2, both showed negative addi-
tive effects, indicating that their alleles were derived from parent
Qi 319 and promoted pollen shedding. The additive effect of
qDTP2-1 diminished with increasing plant density (Table S5).

3.2.4. ASI
ASI was governed by nine QTL located on chromosomes 1, 2, 3,

4, 5, 9, and 10, and four of these QTL were detected in single envi-
ronments (Fig. 2; Table S3). The mapped locations of the plant
density-specific QTL qASI5 overlapped in two environments under
LPD and they had positive additive effects. The location-specific
QTL qASI3-1 (Xinxiang) and qASI4 (Xinxiang) displayed opposite
additive effects and explained up to 16.10% and 13.95%, respec-
tively, of the phenotypic variation. The stable QTL with negative
additive effects qASI1-1 and qASI10 were repeatedly identified in

seven and four environments, respectively. qASI1-1 explained from
5.82% to 10.58% and qASI10 explained 5.87%–9.28% of the pheno-
typic variation. Interestingly, the stable QTL qASI1-1 was consis-
tently identified under all three plant densities, its maximum
LOD scores and the proportions of phenotypic variation explained
were both highest under HPD, and the Qi 319 allele reduced ASI by
up to 0.54 days (Table S5).

3.2.5. TAI
Fourteen QTL influencing TAI were identified in 12 environ-

ments and 10 of them were detected in only a single environment
or plant density (Fig. 2; Table S3). Five QTL including qTAI2-1,
qTAI2-2, qTAI3, qTAI10-5, and qTAI10-6 were detected under two
plant densities and three of these QTL were location-specific,
excluding qTAI2-2 and qTAI3. However, no stable QTL for TAI were
identified during single-environment mapping. Five QTL influenc-
ing TAI were identified on chromosome 10. Two major QTL on
chromosome 10 were both identified in different individual envi-
ronments. qTAI10-2 explained 16.11% of the phenotypic variation
in E3 and qTAI10-4 explained 14.66% in E7. qTAI10-2 and qTAI10-
4 contributed additive effects to TAI of respectively 0.55 and
0.57 day. qTAI2-1, qTAI2-2, and qTAI6 contributed negative additive
effects, showing that the alleles increasing TAI were derived from
parent Ye 478.

In all, 65 QTL for flowering time-related traits were detected on
all 10 maize chromosomes across 12 individual environments
under three plant densities. These included 42 QTL for primary
and 23 QTL for secondary traits (Fig. 2; Table S3). The phenotypic
variation explained by individual QTL ranged from 3.70% (qDTS8
in E4) to 17.80% (qDTT10-2 in E1) and total cumulative contribu-

Fig. 2. Chromosomal distribution of quantitative trait loci (QTL) identified for flowering time-related traits in maize. QTL regions for flowering time-related traits represented
by confidence intervals are shown as boxes (for single-environment analysis) or circles (for BLUE analysis), and the colors of these boxes indicates the respective environment.
The width of each box or circle reflects the length of the confidence interval. The top, middle and bottom parts of the figure represent low plant density (LPD, 90,000 plants
ha�1), moderate plant density (MPD, 120,000 plants ha�1), and high plant density (HPD, 150,000 plants ha�1), respectively. The red, blue, green, purple, and orange circles at
left represent QTL for DTT, DTS, DTP, ASI, and TAI, respectively. 17S, 17X, 18S, and 18X represent 2017 Shijiazhuang, 2017 Xinxiang, 2018 Shijiazhuang, and 2018 Xinxiang,
respectively.
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tions of these QTL for each trait were 5.84% (ASI in E1) to 38.13%
(DTT in E9) in each environment (Table S4). Among these QTL, 35
were identified in only a single environment, 16 were discovered
under two plant densities, 14 were detected as stable QTL, and
three were identified as plant density-specific QTL. Of 16
location-specific QTL, five were stable QTL and the remaining 11
were each identified under two plant densities.

3.3. QTL detection using BLUE values

In total, 25 QTL were identified for all the flowering time-
related traits across all 10 chromosomes using BLUE values
(Fig. 2; Table S6). Of these, five, two, four, seven, and seven QTL
were detected for DTT, DTS, DTP, ASI, and TAI, respectively. The
maximum of eight QTL were identified on chromosome 10, fol-
lowed by five QTL on chromosome 1. Three QTL were identified
on chromosomes 2, 3, and 8. Only one QTL was identified on each
of chromosomes 4, 6, and 9 (Table S6). A total of 18 QTL overlapped
with other corresponding QTL in single-environment mapping and
seven QTL were uniquely identified using BLUE values (Fig. 2;
Tables S3 and S6). All the QTL detected using BLUE values were
small-effect QTL, among which none explained more than 10% of
the phenotypic variation in a trait and the total phenotypic vari-
ance of QTL for any trait ranged from 3.97% (DTS in MPD) to
23.68% (ASI in LPD) at each plant density (Tables S4 and S6). Low
levels of phenotypic variation for some traits may be the reason
some of these QTL could not be identified by single-environment

analysis. A total of 16 QTL were detected at only one plant density,
while seven QTL were discovered under two plant densities and
two stable QTL were repeatedly identified under all three plant
densities. Each of the two stable QTL, qDTT10-4, and qTAI6, were
also identified at some plant densities by single-environment anal-
ysis and the additive effects of qDTP10-4 increased with plant den-
sity (Tables S3, S5 and S6).

3.4. Clusters of colocalized QTL associated with flowering time-related
traits

The 72 QTL identified in this study by single-environment anal-
ysis and single-plant density analysis included 21 sets of overlap-
ping QTL (Tables S3 and S6). These 21 QTL clusters (QCs)
comprising 57 QTL were distributed on all chromosomes except
for chromosomes 4 and 6. The cloned genes ZCN8 and ZmCCT were
included in QC15 and QC19, respectively (Fig. 3; Table 2). The high-
est number of QCs was five each on chromosomes 1 and 10; fol-
lowed by three on chromosome 3; two QCs on each of
chromosomes 2, 7, and 8; and one QC on each of chromosomes 5
and 9. Eleven clusters of co-located QTL for two traits were mapped
to chromosomes 1, 3, 7, 8, 9, and 10. Five clusters on chromosomes
1, 2, 3, 7, and 10 included QTL for three traits. Although five hot-
spots on chromosomes 2 (bins 2.07–2.08), 5 (bin 5.03), 8 (bin
8.02), 10 (bin 10.03), and 10 (bins 10.05–10.07) included QTL for
four traits, no individual clusters harbored QTL for all five traits.
A total of 11 QCs contained QTL for DTT and DTP, indicating that

Fig. 3. Genomic distribution of QTL clusters (QCs) for flowering time-related traits and associated flowering time genes. The outmost layer represents the lengths (Mb) of the
10 chromosomes of maize. The different colors indicate different traits: DTT (red), DTS (blue), DTP (green), ASI (purple), and TAI (cyan). A series of color gradients indicate the
frequency at which a given QTL was identified in different environments. The distribution of QTL detected using BLUE values is depicted as a Venn diagram.

L. Wang, Z. Zhou, R. Li et al. The Crop Journal 9 (2021) 372–379

376



these two traits share a genetic basis. QC9 and QC20 harbored QTL
for DTT, DTP, and TAI. No QC co-localized QTL influencing DTS, DTP,
and ASI.

4. Discussion

The control of flowering time has been intensively investigated
in various cereals including rice, wheat, and barley, as it is closely
related to agronomic parameters including harvest time, biomass
yield, crop rotation patterns, and terminal drought avoidance
[5,35–37]. However, the genetic basis of flowering time is not yet
completely understood in maize. The majority of QTL we identified
were small-effect QTL and no QTL for DTS explained more than 10%
of the phenotypic variation (Tables S3 and S6). Our results con-
firmed previous [2,7] findings that many small-effect QTL control
flowering time in maize. Although several QTL affecting flowering
time in maize have been reported, only a few of these QTL have yet
been fine mapped and cloned [2–4,7,18–22]. Most of the genetic
analyses of flowering time in maize have been performed under
the typical plant density of about 60,000 plants ha�1. Thus, our
results under high plant densities could enrich our understanding
of the genetic mechanisms of flowering time in maize.

The phenotypic values for the timing of DTT, DTS, and DTP were
all delayed with increasing plant density, while ASI and TAI were
insensitive to plant density, as found in previous studies [23,25–
27]. The prolongation of the time to reach maturity under higher
plant density might thus delay the transition from vegetative to
reproductive stage. Although there were relatively small differ-
ences in phenotypic values between the parental lines Ye 478
and Qi 319, bidirectional transgressive segregation of these five
flowering time-related traits in the RIL population was observed
in all environments (Table 1; Table S1). We identified 15, 12, 15,
9, and 14 QTL for DTT, DTS, DTP, ASI, and TAI, respectively, by
single-environment analysis (Table S3). We observed high broad-
sense heritabilities and correlations for these five traits in all envi-
ronments (Table 1; Tables S1 and S2; Fig. S1). We thus used the
BLUE values to reduce the effects of genotype� environment inter-
actions (G � E) and finally identified 25 QTL for all five flowering
time-related traits (Table S6). All of these 25 QTL were small-
effect QTL and 18 were identified repeatedly by single-
environment analysis (Fig. 2; Tables S3 and S6). Finally, we identi-

fied a total of 72 QTL, more than half of which were uniquely iden-
tified in an individual environment.

We identified 15 stable QTL under all three plant densities
tested, suggesting that the genetic basis of maize flowering time
is partially consistent under different plant densities (Table 2;
Tables S3 and S6). The additive effects of four of these QTL
increased with plant density (Table S5). Although three of these
four QTL had negative additive effects, the decrease in DTP influ-
enced by qDTP2-1 with increasing plant density was opposite to
of the trends observed for traits influenced by qDTT8-1 and
qASI1-1. qDTT10-4, with the positive additive effect, was identified
in both single-environment and single-plant density analysis as a
stable QTL. Its additive effects increased gradually with plant den-
sity as well. These observations suggest that the four QTL, espe-
cially qDTT8-1 and qDTT10-4, will be of great practical value for
breeding maize inbred lines and commercial hybrids with toler-
ance to high plant density. We also identified 16 location-specific
QTL and three plant density-specific QTL. For example, qDTS10
was identified under LPD and MPD using single-environment anal-
ysis and under LPD using single-plant density analysis. These
results suggest that flowering time in maize is influenced by vari-
ous genetic mechanisms or that QTL for flowering time are selec-
tively expressed under specific plant densities (Table 2; Table S6).

Although flowering time-related QTL were detected on all 10
maize chromosomes, they were not evenly distributed throughout
the genome. QTL for associated traits can tend to cluster in certain
regions probably because these regions contain QTL or genes with
pleiotropic effects or tightly linked QTL influencing different traits
[38,39]. Herein, we found 57 QTL clustered into 21 hotspots (QC,
QTL cluster) and the associated genes are listed in Table 2. For
example, the familiar maize flowering time genes ZCN8 and ZmCCT
were included in QC15 and QC19, respectively [3,22]. The most
stable QTL, qDTT8-1, was identified in nine single environments
and under MPD during single-plant density analysis. The Qi 319
allele at qDTT8-1 causes tasseling to occur earlier and the additive
effects of this QTL increase with plant density. qDTS8 and qDTP8-1
were anchored in QC14 with qDTT8-1, and the alleles at these loci
from Qi 319 all promoted flowering (Table 2; Table S3). A QTL for
plant height overlapped with qDTT8-1 and the allele derived from
Qi 319 increased plant height (data not shown). These effects are
similar to the effects of GIGANTEA1 (GI1), which is in the confidence

Table 2
QTL clusters identified for flowering time-related traits.

QTL cluster Chr. Interval (Mb) Physical
length (Mb)

Bin No. of QTL Integrated QTL Associated gene

QC1 1 11.35–11.65 0.30 1.01 2 qDTT1-1, qDTS1-1
QC2 1 16.95–23.10 6.15 1.02 2 qDTS1-2, qASI1-1 ZmNLP3
QC3 1 34.90–35.95 1.05 1.03 2 qDTT1-2, qDTP1-1
QC4 1 207.75–216.55 8.80 1.07 3 qDTT1-4, qDTP1-2, qASI1-2 ZmCKA4
QC5 1 289.35–300.60 11.25 1.12 2 qASI1-3, qTAI1
QC6 2 171.10–187.55 16.45 2.06–2.07 3 qDTS2-1, qDTP2-1, qTAI2-1
QC7 2 190.40–214.90 24.50 2.07–2.08 4 qDTT2, qDTS2-2, qDTP2-2, qTAI2-2 ZCN18
QC8 3 7.15–11.85 4.70 3.02–3.03 2 qDTS3-1, qASI3-1 GI2
QC9 3 165.40–181.70 16.30 3.05–3.06 3 qDTT3-1, qDTP3-2, qTAI3 ZmTE1, ZMM16
QC10 3 217.90–227.25 9.35 3.09 2 qDTT3-2, qDTS3-2
QC11 5 13.30–29.85 16.55 5.03 4 qDTT5, qDTS5-1, qASI5, qTAI5-1
QC12 7 123.45–125.45 2.00 7.02 2 qDTT7-1, qDTP7-2
QC13 7 152.05–165.65 13.60 7.03–7.04 3 qDTT7-2, qDTS7, qDTP7-3 ZmEA1, ZmSAP11, ZmLNG2,

GRMZM2G103276
QC14 8 10.95–21.10 10.15 8.02 4 qDTT8-1, qDTS8, qDTP8-1, qTAI8-1 GI1
QC15 8 107.40–122.55 15.15 8.03–8.04 2 qDTT8-2, qDTP8-2 ZCN8
QC16 9 16.20–20.55 4.35 9.02 2 qDTS9, qASI9
QC17 10 21.05–43.85 22.80 10.03 2 qDTP10-1, qTAI10-2 ZMM1
QC18 10 70.80–87.15 16.35 10.03 4 qDTT10-1, qDTP10-2, qASI10, qTAI10-4 ZmLHY1, ZmLDL2
QC19 10 91.25–106.10 14.85 10.04 2 qDTT10-2, qDTP10-3 ZmCCT
QC20 10 118.45–126.95 8.5 10.04 3 qDTT10-3, qDTP10-4, qTAI10-5
QC21 10 137.25–145.65 8.40 10.05–10.07 4 qDTT10-4, qDTS10, qDTP10-5, qTAI10-6 EREB190
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interval of qDTT8-1 [13]. Thus, we speculate that GI1 is a candidate
gene for qDTT8-1 and, if so, might be useful for reducing the pro-
longation of the growth period of maize under high plant density.
The stable QTL qDTT10-4 and qDTP10-5 were contained in QC21
together with qDTS10 and qTAI10-6. The positive effects of all these
QTL suggested that the allele from Qi 319 delays flowering time
(Tables 2; Table S3). The secondary traits ASI and TAI comprise
two separate primary traits, reflecting a common genetic basis
for their component traits. The QTL for secondary traits showed
low stability in different genetic backgrounds and environments,
and the mapped locations of QTL for ASI and TAI often overlapped
with the locations of QTL for their component traits (Fig. 2; Tables
S3 and S6). The locations of QTL for all secondary traits clustered
with those influencing at least one of their component traits. For
instance, six QCs contained DTT, DTP, and TAI (Table 2). No single
QC contained QTL for all five flowering time-related traits, indicat-
ing the complexity and dissimilarity of the genetic bases of maize
flowering time (Table 2). These flowering time-related traits had
not only common genetic bases but also independent regulatory
pathways among associated traits.
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