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Abstract: Heading date determines rice seasonal and regional adaptation, while plant height is an important trait rela-
ted to rice lodging resistance. In this study, a recombinant inbred line population was used to detect quantitative trait
loci (QTLs) for both traits in long-day (LD) and short-day (SD) environments. Three and two QTLs for heading date
were detected in LD and SD environments, respectively. Notably, gHD8 and gHDI10 were commonly detected in both
environments. Five and four QTLs for plant height were identified in LD and SD environments, respectively. Among
them, gPH3, gPHS and gPH6 showed no pleiotropic effects on heading date and were detected in both environments.
These three QTLs are considered to be the primary targets for improving rice plant height. Additionally, two genomic
regions exhibited pleiotropic effects on both heading date and plant height. The alleles delayed the heading date while
simultaneously increasing plant height. This study indicated that most QTLs for heading date are sensitive to photope-
riod and have pleiotropic effects on plant height, thereby complicating their application in breeding programs. These
findings provide useful information for the breeding of rice varieties with desired heading dates and plant heights.
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Rice (Oryza sativa L.) is one of the most important  and yield potential (Wang et al. 2014). Numerous
food crops worldwide. Heading date plays a crucial  studies have highlighted the close association be-
role in the adaptation of rice to specific seasons and  tween heading date and plant height (Hu et al. 2019).
regions (Osnato 2023). Plant height serves as a vital =~ Therefore, comprehending the genetic foundations
factor impacting lodging resistance, harvest index, of heading date and plant height, as well as their
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interrelationship, assumes paramount significance
in the pursuit of stable and high-yield rice breeding.

Rice heading date is primarily influenced by factors
such as photoperiod, temperature, and nutrient levels,
with photoperiod being a significant determinant
(Zhou et al. 2021). Rice is a short-day (SD) plant,
meaning that heading date is typically promoted
under SD conditions but delayed under long-day (LD)
conditions. The expression level of florigens plays
a crucial role in the regulation of heading date, with
higher levels promoting heading and lower levels
causing a delay. Consequently, the regulation of rice
heading revolves around controlling the expression
of florigens. In particular, rice possesses two florigens,
Hd3a and RFT1 (Pasriga et al. 2019). In addition,
there exist three significant regulatory pathways.
The first pathway, known as OSGI-Hd1-Hd3a, as-
sumes a crucial role in both LD and SD conditions.
The second pathway involves the regulation of Hd3a
by Ehd1 specifically under SD conditions. The third
pathway entails the regulation of RFT1 by Ehd1
exclusively under LD conditions. Notably, the lat-
ter two pathways share a common regulator, Ehd 1.
However, it is important to note that under these
two conditions, Ekd I is subject to distinct upstream
regulatory factors that govern its expression (Sun
etal. 2022). In summary, the photoperiodic pathway
of rice heading date genes can be categorized into
three groups, namely, upstream regulators, flower-
ing signal integron genes, and florigens (Hd3a and
RFTI). The majority of heading date genes function
as upstream regulators, including OSMADSS1, DTH3,
OSGI, Ghd7, and Ghd8. The flowering signals of the
upstream regulators are integrated on the flowering
signal integron genes Hd1 and Ehd1. Subsequently, the
expression of florigens is controlled by the flowering
signal integron genes (Zhou et al. 2021).

Several genes that control plant height have been
cloned in rice. These genes are associated with the
signal transduction and biosynthesis of phytohor-
mones, including gibberellic acid, abscisic acid, and
brassinosteroid (Liu et al. 2018). The , green revolu-
tion“ gene SdI, which encodes an oxidase enzyme,
is involved in the biosynthesis of gibberellin, and
deficiency of the SdI gene results in a dwarf phenotype
(Sasaki et al. 2002). Additionally, brassinosteroid,
a crucial phytohormone, plays a significant role
in modulating the plant height of rice. The genes
D2, D11, and Brdl, which are involved in the bio-
synthesis of brassinosteroids, have been found to be
correlated with plant height (Castorina & Consonni
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2020). Furthermore, it has been reported that genes
regulating heading date, such as Ghd7, Ghd7.1, and
Ghd8, exhibit pleiotropic effects on heading date,
plant height and grain number (Zhou et al. 2021).

Quantitative trait loci (QTLs) pleiotropy is a preva-
lent phenomenon in rice, particularly in relation
to traits such as heading date and plant height. Nu-
merous studies have indicated a correlation between
the two traits. Primary mapping studies often detect
QTLs for heading date and plant height within the
same genomic interval (Han et al. 2017). Addition-
ally, fine mapping and cloning studies have identified
several QTLs exhibiting pleiotropy for both traits,
many of which are key regulatory genes in the path-
way controlling rice heading date (Xue et al. 2008;
Yan etal. 2011, 2013; Zhu et al. 2017; Sun et al. 2022;
Fan et al. 2023). Consequently, it can be deduced that
the pleiotropic effects of heading date QTLs on plant
height are a widespread occurrence. Despite the clon-
ing of numerous QTLs for heading date or plant height,
whether they are pleiotropic for both traits has not
been clearly reported in most studies. In this study,
a recombinant inbred line (RIL) population derived
from a cross between the restorer lines Qianhui 136
(QH136) and Zhonghui 9308 (ZH9308) was investi-
gated for QTL mapping for heading date and plant
height under SD and LD conditions, respectively.
Our objectives are to identify QTLs that control
heading date and plant height in the RIL popula-
tion under different photoperiod environments and
to determine if these QTLs exhibit pleiotropic effects
on both traits. The findings of this study are expected
to contribute to a better understanding of the genetic
basis of heading date and plant height in rice, as well
as the relationship between these two traits, which
is of great significance to breeding practice.

MATERIAL AND METHODS

Rice material. QH136 was developed by our team,
and ZH9308 was obtained from professor Shihua Chen
at the China Rice Research Institute. They are both
restorer lines utilized in different regions of China.
QH136 is specifically employed in the southwest region,
which is known for its relatively high altitude, whereas
ZH9308 is utilized in the southeast region, typically
characterized by lower altitudes. QH136 was selected
as the female parent and crossed with ZH9308. Subse-
quently, an F; RIL population containing 247 lines was
developed through the single seed descent method,
originating from a single F, population.
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Field experiment and trait evaluation. The RIL
population and parent materials were grown in Gui-
yang (GY), Guizhou, China (26°51'N, 106°67'E) during
the period of April to September 2019, and in Sanya
(SY), Hainan (18°30'N, 109°55'E) from November 2019
to April 2020. The day-length conditions in GY and
SY are LD and SD, respectively. The field experiment
followed a randomized complete block design with
two replications. Within each replication, twelve
plants per line were planted in a single row, with
a spacing of 16.7 cm between plants and 26.7 cm
between rows.

The days from seeding to the heading of the first
panicle of an individual were recorded as the heading
date (HD). Ten plants located in the middle of each
row were selected for measurement of HD. Plant
height (PH) was assessed at maturity by measur-
ing the distance between the root neck and the top
of the main panicle. Five plants, situated in the mid-
dle of the ten plants in each row, were chosen for
PH measurement. The average values of each line
were used for data analysis.

DNA marker analysis. A total of 460 Indel and
50 SSR markers that were distributed in the whole
genome were selected to screen polymorphism be-
tween the parents, QH136 and ZH9308 (Table S1
in Electronic Supplementary Material (ESM)). All
the Indel markers were designed according to the
difference between QH136 and ZH9308 detected
by whole-genome resequencing. All SSR markers were
selected from the Gramene databases on March 10",
2021 (http://www.gramene.org/).

The marker assay was carried out as below. During
the tillering stage, young leaves of approximately
2 cm were collected from each line. Total DNA was
extracted following Zheng et al. (1995). PCR am-
plification was performed according to Chen et al.
(1997), and the products were visualized on 8% non-
denaturing polyacrylamide gels using silver staining.

Genetic map construction. A genetic map of the
RIL population was constructed using the MAP
functionality in QTL IciMapping (Ver. 4.2) (Meng
et al. 2015). 143 polymorphic markers, including
137 Indel and 6 SSR markers (Table S1 in ESM), were
used for genetic map construction. Genetic distance
(centiMorgan, cM) between markers was calculated
using the Kosambi function. Linkage groups were
determined using a logarithm of the odds (LOD)
threshold of 3.0.

Data analysis. QTL analysis was performed using
QTL IciMapping (Ver. 4.2) software as described
by Meng et al. (2015). ICIM-ADD method was applied
for QTL analysis. The LOD thresholds for GY and SY
were determined to be 2.80 and 2.82, respectively,
through 1 000 permutations with a significance level
of P < 0.05. QTL nomenclature refers to McCouch
and CGSNL (2008).

RESULTS

Phenotypic variation. The performance of HD
and PH in the RIL population and parents is given
in Table 1. HD and PH of QH136 were higher than
those of ZH9308 in GY and SY. Furthermore, the HD
and PH values of the RIL population displayed a con-
tinuous distribution across both locations (Figure 1).

The HD of the RIL population exhibited a positive
correlation with PH in both GY and SY (P < 0.01),
implying that genes responsible for HD and PH may
be located in similar genomic regions or the pres-
ence of pleiotropic genes influencing both traits.
In addition, the HD and PH of the RIL population
in GY were positively correlated with those in SY
(P < 0.01), which indicates that similar regulators
for both traits were constitutively expressed in the
two locations.

Linkage map. A linkage map was constructed
utilizing evenly dispersed polymorphic markers

Table 1. Phenotypic variation of the recombinant inbred line population and parents

Parental mean

Trait Location Mean SD Range Skew Kurt cv
QH136 ZH9308
HD (day) GY 119.3 6.6 97.1-135.4 -0.6 0.8 5.5 128.8 118.8
a SY 107.7 8.0 84.9-124.5 -0.3 -0.5 7.5 118.2 110.9
PH (cm) GY 106.8 9.9 73.5-134.9 -0.3 0.4 9.2 108.6 98.4
SY 100.9 11.2 77.0-128.6 -0.1 -0.5 11.1 115.8 94.6

HD - heading date; PH — plant height; GY — Guiyang; SY — Sanya; SD — standard deviation; Skew — skewness; Kurt — kurtosis;
CV — coefficient of variation; QH136 — Qianhui 136; ZH9308 — Zhonghui 9308
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Figure 1. Phenotypic variation in heading date and plant height of the recombinant inbred line population

GY = Guiyang; SY = Sanya; the green and purple arrows indicate phenotypic values of parental lines in Guiyang and Sanya;

arrows filled with green and purple colors represent the phenotypic values of Qianhui 136 and Zhonghui 9308

across twelve chromosomes, comprising 137 In-
del and 6 SSR markers. The linkage map spanned
1118.9 cM in length with an average genetic distance
of 7.8 ¢cM between adjacent markers. Notably, for
chromosome 11, the markers were predominantly
concentrated on the short arm due to a lack of poly-
morphic markers in the remaining region. This may
potentially impede the detection of QTLs associated
with the target trait.

QTL analysis. For the heading date, a total of three
and two main-effect QTLs were detected in GY and
SY, respectively (Table 2 and Figure 2). In GY, the
QTLs collectively accounted for 42.8% of the ob-

served variation, with a single QTL explaining a range
0f10.3% to 20.2% of the phenotypic variation. In SY,
the total variation explained by the QTLs was 46.9%,
with a single QTL explaining a range of 5.1% to 41.8%
of the phenotypic variation. Two QTLs (¢Hd8 and
qHdA10) were detected in both locations, while one
QTL (gHd?7) was specifically identified in GY. It was
observed that gHd8 exhibited varying effects across
different environments. Specifically, the QH136 allele
decreased the heading date by 3.3 days in GY, whereas
it led to an increase of 2.1 days in SY. As for gHd 10,
the QH136 allele caused an increase in heading date
by 2.5 and 5.8 days, and explained 12.2% and 41.8%

Table 2. Quantitative trait loci (QTLs) for heading date and plant height detected in Guiyang and Sanya

Trait Location QTL Peak (cM) Left marker Right marker LOD Add PVE (%)
qHD7 74 17-27556 17-28346 10.1 2.3 10.3
GY qHD8 12 18-3656 18-4361 17.3 -3.3 20.2
HD qHD10 57 110-17516 110-18444 11.9 -2.5 12.2
Sy qHD8 22 18-4361 18-8340 4.5 2.1 5.1
qHD10 54 110-11695 110-17516 31.0 -5.8 41.8
qPH3 121 13-31938 13-35969 7.8 -3.4 8.1
qPH5 105 15-23572 15-24227 4.7 2.6 4.9
GY qPH6 83 16-24348 16-25218 6.9 3.1 6.9
qPH7 62 17-23383 17-26782 3.0 2.3 3.9
PH qPHS8 11 18-3656 18-4361 6.3 -3.2 7.1
qPH3 112 13-31938 13-35969 3.2 -3.0 5.5
Sy qPH5 110 15-24227 15-27090 4.3 3.0 5.8
qPH6 83 16-24348 16-25218 5.6 3.2 6.4
qPH10 60 110-17516 110-18444 15.5 -5.6 20.3

HD - heading date; PH — plant height; GY — Guiyang; SY — Sanya; LOD - logarithm of the odds; Add — additive effect, the
genetic effect when a Zhonghui 9308 allele is replaced by a Qianhui 136 allele; PVE — the proportion of phenotypic variance

explained by the given QTL
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Figure 2. QTLs for heading date and plant height detected in Guiyang and Sanya
HD - heading date; PH — plant height; GY — Guiyang; SY — Sanya

of the phenotypic variation in GY and SY, respec-
tively. Interestingly, although the allele-increasing
heading date for qHd10 was consistent from QH136
in both locations, the magnitude of the QTL effect
was found to be greater in SY.

For plant height, a total of five QTLs were identi-
fied in GY, while four QTLs were detected SY (Ta-
ble 2 and Figure 2). The five QTLs detected in GY
accounted for 31.0% of the phenotypic variation
in total, with individual R* values ranging from
3.9% to 8.1%. The four QTLs detected in SY jointly
explained 38.0% of the phenotypic variation, with
R? values ranging from 5.5% to 20.3%. Three QTLs
(qPH3, qPHS5 and qPH6) were detected in both
locations, while two QTLs (¢PH7 and gPHS8) were
exclusively detected in GY and one QTL (¢gPHI10)
was exclusively detected in SY.

Two regions showed significant allelic variation
for both heading date and plant height (Figure 2).
In GY, gHd8 and gPHS8 were located on the short arm
of chromosome 8. The alleles increasing phenotypic
values were both from QH136, with gHd8 exhibit-
ing a more substantial contribution to the pheno-
typic variation. In SY, gHd10 and PH10 were located
in the same region on chromosome 10. The alleles
increasing phenotypic values were from QH136, with
qHdA10 accounting for a greater proportion of the
phenotypic variation.

DISCUSSION

Rice heading date and plant height are both im-
portant agronomic traits that are governed by quan-
titative trait loci and susceptible to environmental
influences. Photoperiod is a critical factor affecting
heading date (Tsuji et al. 2013), while plant height
has been found to be closely associated with head-
ing date (Hu et al. 2019). To investigate the genetic
basis of heading date and plant height in rice, this
study developed an RIL population originating
from a cross between the restorer lines QH136 and
ZH9308, which are utilized in distinct ecological
regions within China. Three and two QTLs for head-
ing date were detected in GY and SY, respectively.
Five and four QTLs for plant height were detected
in GY and SY, respectively. All QTLs associated with
heading date displayed photoperiod sensitivity and
exhibited pleiotropic effects on plant height (Table 2).
Additionally, three QTLs (gPH3, gPH5 and gPH6) for
plant height demonstrated consistent performance
across environments making them primary targets
for rice breeding.

Rice heading is promoted and inhibited under SD
and LD conditions, respectively. This can be attrib-
uted to the photosensitivity of heading date QTLs
(Hori et al. 2016). The present study identified three
major heading date QTLs in two distinct daylength
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environments, each exhibiting different effects.
For gHDS, the QH136 allele delayed heading date
by 3.3 days under SD condition, with an R?0f20.2%,
whereas it promoted heading date by 2.1 days under
LD condition, with an R? of 5.1%. In the case of gHD10,
despite both delayed heading date alleles were origi-
nated from QH136 in the two environments, the
QTL effect exhibited significant variation. Specifi-
cally, gHD10 accounted for 41.8% of the phenotypic
variance under the LD condition, whereas this value
decreased to 12.1% under the SD condition. For
qHD?7, it was solely detected only under LD condition.
These QTLs showed sensitivity to photoperiod, with
their QTL effects varying across different day-length
environments. In addition, they were co-localized
with the cloned genes Ghd7.1, Ghd8, and Ehd1, and
had consistent response to photoperiod (Doi et al.
2004; Wei et al. 2010; Koo et al. 2013). Therefore, the
qHD?7, qHD8 and gHD10 may be allelic to Ghd7.1,
Ghd8 and Ehd1, respectively. QH136 is a restorer line
applied in the upper reaches of the Yangtze River,
while ZH9308 is a restorer line applied in the lower
Yangtze River. The three detected QTLs for heading
date may be important genetic factors accounting for
heading date variation of rice cultivars between the
two regions. In rice breeding practice, more attention
should be given to the photosensitivity of heading
date QTLs when it is involved in breeding materials
from distinct regions.

Many QTLs have shown pleiotropic effects on both
heading date, plant height and grain yield (Hu et al.
2019). For instance, functional alleles of Ghd7 (Xue
etal. 2008), Ghd7.1 (Yan et al. 2013), Ghd8 (Yan et al.
2011) and Hd1 (Zhang et al. 2012) delay heading,
increase plant height as well as enhance grain yield
under LD conditions. Furthermore, the augmenta-
tion in yield potential of rice cultivars is frequently
accompanied by an elevation in plant height and
growth duration, which will amplify the susceptibility
to abiotic stresses and lodging in areas with insuf-
ficient light and heat resource, or regions with more
typhoons incidence (Roux et al. 2006). In this study,
heading date was positively correlated (P < 0.01)
with plant height in the RIL population. Moreover,
the heading date QTLs, gHD7, gHD8 and gHD10
were co-located with gPH7, gPH8 and gPHI10, and
the positive alleles were from the same parent (Fig-
ure 2). Thus, it is important to consider the pleio-
tropic effects of these QTLs in breeding program.
Specifically, in order to make full use of light and
heat resources, alleles that delay heading are usually
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incorporated in a breeding material. However, the
pleiotropic effects of these genes on plant height
may result in increased plant height, consequently
heightening the risk of lodging. To mitigate these
negative consequences, breeders could introduce
additional alleles that reduce plant height without
affecting heading or select heading date QTLs that
do not have pleiotropic effects on plant height. Un-
fortunately, most QTLs associated with heading date
in rice, including Ghd7, Ghd7.1, Ghd8, Hd1, RFT1,
and Ghd2, have been found to influence plant height
through pleiotropy (Xue et al. 2008; Yan et al. 2011,
2013; Zhu et al. 2017; Sun et al. 2022; Fan et al. 2023 ).
While the impact of many heading date QTLs on plant
height remains unreported, it is hypothesized that
the pleiotropic effect of heading date QTLs on plant
height is a widespread occurrence. Fortunately, there
are QTLs such as GNP and ¢gPL5 that control plant
height that do not exhibit pleiotropic effect on head-
ing (Wu et al. 2016; Xu et al. 2022). In the present
study, three minor QTLs (gPH3, gPH5 and qPH6)
for plant height do not exhibit pleiotropic effects
on heading date. Furthermore, they had consistent
performance in terms of plant height across envi-
ronments (Table 2). Therefore, these QTLs for plant
height should be priority targets in rice breeding.
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