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Abstract

Background Tiller number is a critical component of rice yield, as it directly influences overall productivity. While
upland rice varieties are well adapted to lowland environments and prove resilient to fluctuating water availability,
their typically low tillering capacity limits their performance in lowland ecosystems where conditions are more
conducive to achieving higher yields.

Results To facilitate the marker-assisted selection (MAS) breeding of upland rice cultivars suitable for lowland
conditions, we performed QTL-seq analysis using populations derived from a cross between a high-tillering lowland
indica parent (PTT1) and a low-tillering upland tropical japonica line (NDCMP49). Two major QTLs associated with
tiller number were identified on chromosomes 4 and 5 and designated as gTN4 and gTN5, respectively. Candidate
gene analysis revealed NALT and OsOFP19 as putative genes underlying these loci. Functional validation of NALT
using CRISPR-Cas9 knockout mutants confirmed its role as a negative regulator of tillering, as two independent
alleles of nall mutant plants exhibited significantly increased tiller numbers compared with the wild type. Marker-
trait association analysis further supported the additive effect of gTN4 (NALT) and gTN5 (OsOFP19), indicating their
potential for pyramiding in breeding programs. Functional KASP markers of NALT and OsOFP19 were developed and
successfully validated in segregating populations, demonstrating their applicability for marker-assisted selection.

Conclusions Collectively, these findings advance our understanding of the genetic regulation of tillering in rice and
provide molecular tools for improving plant architecture and yield in upland rice varieties cultivated under lowland
conditions.
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Background

Global food security is increasingly threatened by the
dual challenges of climate change and rapid population
growth [1]. As a staple food for more than half of the
world’s population, rice (Oryza sativa L.) plays a central
role in sustaining global food systems [2]. To meet future
food demands under increasingly variable environmental
conditions, increasing the productivity and adaptability
of rice is a key objective of crop improvement programs.
Currently, the majority of the world’s rice is grown in
lowland ecosystems, which rely on the constant water
supply to maintain flooded or waterlogged soils that are
essential for high yields [3]. In contrast, rice is also grown
in upland ecosystems, where aerobic soil conditions and
limited water availability have driven the evolution of
various adaptive traits [4].

In Southeast Asia, the rice germplasm exhibits con-
siderable genetic diversity, with indica being the pre-
dominant subspecies, while aus, temperate japonica and
tropical japonica varieties are also grown in certain agro-
ecological environments [5]. In Thailand, for example,
the rice gene pool is dominated by indica, while tropical
japonica varieties are mainly grown in the arid moun-
tainous regions [6]. Tropical japonica is thought to have
diverged from temperate japonica by adapting to the
highlands and mountainous regions [7], acquiring traits
such as tall stature, deep root system and lower tillering
ability. These adaptations are beneficial under drought-
prone conditions but often result in lower yield potential
compared to varieties adapted to lowland conditions [8].
However, when cultivated under favorable lowland con-
ditions, upland rice often does not produce high yields
due to its inherently low tillering ability, which directly
limits the number of panicles and total grain production.
Improving the tillering ability of upland rice is a key strat-
egy to improve its adaptation and performance in low-
land systems.

The number of tillers is an important yield compo-
nent as it directly determines the number of productive
panicles per plant [9]. In water-abundant environments,
increased tillering can contribute to higher biomass,
better resource utilization and greater yield stability
[10, 11]. Despite the physiological importance of tiller-
ing, its genetic regulation is complex and involves a net-
work of developmental and hormonal pathways. Auxin
and strigolactones act as negative regulators of tiller bud
outgrowth, while cytokinin and brassinosteroids promote
tiller formation [12, 13]. Tiller development is initiated by
the formation of axillary meristems (AMs), which then
give rise to tiller buds. Several genes have been shown
to regulate these processes, including MONOCULM]I
(MOCI), MONOCULMS3TILLER ABSENTI1/SRTI, LAX
PANICLEI (LAXI1) and LAX2 [14-20]. NAL1I (Nar-
row leaf 1) encodes a plant-specific protein implicated
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in regulating leaf morphology, photosynthetic capacity,
and yield-related traits in rice. Previous work by Jiang et
al. linked NALI to tiller number using a mutant derived
from random mutagenesis in the Nipponbare back-
ground [21]. Further studies have shown that microR-
NAs and dwarfing genes are involved in the modification
of tillering phenotype [13, 22, 23]. Although numerous
genes involved in tillering development have been iden-
tified, relatively few have been translated into useful
molecular markers for breeding purposes. In addition,
little attention has been paid to tillering traits in upland
rice, although they are of great value for increasing yield
in lowland cultivation. Given the particular architecture
and adaptation of the upland germplasm, there is a clear
need to investigate the genetic basis of tillering in this
group to enable targeted trait improvement.

In the present study, we used QTL-seq, a next-gener-
ation sequencing-based bulked segregant analysis (BSA)
method [24], to identify genomic regions associated with
tiller number in rice. F, and F,; populations derived from
a cross between an indica lowland parent with high til-
ler production (PTT1) and a tropical japonica upland
line with low tiller production (NDCMP49) were used
for QTL-seq analysis. Key QTLs were mapped and can-
didate genes were identified. Functional markers were
developed and validated to facilitate marker-assisted
selection (MAS). This work provides new insights into
the genetic regulation of tillering in upland rice and facil-
itates development of molecular markers for breeding
programs aimed at increasing yield potential in lowland
environments.

Materials and methods

Plant materials and phenotype evaluation

An F, population derived from a cross of Niaw Dam
Chaw Mai Pai 49 (NDCMP49) x Pathum Thani 1 (PTT1)
was used for a QTL-seq analysis to identify QTLs asso-
ciated with tillering ability under lowland (waterlogged)
conditions. NDCMP49, an upland tropical japonica
cultivar, was used as a low tiller number (low-TN) par-
ent with an approximate TN of 9 tillers per plant, and
PTT1, an elite Thai fragrant lowland indica rice cultivar
with an approximate TN of 20 tillers per plant, was used
as a high tiller number (high-TN) parent. Three-week-
old seedlings from a total of 492 F, individuals from this
cross were grown together with their parents in the field
at a distance of 25 cm x 25 cm between the plants. A
total of 2.3 g of chemical fertilizer N-P-K (21-7-14) was
applied per plant in three splits at 15, 30 and 50 days after
transplanting. The standing water level was maintained
at 5 cm above the soil throughout the season. The field
experiments were conducted at the rice field of the Rice
Science Center, Kasetsart University, Kamphaeng Saen,
Nakhon Pathom, Thailand.
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Bulk construction, DNA isolation and whole-genome
re-sequencing

The tillering ability of each F, line and the parental lines
was evaluated by counting the tiller number at the maxi-
mum tillering stage. A total of 30 F, individuals with the
highest tiller number and the other 30 individuals with
the lowest tiller number were selected and assigned into
high-TN and low-TN groups, respectively. The leaf sam-
ples of all 60 lines were collected individually and stored
at -80 °C until they were used for DNA isolation. To
select the F, lines with robust phenotype from the pre-
selection, we reconfirmed the phenotype in F,; families
corresponding to the selected F, lines. Fifteen plants of
each F,; family were grown in the field under the same
growing conditions as previously described and the tiller
number from each plant was counted at the maximum
tillering stage. Ten F, 5 families with the highest average
tiller numbers and another ten F, 5 families with the low-
est average tiller number were selected and grouped into
high-TN and low-TN bulks. The DNA of the individual
F, lines corresponding to the 20 selected F, 5 families was
extracted from the stored leaf samples using Dneasy®
Plant Mini Kit (QIAGEN, Hilden, Germany). The DNA
of the individual F, plants as well as that of the both par-
ents was sequenced the whole genome using an MGI-
Seq platform at the China National Gene Bank (CNGB)
Shenzhen, China.

Sequencing data analysis and identification of genomic
regions associated with tillering ability

Raw sequencing data of each sample were quality-filtered
and trimmed using Trimmomatic [25] to remove adapter
sequences and low-quality reads, defined as those con-
taining more than 15% bases with a Phred score below
30 or more than 5% ambiguous bases (N). Reads were
retained only if>85% of bases had a Phred score > 30. The
resulting high-quality reads were subjected to QTL-seq
analysis using the QTL-seq pipeline v2.2.2 (https://github
.com/YuSugihara/QTL-seq). The analysis was performed
as follows: First, a PTT1-based pseudo-reference genome
was generated by aligning clean PTT1 reads to the pub-
licly available Nipponbare reference genome (IRGSP1.0)
using BWA-MEM with default parameters [26], followed
by conversion, sorting, and indexing with SAMtools [27].
Variants were called with BCFtools mpileup [28] and fil-
tered with thresholds of minimum read depth>10 and
maximum read depth<250. The Nipponbare genome
was then modified by substituting PTT1-specific vari-
ants to create the PTT1 pseudo-reference. Equal num-
bers of clean reads from each F, individual were pooled
into high-tiller-number (high-TN) and low-tiller-num-
ber (low-TN) bulks. Pooled reads were aligned to the
PTT1 pseudo-reference genome, and SNPs and indels
were called for each bulk. Only variants detected in both
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bulks were retained for SNP-index calculation, defined
as the proportion of alternative allele reads to total read
depth. The A(SNP-index) was calculated by subtracting
the high-TN SNP-index from the low-TN SNP-index
[24]. SNP-index and A(SNP-index) values were averaged
using a sliding window of 2 Mb with a 10 kb step size,
and plotted along the 12 rice chromosomes. Statistical
significance was determined using the pipeline’s simu-
lation-based approach, which performs 10,000 Monte
Carlo simulations based on bulk sizes and population
type to generate 95% (p<0.05) and 99% (p<0.01) confi-
dence intervals for each window. Genomic regions where
the observed A(SNP-index) exceeded these thresholds
were considered significantly associated with the trait,
with peaks above the 99% interval regarded as the most
likely QTL candidates. SNPs within QTL regions were
annotated using the Variant Effect Predictor (VEP: https:
//plants.ensembl.org/Oryza_sativa/Tools/VEP), and hom
ologs of previously characterized genes carrying high- to
moderate-impact SNPs were identified as potential can-
didate genes associated with tiller number.

Marker development and QTL validation

The design of the markers was determined by the pre-
liminary marker-trait association of each sequenced F,
line (n=20). SNPs within selected genomic regions were
tested for association with phenotype using ANOVA for
a single marker as described in [29]. Briefly, F, lines were
grouped by SNP alleles and then one-way ANOVA was
tested for significant differences between group means.
The F-test was used to determine the trait-associated
SNP. SNPs showing both high to moderate variant impact
and high association with tiller number were targeted
for the development of allele-specific PCR genotyping
assays using the Kompetitive Allele-Specific PCR Geno-
typing (KASP) system (LGC Genomics) or TagMan™
Real-Time PCR Assays (Thermo Fisher Scientific). The
KASP genotyping test was performed according to [30],
and the TagMan assay was performed according to [31].
A further marker-trait analysis of a larger F, population
was performed using the genotypes and phenotypic data
obtained from 500 progeny. Two-way analysis of vari-
ance (ANOVA) was performed using jamovi version 2.6
(https://www.jamovi.org) to evaluate the main and inter-
action effects between the two QTL genotypes on the til-
ler number.

Generation of nal1 mutant lines and growing condition

Two nall mutant lines (T1 generation), nall-1
(BG110220C10) and nall-2 (BG110336H11) generated
via the CRISPR-Cas9 system in the japonica rice variety
ZhongHua 11 (ZH11) were obtained from Biogle Gene
Tech Co, Ltd (Jiangsu, China). The sgRNA sequence for
nall-1 was 5'-GGAATCCCACTGCTGTCCCG-3’, and
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that for nali-2 was 5'-GACGATAAGGCGCAGCTCTC
CGG-3'. Details of edited sites are available at http://biog
le.cn/geo/index/geo/val/BG110220C10 for nall-1 and htt
p://biogle.cn/geo/index/geo/val/BG110336H11 for nali-
2. Both the nall mutants and ZH11 wild-type plants
were grown in pots under waterlogged and dry condi-
tions, simulating lowland and upland environments,
respectively, in the greenhouse at South China Agricul-
tural University, China.

Results

Tiller number assessment in parental lines and F,
population

The development of tillers in the parental lines
NDCMP49 and PTT1 was observed over time. In the
early growth phase (i.e. before 50 days after sowing,
DAS), no significant difference in the number of tillers
was observed between the two parental varieties. How-
ever, from 60 DAS, PTT1 began to show increased tiller
production, with 6-7 tillers per plant observed, com-
pared to 3—4 tillers in NDCMP49. This trend continued
throughout plant development, with maximum tiller pro-
duction reached at 80 DAS. At this stage, PTT1 formed
about 20 tillers, while NDCMP49 formed about 7 tillers
(Fig. 1A-B). The number of tillers was analyzed at 80

A) Parental Lines

PTT1

Tiller number

N’
PTT1
(High tiller numbers)

NDCMP49
(Low tiller numbers)

NDCMP49
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DAS in 492 F, individuals from the NDCMP49 x PTT1
cross. The trait showed a continuous, approximately nor-
mal distribution, ranging from 2 to 41 tillers, with a mean
of 18.78 (Fig. 1C). Transgressive segregation was evident
as 36.78% of F, individuals exceeded the tiller count of
the PTT1 parent (TN =20), while 3.45% produced fewer
tillers than NDCMP49 (TN=7). To construct high and
low-tiller number (TN) bulks for QTL-seq analysis, 30 F,
individuals with the highest and 30 with the lowest tiller
numbers were preliminarily selected. These individuals
were further developed to generate F,.; families in which
tillering ability was reassessed. From this set, ten families
with the highest and ten with the lowest number of til-
lers were selected. The corresponding F, individuals were
then used to form high-TN and low-TN bulks, which
were subjected to whole-genome resequencing and QTL-
seq analysis (Fig. 1D).

Whole-genome re-sequencing and analysis of parents and
high/low-tiller F, bulks

Whole-genome re-sequencing was performed on 20
selected F, lines (consisting of the high-TN and low-
TN bulks) and the two parental lines using the MGI-
seq platform. The total number of high-quality, cleaned
reads of NDCMP49 and PTT1 was 65.55 million and

65

F2 Lines
[

NDCMP49

30
Low tiller numbers

A

20

Frequency (plants)

@

349 o

Day after sowing

PTT1

D)
F, Evaluation
Selected F;lines )
F,.; Re-evaluation
30 (high-TN) + 30 (low-TN)
85
Filtered F, lines
10 (high-TN) + 10 (low-TN)
Low-TN bulk
High-TN bulk
WGRS data
QTL-seq

l

Marker validation

High tiller numbers

Tiller number (tillers)

Fig. 1 Development of tiller numbers in PTT1, NDCMP49 and F, populations and QTL analysis workflow. A Appearance at the maximum tillering stage
(80 DAS) of NDCMP49, PTT1 and representative F, lines selected for QTL-seq analysis. B Development of tiller number in PTT1 and NDCMP49 from 50 to
80 DAS, C Distribution of traits based on the number of tillers of the F, population at the maximum tillering stage. The vertical lines indicate the average
number of tillers of the two parents. The plants chosen for the high-TN and low-TN bulks are indicated in green and red, respectively. D Schematic diagram

of the experiment workflow
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Table 1 Summary of BGl-seq data of parental lines and High-TN
and Low-TN bulks

Sample Cleaned Cleaned %Alignment Average
read base (Gb) depth cov-
(million) erage (x)

NDCMP49 65.55 9.83 92.72 2341

PTT1 78.54 11.69 93.79 2753

Low-TN bulk 264.9 40 92.95 100

High-TN bulk 2649 40 9261 100

Table 2 Chromosome-wise distribution of common SNPs and
indels (read depth > 8) identified in high- and low-tiller number
bulks

Chr. Length SNPs Indels
(Depth >8) (Depth >8)

1 43,270,923 61,521 20,308
2 35,937,250 32,559 10,169
3 36413819 51,911 16,096
4 35,502,694 31,763 9418
5 29,958,434 37,464 11,014
6 31,248,787 42,264 12,861
7 29,697,621 34,128 10,184
8 28,443,022 29,889 9167
9 23,012,720 41,349 12,256
10 23,207,287 20,735 6115
11 29,021,106 34,434 9441
12 27,531,856 18,464 5537
Total 373,245,519 436,481 132,566

78.54 million, respectively, corresponding to approxi-
mately 23.41-fold and 27.53-fold genome coverage
(based on an estimated rice genome size of ~400 Mb).
Sequencing of individual high-TN and low-TN F, lines
yielded an average of 126.91 million (between 62.56 and
166.42 million) and 141.57 million (between 86.05 and
190.62 million) paired-end reads, respectively. To cre-
ate the high-TN bulk, 26.49 million clean reads (corre-
sponding to ~ 10-fold coverage) were randomly selected
from each of the 10 high-TN samples. A similar approach
was used to construct the low-TN bulk. The clean reads
from the selected individuals were pooled to gener-
ate high-TN and low-TN bulks for subsequent analysis
(Table 1). Alignment of the PTT1 and NDCMP49 reads
to the Nipponbare reference genome identified 1,921,313
and 585,671 SNPs, respectively. Variant calling from the
pooled reads revealed 959,597 SNPs in the high-TN bulk
and 925,060 SNPs in the low-TN bulk (Table S1). A total
of 436,481 common SNPs supported by more than eight
reads were selected for QTL-seq analysis (Table 2).

QTL-seq analysis and identification of genomic regions
associated with the tiller number in rice

To identify genomic regions associated with tiller num-
ber in rice, SNP-index values for each bulk and the
A(SNP-index) of 436,481 high-confidence SNPs were
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calculated and plotted across all 12 rice chromosomes
(Fig. 2). Significance thresholds were determined based
on a null distribution generated assuming no QTL. Two
candidate genomic regions were identified where the
average A(SNP-index) exceeded the 99% confidence
interval, indicating a statistically significant association
with the trait (Table 3; Fig. 2). On chromosome 4, the
QTL labeled gTN4 was mapped in the interval between
30.7 and 34.3 Mb, with a peak at 33.2 Mb. On chromo-
some 5, gTN5 was detected in the region between 9.5
and 15.7 Mb, with a peak at 12.6 Mb (Fig. 2).

Candidate gene annotation and validation

Candidate genes within the g7TN4 and gTN5 regions
were annotated using the RAP-DB database. Genes that
had both annotated biological functions and functional
SNPs were prioritized, resulting in the identification of
175 genes in the gTN4 region and 30 genes in the gTN5
region (Table S2). Based on their known involvement in
the regulation of lateral leaf growth and panicle devel-
opment, NARROW LEAFI1 (NAL1; Os04g0615000) was
selected as a candidate gene for gTN4 and and OVATE
protein gene, OsOFPI19 (Os05g0324600), as a candidate
for gTN5 (Fig. 3). Three non-synonymous SNPs were
identified within NAL1. A G-to-A substitution at position
4:31,212,801 in exon 3 resulted in an amino acid change
from arginine to histidine (R-to-H). Two additional
SNPs were detected in exon 5: a C-to-T substitution at
4:31,214,019, resulting in a change from alanine to valine
(A-to-V), and a G-to-A substitution at 4:31,214,045,
resulting in a change from valine to isoleucine (V-to-I)
(Fig. 4A). In OsOFP19, a non-synonymous G-to-A sub-
stitution was identified at position 5:15,069,810 in exon
1, resulting in an amino acid change from methionine to
valine (M-to-V) (Fig. 4B).

We also analyzed the genotypes of the two candidate
genes in the 20 individual F, lines used for the QTL-seq
analysis. For NALI, F, lines carrying the homozygous
genotypes of NDCMP49 (A/A at position 4:31,212,801;
T/T at 4:31,214,019; and A/A at 4:31,214,045) had a
significantly lower number of tillers (TN=11.60+0.72,
p<0.01), while lines with the homozygous PTT1 geno-
type (G/G, C/C and G/G at the corresponding posi-
tions) had a higher number of tillers (TN =24.15+2.45)
(Fig. 5). For OsOFP19, the F, lines with the homozygous
NDCMP49 genotype (A/A at position 5:15,069,810)
also had a significantly lower number of tillers
(TN=11.84+1.01), while the lines with the homozygous
PTT1 genotype (G/G) had a significantly higher value
(TN=22.90+0.92, p<0.01). Of note, the F, lines het-
erozygous for NALI had a comparable number of tillers
to the NDCMP49 homozygotes (TN=11.67+1.01, no
significant difference), suggesting a recessive effect. In
contrast, the heterozygous lines for OsOFPI9 had a wide
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Fig. 2 SNP-index and A(SNP-index) diagrams from the QTL-seq analysis. A Pseudomolecules of the Nipponbare reference genome (IRGSP 1.0), B Upper
probability values at 99% confidence (P<0.01), C Upper probability values at 95% confidence (P < 0.05), D The sliding window plots of A(SNP-index), with
a window size of 2-Mb and 10-kb increments, E Lower probability values at 95% confidence (P<0.05), F Lower probability values at 99% confidence
(P<0.01), G Sliding window plots of the average SNP index values in low-bulk, with a 2-Mb window size and 10-kb increments, H The sliding window
plots of the average SNP-index values in high-bulk, with a 2-Mb window size and 10-kb increments, | Candidate genomic regions containing QTLs for
tiller number

Table 3 Summary of illumina sequencing data of parental lines and F, bulks

QTL Chr QTL Region Peak SNP  High-TN bulk Low-TN bulk SNP Confidence Confident inter- Delta
(Mb) (Mb) SNP index index interval (95%) val (99%) (SNP
index) of
peak SNP
qTN4 4 30.7-34.3 332 0.17-0.22 0.65-0.70 033 042-0.43 0.52
qTN5 5 9.5-15.7 126 0.16-0.31 0.58-0.79 032 042 049

range of tiller numbers (TN=10.12-27.94), including
both high and low values, suggesting possible incomplete
dominance or variable expressivity.

Marker-trait association analysis for NALT and OsOFP19

To evaluate the association between SNP genotypes in
the candidate genes NALI and OsOFP19 and tiller num-
ber, 500 F, individuals from a cross between NDCMP49
and PTT1 were genotyped using a KASP marker

(NAL1_4_31214045) and a TaqMan probe marker
(OFP19_5_15069810), developed from G/A SNPs located
in exon 3 of NALI (4:31,214,045) and exon 1 of OsOFP19
(5:15,069,810), respectively (Table S3). Single marker
analysis revealed that NALI 4 31214045 had a highly
significant association with tiller number (p<2.2x 107)
and explained 22.07% of the phenotypic variance (PVE),
while OFP19 _5_15069810 showed a weaker but still
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significant association (p=1.99x107°), with a PVE of
3.65% (Table 5; Fig. 6A, B).

To further evaluate the combined effect of the two
markers, a multiple marker regression analysis was per-
formed. The model showed that both markers contrib-
uted significantly to the variation in tiller number, with
NALI_4 31214045 showing a strong positive effect

(estimate=4.201, p<2x107'%) and OFP19_5_15069810
showing a modest but significant negative effect (estimate
= -1.3884, p=0.000336). The overall model explained
24.13% of the phenotypic variance (Table 5; Fig. 6C). The
results confirm that the PTT1 allele in NALI contrib-
utes significantly to the increase in tiller number, while
the PTT1 allele in OsOFP19 exerts an additive effect,
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C/C=homozygous PTT1 allele, T/T=homozygous NDCMP49 allele, and T/C = heterozygous

suggest that NALI plays an important role in regulat-

albeit smaller. To test for potential epistatic interactions
between the two QTLs, a two-way analysis of variance
(ANOVA) was conducted. The analysis showed signifi-
cant main effects of both NALI and OsOFP19 on tiller
number, but no significant interaction between the loci
(F(y 427)=0.57, p=0.68; Table S4), indicating that their
effects are additive rather than epistatic. These results

ing tiller number in this population and that the effect of
OsOFP19 may be context-dependent or involve interac-

tion with other loci.
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Table 5 Analysis of single and multiple markers in the F,

population
Marker Tested Chr. Position  p-Value PVE
Sample of SNPs (%)
Single marker
NAL1_4_31214045 439 4 31,214,045 <2.2E-16 22.07
OFP19_5_15069810 498 5 15,069,810 1.99E-05 3.65
Multiple markers
Tested sample 436
Estimate Std. t Pr(>|t)) PVE
Error value (%)
(Intercept) 12,9235 11781 1097 <2e-16 2413
NAL1_4_31214045  4.201 03853 10903 <2e-16
OFP19_5_15069810 -1.3884 0384 -3615 0.000336

AKX

Validation of NAL1 function in regulating tillering ability
CRISPR-Cas9-edited lines targeting NALI were stud-
ied to determine the gene’s role in regulating tiller num-
ber. The nall-1 line contained a 19-bp deletion, and
nall-2 carried a 10-bp deletion within the NALI coding
sequence (exon 1). Both mutations are predicted to cause
frameshift disruptions. At the maximum tillering stage,
the edited lines produced a greater number of tillers than
the wild type Zhonghua 11 (ZH11; a lowland Japonica
variety). The average number of tillers was 6.75 in nall-
1, 5.75 in nall-2 and 2.75 in ZH11 (Fig. 7). Statistical
analysis confirmed significant differences in tiller number
among the three genotypes (p <0.05, Duncan’s test). The
increased number of tillers in the mutant lines was evi-
dent in the early vegetation stage and remained consis-
tent through 49 days after sowing (Fig. 7B). The increased
number of tillers and narrow leaf width were consistently
observed in the mutant lines grown under dry condition,
simulating upland condition (Figure S1). These pheno-
typic results observed in the edited lines are consistent
with QTL-seq and marker-trait association results impli-
cating NALI in the control of tillering in rice. In addition
to increased tillering, both mutants exhibited a nar-
row leaf phenotype, with average leaf widths of 0.38 cm
(nall-1) and 0.39 cm (nall-2), compared with 0.92 cm in
the wild-type background (Fig. 7A). These findings con-
firm that loss-of-function mutations in NAL1 promote
increased tillering and reduced leaf width, supporting its
pleiotropic role in rice plant architecture.

Discussion

To improve the performance of upland rice in favor-
able lowland ecosystems, it is essential to decipher the
genetic basis of important agronomic traits such as til-
lering, which directly influence yield potential under
high-input conditions [32]. Numerous quantitative trait
loci (QTLs) associated with tiller number have been
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previously identified using traditional and molecular
mapping approaches [33-35]. In recent years, next-gen-
eration sequencing (NGS)-based bulked segregant analy-
sis (BSA), i.e. QTL-seq, has emerged as an effective tool
to rapidly identify genomic regions associated with phe-
notypic variation, especially in populations descended
from parents with contrasting phenotypes [36].

In this study, we used QTL-seq to analyze an F, popu-
lation derived from a cross between the high tillering
lowland indica cultivar PT'T1 and the low tillering upland
tropical japonica line NDCMP49. QTL-seq analysis
identified two genomic regions on chromosomes 4 and
5 that were significantly associated with variation in til-
ler number. Within these regions, two candidate genes,
NALI (Os04g0615000) and OsOFP19 (Os05g0324600),
were identified as likely contributing to the observed
phenotypic differences. Both genes have previously been
associated with plant architecture traits. NALI has been
extensively studied for its role in regulating leaf width
via auxin-mediated acid growth mechanisms and cell
expansion [37]. The pleiotropic role of NALI has also
been associated with vascular bundle formation, vein
patterning and cell division [38], as well as physiologi-
cal traits such as chlorophyll content and photosynthetic
efficiency [39]. Favorable alleles of NALI from japonica
germplasm have been introgressed into indica back-
grounds to improve yield traits, including spikelet num-
ber, root architecture, and vascular development [40, 41].
Although NALI has traditionally been associated with
narrow leaf morphology, a growing body of evidence,
including our results, suggests that it also plays a broader
role in shoot architecture and yield-related traits [42].
Our results, derived from two independent nall alleles
(nall-1 and nall-2) generated via CRISPR/Cas9 in the
ZH11 wild-type background, provide strong genetic evi-
dence consistent with the findings of Jiang et al. [21], who
reported similar phenotypes in a mutant generated by
random mutation in the Nipponbare background. Con-
sistently, our evaluation under dry (upland) conditions
also showed that nall mutants produced more tillers
than wild-type plants, indicating that the negative regu-
latory role of NALI in tiller production is maintained
across contrasting water regimes. Together, these studies
confirm that loss of NALI function leads to increased til-
ler number, supporting its role as a negative regulator of
tiller production in rice.

Within the gTNS interval, we identified 30 annotated
genes, among which OsOFP19 emerged as the most com-
pelling candidate based on our QTL mapping results and
prior genetic reports. While additional fine mapping and
functional assays are needed to confirm causality, our
discovery of previously unreported, naturally occurring
missense mutations in OsOFP19 provides novel evidence
for its functional importance. The consistent association



Rongsawat et al. BMC Plant Biology (2025) 25:1185

A) NAL1_4_31214045

4.5e-12

p <2.22e-16

Page 10 of 13

B) OsOFP19_5_ 15069810

0.055
1

4.5e-05

9.8e-08 0.0028
® 40 » 40 -
£ 3
E 0
g g 30
5 5
E 20 = 20
10
0 A
0
119 1
227 Anova, p <2.2e-16 Anova, p = 9.4e-05
A/A G/A G/IG A/A A/G G/IG
C) NAL1_4 31214045/ OsOFP19_5 15069810
2.9e-09
50— 5.46-05 '
! 4.1e-05

® 40

)

Q

€

2 30

ks

= 20

10 A
24 54 41
0 55 118
21 53 1 52 Anova, p < 2.2e-16

AA/AA  AA/AG AA/GG GA/AA GA/IAG GA/IGG GG/AA GG/AG GGIGG
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of OsOFP19 with tiller number in the segregating popu-
lation derived from two genetically distant parental lines
highlights its robustness across genetic backgrounds,
positioning it as a priority target for future functional
studies and rice breeding programs. OsOFPI9 was func-
tionally characterized as part of a protein complex with
OSH1 (Oryza sativa homeobox 1) and DLT (DWARF

AND LOW-TILLERING) that integrates the brassino-
steroid (BR) signaling and developmental pathways to
modulate plant architecture [43]. Considering that tiller
formation is associated with axillary meristem initiation
and bud outgrowth, the involvement of OsOFPI9 in hor-
monal regulation emphasizes its functional importance.
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To validate the association between these loci and til-
ler number, we developed an allele-specific KASP marker
targeting a functional SNP in NALI and a TagMan
probe marker targeting a functional SNP in OsOFPI9.
Marker trait analysis in the F, population showed that
the NALI marker explained a substantial proportion
of the phenotypic variance (PVE=22.07%), while the
OsOFP19 marker contributed a smaller but significant
effect (PVE=3.65%). When both markers were analyzed
together, an additive effect was observed, with the PTT1

allele in OsOFP19 enhancing the effect of the PTT1 allele
in NALI. This suggests that pyramiding these alleles
could be beneficial for breeding high-tillering lines. Addi-
tive effects between QTLs have long been recognized
as important for the improvement of complex traits, as
they provide the opportunity for cumulative genetic gains
across loci [44]. The development of robust KASP and
TagMan Probe markers linked to these QTLs provides
a practical and scalable tool for marker-assisted selec-
tion (MAS). KASP and TagMan genotyping is known for
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its specificity, cost-effectiveness and usefulness in large-
scale breeding pipelines [45, 46], making it well suited for
improving upland rice varieties to enhance their perfor-
mance in waterlogged lowland environments.

In summary, our study identified NALI and OsOFP19
as important genes associated with variation in tiller
number in rice. The functional significance of NALI was
supported by CRISPR-Cas9 knockout lines that showed
significantly increased number of tiller and narrow leaf
phenotype. These results provide new insights into the
genetic control of tillering in rice and offer molecular
tools to improve shoot architecture in future breeding
programs. Further studies of the molecular mechanisms
underlying the function of NALI and OsOFPI9 are
essential to fully elucidate their role in meristem regula-
tion and yield optimization.

Conclusion

In this study, two major QTLs, gTN4 and gTN35, associ-
ated with tiller number in rice were successfully identified
by QTL-seq analysis. These loci, located on chromo-
somes 4 and 5, were used to develop functional KASP or
TaqMan Probe markers that effectively track genotype
segregation in the F, population. The validated markers
exhibited a strong association with the trait and showed
an additive effect when combined. These results highlight
the potential application of NALI- and OsOFPI19-based
markers in marker-assisted selection (MAS) and provide
valuable tools to improve tillering capacity and increase
productivity of upland rice varieties in future breeding
programs.
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