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Abstract:

Introduction: Achieving both high yield and superior grain quality remains a major
challenge in rice breeding due to the long-standing trade-off between these traits.
Enhancing vascular transport efficiency may provide a strategy to overcome this
constraint, yet the genetic basis linking peduncle vascular architecture with yield-
quality coordination remains poorly understood.

Objective: This study aimed to develop a flow-centered molecular design framework
targeting vascular transport capacity to reconcile yield and quality in Oryza sativa.
Methods: Using 248 accessions from the 3K Rice Genomes panel, 14 traits related to
peduncle vascular bundles, yield, and quality were phenotyped, and 31 cloned genes
were haplotyped. Haplotype validity was confirmed by functional verification using
near-isogenic or transgenic lines. Trait correlations, genetic effects, and pyramiding
interactions of key genes were assessed. Superior haplotypes were converted into
KASP markers and tested across 221 released cultivars. A breeding strategy was
proposed and validated using introgression lines.

Results: The peduncle vascular bundles play a crucial role in simultaneously enhancing
single-panicle weight and grain appearance quality in japonica/geng rice. Five key
genes (GL3.1, GW5, FLO2, LVPA4, and RST1) were identified as synergistic regulators
enhancing vascular development, panicle weight, and grain quality without
compromising yield. A pyramiding-effect network of genes to guide the simultaneous
improvement of yield and quality were constructed. Based on the uneven distribution
of superior alleles among modern cultivars, a flow-centered molecular design breeding
strategy was subsequently proposed and validated through the development of
introgression lines, confirming that optimizing vascular systems can simultaneously
improve yield and quality.

Conclusions: This study establishes a flow-centered genetic and conceptual framework
linking vascular bundle architecture to yield-quality coordination and provides practical
molecular tools for next-generation high-yield, high-quality rice breeding, while also
offering a strategic reference for similar improvements in other crops such as wheat and
maize.

Keywords: Rice molecular design breeding; yield and quality; vascular bundle in
peduncle; superior haplotypes; gene pyramiding

1. Introduction

Rice (Oryza sativa L.) is the staple food for more than half of the world's
population, making its improvement a cornerstone of global food security. Achieving
the dual goal of high grain yield and superior grain quality has long been a central yet
challenging objective in rice breeding. The challenge has intensified with the growing
world population and rising living standards, which demand elite rice varieties that
combine productivity with premium quality [1]. There is a trade-off relationship
between rice yield and grain quality, primarily due to competition for assimilate



allocation during grain filling [2]. Traditional breeding strategies have primarily
focused either on increasing sink capacity or improving starch quality, but few
strategies have successfully reconciled the yield-quality trade-off within a single
genetic framework [3]. This persistent trade-off remains a critical bottleneck,
constraining the development of high-yielding, premium-quality rice varieties.

Grain yield and quality depend on the coordinated regulation of the source-flow-
sink system [4,5], where grain number and size function as sinks, the upper leaves as
sources, and the peduncle vascular bundle serves as the flow channel transporting
photoassimilates and nutrients from source to sink. Although recent advances have
improved photosynthetic efficiency in modern rice varieties (enhanced source capacity),
the limited efficiency of assimilate transport and allocation of photosynthates has
emerged as a major constraint on grain filling, yield, and quality enhancement [4,6].
The phloem within peduncle vascular bundles (PVB) is the principal pathway for
assimilate translocation. The number of PVB is significantly positively correlated with
the primary branches number (PBN) and total grain number per panicle (TGN), and the
phloem area and the number of vascular bundles jointly determine nutrient transport
(flow) [7,8]. In this context, “flow capacity” is defined as the efficiency and capacity
of vascular tissues, particularly in panicle peduncle, in mediating assimilate transport
from source to sink, which is determined by vascular bundle number, phloem area, and
transport efficiency [5]. Mechanistically, vascular bundle traits influence grain quality
traits such as PGWC and DEC by regulating assimilate partitioning during grain filling,
as vascular bundle structure determines the efficiency of assimilate transport and
distribution from source to sink [7, 9, 10]. Compared with traditional breeding strategies
that primarily focus on enhancing source strength or increasing sink capacity, a flow-
centered strategy emphasizes the regulatory role of assimilate transport as an
intermediate layer linking source and sink. Robust stem architecture and a well-
developed vascular system are the foundation for sufficient nutrient supply and for
achieving high yield and good grain quality. This provides a new perspective for
breaking the long-standing trade-off between grain yield and quality. However, the
genetic basis of peduncle vascular bundle variation and its contribution to yield-quality
coordination remain largely unexplored.

Over the past decades, only limited progress has been made in identifying genes
that regulate vascular bundle development in rice. To date, a few genes such as OsOPL1
[11], OsCOMT [12], MED14_1 [13], DVBI [14], LP [15], STRONG2 [16] and LVPA4
[7] have been reported to regulate vascular bundle number or phloem area in panicle
peduncle. In contrast, number of genes affecting the yield or quality had been cloned
and well characterized, such as GL3.1 [17], GW5 [18], Gnla [19], sd1 [20], IPA1 [21],
DEPI [22], WCRI [23], chalk5 [24], and FLO2 [25]. However, the extent to which
these yield- and quality-associated genes interact with PVB-related traits remains
largely unexplored. With the availability of high-resolution genomic datasets such as
the 3K Rice Genome Project [26], it has become feasible to systematically explore the
allelic diversity in these genes and assess their combined influence on yield, quality,
and vascular bundle capacity. Such integrative analysis can elucidate the role of
vascular bundles in coordinating yield and quality improvement, and identify key



targets for molecular design breeding to overcome the yield-quality trade-off.

Molecular design breeding, which integrates haplotype-based gene mining,
functional validation, and marker-assisted pyramiding, represents a powerful approach
to combine superior alleles into elite genetic backgrounds [27]. By pyramiding superior
alleles associated with the “flow” component, it may be possible to enhance assimilate
transport and optimize carbohydrate partitioning, thereby achieving both high yield and
superior quality. However, empirical evidence demonstrating the effective utilization
of PVB-related traits and their underlying genes for coordinated improvement remains
limited.

In this study, we aimed to elucidate the genetic basis of peduncle vascular bundle
traits and their coordination with yield and grain quality in rice. By integrating genome-
wide haplotype analysis, functional validation, and gene-interaction modeling, we
established a flow-centered molecular design framework to optimize both panicle
weight and grain quality. This approach identified key regulatory genes and highlighted
strategies for pyramiding superior alleles, providing a foundation for next-generation
high-yield and high-quality rice breeding.

2. Materials and methods
2.1. Plant materials and growth conditions

Considering the genetic diversity and the feasibility of phenotypic data
investigation, a panel of 248 worldwide rice (Oryza sativa L.) accessions, distributed
across 33 countries or regions, from the 3,000 Rice Genomes Project [26] were used in
this study, including 167 xian (indica) and 81 geng (japonica) accessions (Table S1).
To capture broad genetic diversity while minimizing confounding effects from
population structure and developmental differences, accessions within each subspecies
were selected to have relatively narrow heading date range, with 97.98% of the
accessions heading between 89 and 113 days (Table S1). Field experiments were
conducted at the experimental station in Sanya (18.3°N, 109.3°E), Hainan province,
China during December 2015 to April 2016 and in Shenzhen city (22.5°N, 114.1°E),
Guangdong province June 2016 to November 2016. Each accession was grown in three
replicates, with each plot consisting of five rows of 10 plants per row, spaced 25 cm
between rows and 17 cm between plants.

2.2. Measurements of the main agronomic traits used in this study

At the full heading stage, five uniform plants from the middle of each plot were
selected for sampling. Stem transverse sections were excised 2 cm above the neck-
panicle node and fixed in formalin—acetic—alcohol (FAA) solution. Following safranin
O staining, the number of large vascular bundles (LVN), number of small vascular
bundles (SVN), phloem area of large vascular bundles (LVPA, um?) and the phloem
area of small vascular bundles (SVPA, um?) were quantified using an AXIO
microscope (ZEISS, Germany).



For agronomic trait evaluation, eight uniform plants from the central row of each
plot were sampled and oven-dried until constant weight. The following yield-related
traits were recorded, including effective panicle number per plant (EPN), primary
branch number (PBN), secondary branch number (SBN), total grain number per panicle
(TGN), seed setting rate (SSR), thousand grain weight (TGW), grain yield per plant
(GYPP, g), and single panicle weight (SPW, g). Another eight uniform plants in the
middle row were harvested at maturity for measurement of grain quality related traits
after air-drying, including percentage of grains with chalkiness (PGWC, %) and degree
of chalkiness (DEC, %).

2.3. Haplotype analysis

To comprehensively assess genetic variation underlying key agronomic traits, a
total of 31 genes were selected for this study from previously cloned and functionally
validated rice genes reported to regulate key agronomic traits (Table S2), includes nine
grain weight-related genes (GS2 [28], GS5 [29], GL3.1 [17], GWS5 [18], GW6 [30],
GWbéa [31], TGW6 [32], gTGW?2 [37], and GW2 [40]), 11 grain number per panicle
(FZP [33], PAYI [34], Gnla [19], RSTI [35], sd1 [20], GNPI [36], gTGW?2 [37], IPAl
[21], GIFI [38], OsSPLI16 [39], DEPI [22]), seven vascular bundle-related genes
(OsOPLI [11], OsCOMT [12], MED14 1 [13], DVBI [14], LP [15], STRONG2 [16]
and LVPA4 [7]), five appearance quality-related genes (WCRI [23], chalk5 [24], du3
[41], OsAAP6 [42] and FLO?2 [25]). These genes, which are associated with grain
weight, grain number per panicle, or vascular bundle number, not only regulate their
respective traits but also influence grain yield. SNP genotype data for the 248
accessions were retrieved from the Rice SNP-Seek Database (http://www.oryzasnp.org/)
[43]. SNPs with > 20% missing rate or minor allele frequency < 5% were filtered using
PLINK [44]. Haplotype identification was performed based on non-synonymous SNPs
within the coding sequences (CDS). Only major haplotypes representing >5% of the
total accessions were retained for the analysis of phenotypic differences among
different haplotypes. Thus, the rare haplotypes containing fewer than 12, 7 and 5
samples were excluded from the whole panel, xian subgroup and geng subgroup,
respectively.

2.4. Development and evaluation of complementary transgenic lines for LVPA4

To validate the functional role of the superior LVPA4 haplotype, complementary
transgenic lines were generated using Lemont (LT; superior allele LVPA4%) as donor
and Nongken 58 (NK58; inferior allele LVPA4) as recipient. A 13.8-kb genomic
fragment encompassing 3.4 kb upstream and 1.45 kb downstream of the LVPA4 coding
sequence was amplified using KOD High-Fidelity DNA Polymerase and cloned into
the binary vector pPCAMBIA1300, yielding pPCAMBIA1300-LVPA4. The recombinant
construct was introduced into Agrobacterium tumefaciens strain EHA105 for the
subsequent transformation of the geng variety NK58 [45]. Field experiments were
conducted at the experimental station in Jiangmen city (21.3°N, 111.6°E), Guangdong



province during June to November in 2024. Each accession was grown in three
replicates, with each plot consisting of ten rows of 10 plants per row, spaced 25 cm
between rows and 17 cm between plants.

2.5. Development and evaluation of the near-isogenic line for RST1, GWS5, GL3.1 and
GWS5+GL3.1

SHINCHIKU IKU 97 (S197), carrying the inferior allele (Hap2) and the PLUS
carrying the superior allele (Hap3) for RST/, were selected as the recipient and the
donor parent, respectively. A near-isogenic line (NIL), NIL-RSTIPLUS, was developed
in the SI97 background through hybridization, four backcrosses, and three selfing
generations using marker-assisted selection. Similarly, using Lemont carrying the
superior alleles of GL3.1/ and GW5 as the donor parent and Teqing as the recipient
parent, we constructed NILs for GL3.1, GW35, and the combination GW5 + GL3.1 in
the BC4F; generation. Field experiments were conducted at the experimental station in
Jiangmen city, Guangdong province during June to November in 2024. Each accession
was grown in three replicates, with each plot consisting of ten rows of 10 plants per
row, spaced 25 cm between rows and 17 cm between plants.

2.6. Expression patterns of important genes and their relationship

Expression patterns of five key genes (GL3.1, GW5, FLO2, LVPA4 and RSTI),
which influence vascular bundles, grain quality and SPW, were retrieved from the Rice
Expression Profile Database (RiceXPro) (Version 3.0)
(https://ricexpro.dna.affrc.go.jp/). The Protein-Protein Interactions (PPI) network
functions enrichment analysis was performed using STRING database (Version 12.0)
(https://string-db.org/) with a confidence score >0.7. Linkage disequilibrium (LD)
between SNPs was evaluated using D’ calculated by LDBlockShow software (Version
1.40) [46].

2.7. Designing KASP markers for identifying superior alleles

Kompetitive Allele-Specific PCR (KASP) markers were designed to differentiate
superior and inferior haplotypes of GL3.1, GW5, FLO2, RST1, and LVPA4 based on
haplotype-specific SNPs [47]. According to the identified differential SNPs, the
flanking sequences were retrieved with reference to the geng cultivar “Nipponbare” and
the xian cultivar “9311” to select appropriate regions for marker development. Allele-
specific forward primers (each terminating with one of the SNP alleles at the 3’-end)
and a common reverse primer was designed following LGC Biosearch Technologies
KASP guidelines (https://www.biosearchtech.com/). The markers were validated for
their accuracy in distinguishing superior alleles using fluorescence-based genotyping.

2.8. Identification of donor-derived introgressed segments



The LG31 introgression lines (IL-RSTIP'VS) were developed through
hybridization followed by three rounds of backcrossing and two generations of selfing,
combined with molecular marker-assisted selection. Field experiments were conducted
at the experimental station in Beijing (39.5°N, 116.2°E) during May to November in
2025. Each accession was grown in three replicates, with each plot consisting of ten
rows of 10 plants per row, spaced 25 cm between rows and 17 cm between plants.
Whole-genome resequencing data of the recurrent parent (LG31) and the introgression
line (IL-RSTIPUS) were used to identify donor-derived genomic regions. Genomic
DNA was extracted from young leaves using a standard CTAB method [48]. Whole-
genome resequencing libraries were constructed following standard Illumina protocols
[49], including DNA fragmentation, end repair, adapter ligation, and PCR amplification.
The libraries were sequenced on an Illumina platform using a paired-end sequencing
strategy. Raw reads were quality-filtered and aligned to the Nipponbare reference
genome (IRGSP-1.0). SNP calling was performed using GATK [50], and high-quality
SNPs were retained for further analysis. To detect putative donor-derived segments, a
sliding-window approach was applied across each chromosome. Windows of 100 kb
with a step size of 50 kb were scanned, and only windows containing at least 30
differential SNPs were retained for further analysis [51]. For each window, the
proportion of donor alleles was calculated. Windows with donor allele proportion >0.9
were defined as candidate introgressed windows. Adjacent candidate windows were
merged into continuous segments. The chromosome, start and end positions, number
of windows, and average donor proportion for each segment were recorded. The
distribution of these segments across the genome was visualized using R (v4.3.2) with
the ggplot2 package.

2.9. Yeast two-hybrid assays of RST1-LVPA4, GL3.1-FLO2, and GL3.1-GW5

Yeast two-hybrid assays were performed using the GAL4 system. Full-length
coding sequences were amplified from cDNA of the rice cultivar Nipponbare and
cloned into the pGBKT7 (BD) and pGADT7 (AD) vectors. The constructs were co-
transformed into yeast strain AH109. Transformants were selected on SD/-Leu/-Trp
medium and assayed for interaction on SD/-Leu/-Trp/-His/-Ade medium.

2.10. The pyramiding effect analysis among the superior alleles

Pyramiding effects were evaluated based on effect size. Positive pyramiding
effects were defined as cases where accessions carrying two superior alleles exhibited
phenotypic values more than 5% higher than those carrying only one superior allele
[52]. Statistical significance among groups was assessed using one-way ANOVA. The
use of phenotypic gain to evaluate the effectiveness of allele combinations is consistent
with previous method on haplotype-based analysis and molecular design breeding [52-
54].

2.11. Statistical analysis



Statistical analysis was performed using R software (v4.3.2) and Microsoft Excel.
Differences in phenotypic traits between xian and geng subgroups were examined by
Student’s #-test. Pearson’s correlation coefficients among 14 traits were computed using
the ‘corrplot’ package in R. One-way ANOVA followed by Duncan’s multiple range
test (p < 0.05) was used to evaluate phenotypic differences among gene haplotypes
when more than two groups were compared. Two-tailed #-tests were applied for
pairwise comparisons. Variance component analysis was performed using a linear
mixed-effects model (LMM) to partition the phenotypic variance into genetic and
environmental components. The model was fitted using the Imer function in the ‘Ime4’
package in R.

3. Results
3.1. Test materials and phenotypic variation

The 3K RG panel represents a vast reservoir of genetic diversity and superior
alleles [26]. In this study, a subset of 3K RG panel, including 167 xian varieties and §1
geng varieties, was selected based on the genetic diversity and the feasibility of
phenotypic data investigation (Table S1). The 248 varieties originated from 33
countries or regions, ranging from one from Argentina, Cuba, France, Greece, Italy,
Malaysia, Mexico, Peru, Solomon Islands, Spain, and Uruguay to 63 from China (Fig.
la). Population structure and genetic relationships among accessions were
characterized using genome-wide SNP data through principal component analysis
(PCA) and kinship (KI) analysis (Fig. S1). Phylogenetic analysis was furtherly
conducted using the Neighbor-Joining (NJ) method in MEGA (version 10) [55], based
on 27,921 high-quality SNP markers divided the panel into two major clusters (Fig.
1b), a division consistent with the classification in 3K RG database (Table S1).

All phenotypic distributions of these traits were highly consistent between two
years (Fig. S2a). Variance component analysis showed that genetic effects explained a
substantially larger proportion of phenotypic variation than environmental effects (Fig.
S2b), indicating that the traits are predominantly controlled by genotype. In addition,
correlations between the two years were generally high (p=<0.001), suggesting stable
genotypic performance across years (Fig. S2c). Therefore, we used the first-year dataset
for subsequent analyses. Significant phenotypic variation was observed across all 14
measured traits in the xian and geng subgroups (Fig. 1¢). Specifically, xian varieties
exhibited significantly higher number of large vascular bundles (LVN), number of
small vascular bundles (SVN), effective panicle number per plant (EPN) and grain yield
per plant (GYPP) compared to geng varieties. Conversely, xian varieties had lower
values for phloem area in the large vascular bundles (LVPA), small vascular bundles
(SVPA), primary branch number (PBN), seed setting rate (SSR) and thousand grain
weight (TGW). No significant differences were observed for five traits (percentage of
grains with chalkiness (PGWC), degree of chalkiness (DEC), secondary branch number
(SBN), total grain number per panicle (TGN), and single panicle weight (SPW) (Fig.
Ic). These results indicate that the eight agronomic traits, including LVN, SVN, LVPA,



SVPA, PBN, SSR, EPN, and GYPP, differ significantly between xian and geng
subgroups. Given the substantial phenotypic divergence between xian and geng
subspecies, subsequent analyses were conducted separately within each subspecies to
minimize potential confounding effects from population structure.

In xian subgroup, significant positive correlations were observed among LVN,
LVPA, SVN and SVPA, with all of these traits showing strong positive associations
with SBN, TGN and SPW. Conversely, they exhibited significant negative correlation
with PGWC, DEC and EPN (Fig. 1d). No significant correlations were observed with
SSR, TGW and GYPP (Fig. 1d). In contrast, the geng subgroup, displayed a highly
significant positive correlation between LVN and LVPA. Both LVN and LVPA were
significantly negatively correlated with PGWC, DEC, EPN and GYPP, while LVPA
showed a significant positive correlation with SPW (Fig. le). Collectively, these
findings suggest that vascular bundle traits play a pivotal role in determining single
panicle weight (SPW) and grain appearance quality traits such as PGWC and DEC.

3.2. Haplotype analysis of 31 cloned genes in peduncle vascular bundle related traits

To explore the genetic basis of vascular bundle traits and their association with
yield and quality, we conducted a haplotype analysis of 31 key genes previously linked
to yield, quality, or vascular bundle traits (Table S2; Fig. 2a). Haplotype analysis
revealed a variable number of haplotypes across the genes, ranging from one to eight
major haplotypes. OsSPL16 exhibited the highest haplotype diversity, with frequencies
ranging from 5.24% for Hap 6, Hap7 and Hap8 to 16.9% for Hap1 in the panel (Table
S3; Fig. 2b). In contrast, GW2, gTGW6 and IPA1 were monomorphic, thus haplotype
analysis could not be used to determine their effect on vascular bundle traits. Among
the remaining 28 genes, significant differences in the LVN and LVPA were observed
for all except FZP and du3 in the whole population. For SVN, 13 genes including GS2,
GS5, TGW6, RSTI1, OsSPL16, DEP1, PAYI, GNP1, FLO2, OsAAP6, LVPA4, DVBI
and OsCOMT showed significant haplotype effects. Similarly, significant differences
in SVPA were observed for all multi-haplotype genes except except for FZP, du3,
STRONG?2 and LP in whole group (Table S3; Fig. 2b).

Significant phenotypic differences were observed for the four vascular bundle-
related traits (LVN, SVN, LVPA and SVPA) between xian and geng varieties (Fig. 1¢).
To eliminate the influence of these subspecies’ differences on the vascular bundle traits,
subgroup specific haplotype analysis was conducted separately for xian and geng
subgroups. The number of major haplotypes in the subset ranged from one to six in the
xian subgroup and the highest number of haplotypes was observed for OsSPL16, with
frequency ranging from 7.78% of Hap6, Hap7 and Hap8 to 25.15% of Hap1. Significant
differences in LVN, SVN, LVPA, and SVPA were detected among haplotypes of three
(GW6, OsAAPG6 and LP), three (PAY1, OsAAP6 and DVBI), six (GS2, TG’W6, DEPI,
GNPI1, OsAAP6 and LP) and four (GS2, PAYI, GNPI and OsAAP6) genes in xian
subgroup, respectively, suggesting that these nine genes might be associated with
vascular bundle traits in xian subgroup (Table S3; Fig. 2b).

In the geng subgroup, the number of major haplotypes per gene ranged from one



to five, with GW6 showing the highest diversity (7.41% for Hap4 to 32.10% for Hap1).
Significant differences in LVN, SVN, LVPA, or SVPA were observed among
haplotypes of 11 genes, including GL3.1, GW5, GW6, TGW6, RSTI1, PAYI1, FLO?2,
LVPA4, STRONG2, DVBI and MEDI4_1 (Table S3; Fig. 2b), indicating that these
genes might be related to vascular bundle traits in the geng subgroup.

3.3. Relationship analysis between peduncle vascular bundles, yield and quality
through haplotype analysis

To elucidate the influence of these genes on yield and quality related traits, as well
as their relationships with vascular bundles, haplotype analysis was conducted. Eleven
genes (GL3.1, GW5, GW6, TGW6, RST1, PAY1, FLO2, LVPA4, STRONG2, DVBI and
MED14 1) and nine genes (OsAAP6, GW6, LP, PAY1, DVBI, GS2, GNPI, TGW6 and
DEPI) were analyzed in geng and xian subgroups, respectively. The analysis included
two traits related to appearance quality (PGWC and DEC) and eight traits associated
with grain yield (TGW, PBN, SBN, TGN, SSR, SPW, EPN, GYPP) (Table S4-5; Fig.
2¢).

In the xian subgroup, haplotype analysis revealed that OsAAP6 and GW6
modulated vascular bundle-related traits without affecting quality or yield traits (Fig.
2c¢). Both LP and DVBI enhanced vascular bundle and increased SPW, but did not
influence grain quality. PAY! influenced SVN and SVPA, while having no impact on
PGWC, DEC, SPW and GYPP. GS2 simultaneously influenced vascular bundle traits
(LVPA and SVPA), grain quality-related traits (PGWC and DEC), and yield-related
traits (TGN and SPW); however, the observed reduction in EPN offset potential gain
in grain yield per plant. GNPI enhanced LVPA, SVPA, and TGW without affecting
grain quality or yield. Conversely, 7TGW6 and DEPI increased LVPA while decreasing
PGWC and DEC, but did not influence yield traits (Fig. 2¢). Overall, these results
indicated that in the xian subgroup, a clear direct relationship between vascular bundle
traits and yield or quality could not be established.

In geng subgroup, LVPA4, FLO2, STRONG2, GL3.1, GW5, GW6, TG"W6, DVBI,
and MEDI4 1 collectively and positively regulated LVN, LVPA, PBN, TGN, and
SPW, while simultaneously reducing EPN. Consequently, LVPA4, FLO2, STRONG2,
GL3.1, and GW35 exhibited no significant change in grain yield per plant, whereas GIV6,
TGW6, DVBI, and MEDI4 1 resulted in decreased grain yield (Fig. 2¢). Among them,
LVPA4, FLO2, GL3.1, and GW5 improved grain appearance quality by reducing
PGWC and DEC, while STRONG2, GW6, TG"W6, DVBI and MEDI4_1 maintained
stable grain quality (Fig. 2¢). RST enhanced LVN, LVPA, PBN, TGN, and SPW, and
significantly increased grain yield per plant due to its negligible effect on EPN;
meanwhile, it improved grain appearance rice quality (Fig. 2c). PAYI increased LVN
but reduced SVPA, leading to higher PBN and TGN yet decreased grain quality, with
no effect on SPW, EPN, and GYPP (Fig. 2¢). Collectively, these findings indicate that,
except for PAY1, the identified genes synergistically and positively regulate vascular
bundle-related traits and SPW, contributing to improved appearance quality. However,
due to the negative correlation between vascular bundle traits and EPN, enhancement



of peduncle vascular bundles alone may not directly increase grain yield per plant.
3.4. Genetic validation of RSTI1,LVPA4, GW5 and GL3.1 haplotypes

In the geng subgroup, RST1 displayed a single nucleotide polymorphism (SNP) at

position 28,588,881 bp on chromosome 6, distinguishing Hap2 from Hap3 (Fig. 3a).
Hap3 was associated with significantly higher LVN (+19.52%), LVPA (+8.76%), PBN
(+27.81%), TGN (+27.26%), GYPP (+14.00%), and SPW (+29.16%), while exhibiting
lower PGWC (—42.36%) and DEC (-55.12%) compared with Hap2, identifying Hap3
as a superior haplotype positively associated with vascular bundle, yield, and grain
quality (Fig. 3a; Table S6). A KASP marker, RST1 8881, was developed to distinguish
the favorable (Hap3) and unfavorable allele (Hap2) of RST!I (Table S7; Fig. S4). No
significant difference was observed between Hap2 and Hap3 for SVN, SVPA, SBN,
SSR, and EPN.
We constructed NIL-RSTIPLUS by introgressing the superior allele (Hap3) into the S197
background, which carries the unfavorable allele Hap2 using marker-assisted selection
with RST1 8881 (Fig. S5; Fig. 3b). Phenotypic analysis demonstrated that NIL-
RSTIP'US markedly enhanced LVN (+20.08%), LVPA (+20.00%), PBN (+19.85%),
TGN (+10.62%), TGW (+7.54%), SPW (+16.96%), and GYPP (+17.54%), whereas
SVN, SVPA, SBN, SSR, and EPN remained unaffected. Notably, NIL-RST/PLUS
reduced PGWC and DEC, improving grain appearance quality (Fig. 3c). Similarly,
compared with Lemont, the RS7/ overexpression transgenic lines exhibited
improvements in the above-mentioned vascular bundle and yield-related traits (Fig. S6).
These findings corroborate the haplotype analysis, confirming its reliability.

LVPA4 exhibited a single nucleotide difference between Hap2 and Hap3 at
position 31,212,801 bp on chromosome 4 in geng subgroup (Fig. 3d). Accessions
carrying Hap3 exhibited significantly higher LVN (+17.38%), SVN (+13.40%), LVPA
(+9.19%), SVPA (+34.13%), PBN (+21.59%), SBN (+42.89%), TGN (+29.96%) and
SPW (+14.40%) but lower EPN (-13.04%), PGWC (—49.05%) and DEC (-51.47%)
compared with Hap2, identifying Hap3 as an elite haplotype enhancing vascular bundle
traits, SPW, and grain quality (Fig. 3d; Table S8). No significant differences were
observed in TGW, SSR and GYPP. A KASP marker (LVPA4 2801) was developed to
distinguish the favorable and unfavorable alleles of LVPA4 (Table S7; Fig. S4). To
validate these results, two homozygous complementary transgenic lines were
developed in the NK58 background (Fig. 3e). Compared with NK58, the two lines of
LVPA4 markedly enhanced LVN (+25.00%), SVN (+15.98%), LVPA (+10.54%),
SVPA (+36.98%), PBN (+18.27%), SBN (+28.07%), TGN (+18.15%) and SPW
(+36.86%), while TGW, SSR and GYPP remained unchanged. Notably, LVPA4 also
significantly reduced PGWC (-20.56%) and DEC (-36.76%), leading to an improved
grain appearance quality (Fig. 3f). In our previous study, the NIL-LVPA4 in Teqing
background exhibited significantly increased vascular bundle area, secondary branch
number, grain number per panicle, and ultimately grain yield compared with the
recurrent parent Teqing [7].

Similarly, the superior alleles of GW5 and GL3.1 were also validated using NILs,



confirming their positive effects on target traits (Fig. S7). These results were consistent
with the haplotype analysis, supporting their accuracy and reliability.

3.5. Construction of pyramiding-effect network of core genes

Among the candidate genes in geng subgroup, LVPA4, GW5, FLOZ2 and GL3.1
positively regulated vascular bundles, appearance grain quality, and single panicle
weight without reducing grain yield per plant, whereas RS’/ enhanced vascular bundles,
appearance grain quality, SPW, GYPP (Fig. 2c). Therefore, these five genes were
selected as key candidates for simultaneous improvement of yield and appearance
quality. All five genes were mainly expressed in both the stems and young panicles (Fig.
S8). The spatial and temporal expression patterns of FLOZ2 [25], GWS5 [18], RST1 [35],
GL3.1[17],and LVPA4 [56] have been previously validated by RT-qPCR in published
studies. The GL3.1, LVPA4, FLO2, GWS5, and RSTI were located on chromosomes 3,
4,4, 5, and 6, respectively (Fig. S9a). Although FLOZ2 and LVPA4 are located on the
same chromosome 4, no physical linkage was detected (Fig. S9b). Functional network
analysis indicated that only LVPA4 and RST1 clustered together, with no direct genetic
interaction (Fig. S9c¢). Yeast two-hybrid assays further showed that RST1-LVPAA4,
GL3.1-FLO2 and GL3.1-GWS5 did not exhibit interactions (Fig. S10), and these results
support the clustering trends observed in the functional network.

To assess their combined breeding potential, the pyramiding effects of the five
genes (LVPA4, RSTI, GL3.1, FLO2 and GW5) were analyzed among 81 geng
accessions from the 3K-RG dataset, which were classified into six groups based on the
number of favorable alleles (Table S9). Interestingly, stacking more favorable alleles
did not always result higher yield or better quality (Table S10; Fig. 4a), implying
possible antagonistic or functional redundancy interactions among these genes. For
instance, accessions carrying both GW5 and RSTI showed significantly higher GYPP
compared with those carrying only one of the genes (+11.20% and +11.53%,
respectively), indicating a synergistic effect. In contrast, GL3.7 and FLO?2 displayed a
negative pyramiding effect on GYPP ( - 7.14%) (Fig. 4b; Table S11).

Based on these results, a gene pyramiding was constructed (Fig. 4c). LVPA4
exhibited additive positive effects on quality traits, and synergistic effects with GW5
and RSTI on GYPP. GW5 had additive positive effects with LVPA4 and RSTI on both
GYPP and quality-related traits (PGWC and DEC), while it showed additive positive
effects with GL3.7 only on GYPP. RST1 exhibited additive positive effects with LVPA4,
GWS5, GL3.1, and FLO?2 on grain quality related traits, but only with LVPA4 and GW5
on yield. GL3.1 enhanced quality when combined with LVPA4 or RST1 and yield when
combined with GW5. FLOZ2 showed additive positive effects with LVPA4 and RSTI on
grain quality. Collectively, these findings provide a theoretical framework for
strategically introducing superior alleles to enhance both yield and quality.

3.6. Breeding potential of modern cultivars

A total of 221 officially released rice varieties from 1963 to 2023, ranging from 5



in the 1960s to 75 in the 2000s (Table S12; Fig. 5a). These varieties exhibited broad
geographic representation, including five nationally certified varieties, 12 introduced
from Japan, 15 recorded in the Chinese rice varieties and their pedigree [57], 15
registered in the Chinese National Crop Variety Register, and 174 from ten provinces
or regions which range from 1 by Shanxi, Hebei and Yunnan to 134 by Heilongjiang
(Fig. 5a). Twenty of these were identified as super rice varieties according to the Super
Rice Varieties Directory 2025 (https://www.natesc.org.cn/) (Fig. 5a).

In addition to RST1 8881 for RST/ and LVPA4 2801 for LVPA4, KASP markers
GWS5 5862, FLO2 1788, and GL3.1 6243 were developed to discriminate superior
and inferior alleles of GW35, FLO2, and GL3.1, respectively, (Table S7; Fig. S4) based
on haplotype-specific SNPs (Table S13—15). Among the 221 varieties, 205 (92.76%),
41 (18.55%), 12 (5.43%), and 19 (8.60%) carried the favorable alleles of LVPA4, GW5,
RSTI, and FLO?2, respectively, whereas none carried the superior GL3./ allele (Table
S16; Fig. 5b). Of these, 139 cultivars carried only LVPA4, 49 varieties carried two
superior alleles of LVPA4 and one of the other three genes mentioned above (33 with
LVPA4+GWS5, 2 with LVPA4+RSTI and 14 with LVPA4+FLO?2), seven contained
LVPA4, GWS5, and RSTI1, one possessed all superior alleles of the above four genes
(LVPA4+GW5+RSTI+FLO?2), while 14 varieties carried none of the superior alleles
(Fig. 5b). In both commercial and non-commercial cultivars, the utilization of favorable
haplotype combinations (except for LVPA4 alone) is generally low. However,
commercial cultivars show increased frequencies of LVPA4/GWS5 (rising from 13.53%
to 19.61%) and LVPA4/RSTI (rising from 0.59% to 1.96%), while the proportion of
genotypes lacking favorable alleles drops from 8.24% to 0.00% (Fig. 5c). Interestingly,
only 6 super rice varieties and 23 commercial varieties carried two or more favorable
alleles (Fig. 5d), indicating considerable potential for further genetic improvement.

Based on the gene pyramiding effect network and superior haplotype data, a
molecular design breeding strategy was developed to enhance yield and quality in geng
rice (Fig. 5e). For varieties carrying only LVPA4, the introduction of GL3.I could
improve grain quality, while RST7 and GW5 would enhance both yield and quality. For
LVPA4 and FLO?2 backgrounds, adding RST/ would enhance both traits. For LVPA4
with GW5 combinations, simultaneous incorporation of GL3./ and RSTI would be most
effective. In varieties with LVPA4 and RSTI, GL3.1 would mainly increase quality,
while GW5 would enhance both yield and quality. Even in lines already pyramiding
LVPA4, GWS5, and RSTI, incorporating GL3.1 could further improve both yield and
quality.

To experimentally validate this strategy, RS7'/ was introduced into LG31 (carrying
the favorable allele of LVPA4) to develop an introgression line (IL-RSTIPLVS) (Fig. 6a).
The average sequencing depths of LG31 and IL-RSTIP'US were 19.73 X and 22.35 X,
respectively, with uniform coverage across all chromosomes (Fig. S11). A total of
140,514 common SNPs were detected between LG31 and IL-RSTIP'US (Table S17),
and sequence comparison indicated a background homozygosity of 93.06% (Fig. S12a).
We detected three major donor-introgressed regions that were largely homozygous in
the IL-RSTIP'VS, located on chromosome 8 (16.45-16.55 Mb) and chromosome 10
(21.20-21.30 Mb and 22.55-22.65 Mb) (Fig. S12b). There were no cloned genes
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known to affect these traits within the three identified introgressed segments (Table
S18), implying that the observed phenotypic differences between IL-RSTIP'US and
LG31 may primarily result from the introgression of RS7/ Compared with LG31, IL-
RSTIPLUS exhibited significant increases in LVN, LVPA, and SVPA (Fig. 6b—e).
Moreover, PBN, SBN, and TGN were markedly increased by 89.25%, 183.35%, and
101.64%, respectively (Fig. 6f—j). Although a reduction of 8.29% was observed in
TGW (Fig. 61), this was accompanied by increases in SPW and GYPP of 37.39% and
22.16%, respectively (Fig. 6m—n). Furthermore, RST/ significantly reduced PGWC and
DEC (Fig. 60-q), resulting in a remarkable improvement in appearance quality.

We also constructed pyramiding lines NIL-(GL3.1+GW5)'T that simultaneously
carry the superior alleles of GW5 and GL3.! from Lemont in Teqing background
(carrying the unfavorable allele of the two genes) using marker-assisted selection.
Compared with NIL-GL3.I'T or NIL-GW5'T, NIL-(GL3.1+GW5)'T exhibited
significantly increased PBN, SBN and GYPP, and significantly reduced PGWC and
DEC (Fig. S7). In addition, the combined effect of GW5 and LVPA4 was confirmed in
the collected developed geng cultivars (Fig. S13). These results validate the proposed
breeding framework, demonstrating that the gene pyramiding network effectively
enhances both yield and quality. Superior haplotype-carrying cultivars and three elite
germplasms (91 UPLA, SP 6, and SKY BONNET) from the 3K panel were identified
as potential donors for geng varieties improvement (Fig. S14).

4. Discussion

Rice production currently faces growing challenges in developing elite cultivars
that combine high yield and superior grain quality to meet the demands of an expanding
global population and rising living standards [1]. Establishing innovative breeding
strategies to overcome the inherent trade-off between yield and quality is therefore
essential for generating next-generation rice varieties with both attributes. Coordination
of source, sink, and flow components is crucial in rice breeding. Agronomic
improvement requires maintaining a strong source capacity (adequate assimilate and
nutrient supply) and efficient transport capacity (unimpeded flow from source to sink),
which together can partially overcome the trade-off between yield and grain quality,
thereby enabling the simultaneous improvement of both traits [4]. Previous studies have
frequently achieved gains in rice yield and grain quality by enhancing leaf-level
photosynthetic capacity [6] or by modifying panicle-related traits [19,22,38,58].
However, relatively limited attention has been given to the improvement of vascular-
bundle (flow), traits which could serve as a key strategy for breaking the yield—quality
trade-off. Effective transport of photoassimilates from leaves and stems to grains by
vascular bundle in the panicle peduncle is a necessary condition for improving grain
filling and maximizing rice yield [59]. Mechanistically, vascular bundle traits may
influence grain quality traits such as PGWC and DEC by regulating assimilate
partitioning during grain filling, as vascular bundle structure determines the efficiency
of assimilate transport and distribution from source to sink [5, 7, 9, 10]. In this study,
we investigated the correlation between peduncle vascular bundles characteristics, yield



and grain quality, and further discussed the potential application of pyramiding related
important genes to improve yield and quality in geng subgroup.

The rice 3K RG panel, with extensive natural variation and a wide array of superior
alleles, serves as a valuable genetic resource for exploring haplotype diversity. The
panel can be broadly classified into five subgroups xian, geng, admix, aus and basmati,
among which xian and geng represent the predominant subgroups [26]. There are
substantial differences in the vascular bundle system between xian and geng subgroups,
and the vascular bundle system is an important parameter that defines differentiation
between the two subspecies [60]. The panel of 248 accessions from 3K RG, including
167 xian accessions and 81 geng accessions, employed in this study, to ensure both the
robustness of agronomic trait evaluation and the genetic diversity of the dataset (Table
S1; Fig. 1a-b), thereby enhancing the robustness and generalizability of the analysis
results. Although multi-year and multi-environment evaluations are generally
important for complex traits such as yield and grain quality, the consistent trait
distributions across two different ecological zones and the predominance of genotype
effects indicate that the associations identified here are robust at the population level
(Fig. S2). while further validation under broader environmental conditions will be
valuable.

Xian varieties generally exhibit a larger LVN in the peduncle compared with geng
varieties [60], whereas their LVPA is significantly smaller [61]. Consistent with
previous findings, our results demonstrated that the peduncle LVN in xian varieties was
36.01% higher, and the LVPA was 7.95% lower, than in geng cultivars (Fig. 1c).
Furthermore, previous studies have reported significant differences between xian and
geng subgroup in PBN [62], TGW [63] and GYPP [64], which are consistent with the
results of the present study (Fig. 1c). Many cloned genes, such as GL3.1 [17], GW5
[65], LVPA4 [7], TGW6 [32], PAYI [34], Gnla [66], and sdl [67], also exhibit clear
subpopulation differentiation in their haplotypes, which were consistent with our
findings (Table S3; Fig. 2b). These results indicated that different agronomic traits
exhibited significant genetic differences between xian and geng subgroups. Therefore,
analyses of genetic associations and inter-trait relationships (e.g., between vascular
bundles, yield and quality), should be conducted separately within each subgroup,
rather than across a mixed population.

The phloem of peduncle vascular bundles is responsible for assimilate transport
from leaves to grains and the number of vascular bundles is significantly positively
correlated with PBN and TGN. Both the phloem area and the number of vascular
bundles jointly determine nutrient transport efficiency and play a decisive role in yield
and grain quality formation [7,8]. Larger LVPA can improve the efficiency of
assimilate transport and carbohydrate supply to developing grains, thereby promoting
uniform and sufficient grain filling, which ultimately reduces grain chalkiness. Some
genes, such as FZP, PAYI, GW5, and FLO?2, exhibit significant differences in large
vascular bundle number among their distinct haplotypes, suggesting their potential
involvement in regulating vascular bundle trait. However, no such function has been
identified for these genes to date, and the underlying mechanisms by which they might
regulate vascular traits remain unclear. Although a superior vascular bundle-related



trait was generally associated with improved grain quality (PGWC and DEC) and an
increase in SPW in both xian and geng subgroups, this advantage was offset in the grain
yield per plant due to significant negative correlation between vascular bundle traits
and EPN. The negative correlations between vascular bundle traits and EPN in geng
likely reflect a resource allocation trade-off between panicle number and panicle size.
Grain yield components in rice are known to exhibit compensatory relationships, where
increases in spikelet number or panicle size are often accompanied by reductions in
panicle number due to source-sink balance and assimilate allocation constraints.
Enhanced vascular bundle capacity may promote assimilate transport and grain filling,
thereby increasing single panicle weight (SPW), but this advantage may be partially
offset by reduced panicle number, leading to weaker effects on grain yield per plant
[68].

Consequently, vascular bundle traits were negatively correlated with grain yield
per plant in geng subgroup, whereas in xian group the correlation was relatively weak
(Fig. 1d-e). This result was further confirmed by the haplotype results of 11 genes
(LVPA4, FLO2, STRONG2, GL3.1, GW5, GW6, TGW6, DVBI, MED14_1, RSTI and
PAYI) related to vascular bundle traits in geng subgroup (Fig. 2¢). In contrast, in xian,
the haplotype results of nine genes (Os44AP6, GW6, LP, PAYI, DVBI, GS2, GNPI,
TGW6 and DEPI) associated with vascular bundle traits did not show an obvious
correlation between vascular bundle traits and single panicle weight or quality-related
traits (Fig. 2c). Validation through the development of near-isogenic lines (NILs) and
complementary transgenic lines for LVPA4 (Fig. 3d-e), RSTI (Fig. 3a-c), GW5 (Fig.
S7) and GL3.1 (Fig. S7) confirmed the reliability and accuracy of these haplotype
results. In future, we will focus on the functional characterization of FLO2, which was
not experimentally validated in this study. These findings underscore the crucial role of
vascular bundle traits in breaking the yield—quality trade-off within geng rice, as they
enhance SPW and grain quality without compromising either. Balancing vascular
bundles traits with EPN is therefore vital for achieving simultaneous improvement in
yield and quality. Importantly, the distinct patterns observed between xian and geng are
consistent with previous reports showing subspecies-specific genetic architectures and
trait relationships in rice [7,69,70].. Geng rice generally has smaller panicles but more
tillers, whereas xian rice tends to have larger panicles with fewer tillers [71,72]. This
architectural difference may make vascular bundle capacity a more direct determinant
of grain filling and quality in geng, while in xian compensatory mechanisms associated
with larger panicles may buffer vascular variation effects, leading to more complex trait
relationships. Therefore, further investigation into the genetic basis and regulatory
networks of vascular bundle development may provide valuable insights for designing
breeding strategies that optimize both yield and quality across rice subspecies. However,
due to the experimental cycle and the limitations of available materials, such
investigations were beyond the scope of this study. While this study focuses on flow-
sink related genetic regulation, source-related processes such as photosynthetic
capacity and non-structural carbohydrate accumulation also contribute to yield
formation, highlighting the importance of coordinated source-sink interactions in future
studies.



Haplotype analysis identified five key genes with potential for breeding
applications, including GL3.1, GWS5, RSTI, FLOZ2 and LVPA4 in geng group, which
simultaneously enhanced vascular bundle traits, grain quality, and SPW, without
compromising the grain yield per plant (Fig. 2c). GL3.1 regulates the cell cycle to
optimize grain shape and yield [17], whereas LVPA4 increased the phloem area of
vascular bundles in panicle peduncle, thereby improving assimilate transport efficiency
and ultimately promoting both the number of filled grains per panicle and the thousand-
grain weight [7], suggested that LVPA4 is a key gene for yield and quality improvement
with considerable breeding potential. Similarly, RST/ contributed to enhance stress
tolerance and resource use efficiency, indirectly influencing yield and quality [35].
Variations in G5 led to substantial changes in grain shape and yield, underscoring its
importance for grain shape improvement and yield enhancement [18]. FLO2, by
modulating panicle architecture and fertility, indirectly affected yield and thus
represented a promising target for breeding improvement [25]. Collectively, these
genes are essential regulators of yield, quality, and vascular bundle related traits in geng
rice. Despite this, most findings remain at the theoretical stage, with limited practical
integration into breeding programs. Analysis of the 221 released geng varieties revealed
that the superior allele of LVPA4 had already been extensively deployed in breeding
programs, whereas the superior allele of G5 was only present in approximately 20%
of the varieties. In contrast, the number of varieties carrying the superior alleles of RST/
and FLO?2 remained quite limited, and the favorable allele of GL3.1 was completely
absent in the cultivars surveyed (Fig. 5b). These findings highlighted the unequal
adoption of yield and quality-related alleles in geng breeding and suggested that
substantial untapped genetic potential. The underutilization of certain key alleles
provides opportunities for future breeding strategies to achieve synergistic
improvements in both yield and grain quality, thereby further advancing the genetic
enhancement of geng subgroup.

Although these five genes (GL3.1, GW5, FLO2, LVPA4 and RSTI) exhibited
neither physical linkage (Fig. S9a-b) nor protein-protein interactions (Fig. S9c¢), their
pyramiding was not always beneficial (Fig. 4a), as certain combinations exhibited
negative pyramiding effects (Fig. 4b). Currently, there are no reports indicating
functional interactions between these genes, and the underlying mechanism of this
negative interaction remains unclear. Further studies are needed to elucidate the
molecular basis of such unexpected effects. Detailed analysis of these pyramiding
effects enabled the construction of a gene interaction network to facilitate concurrent
improvement of yield and quality (Fig. 4c). A collection of superior alleles, functional
markers, and pyramiding strategies for the molecular design breeding of geng rice has
been developed. The complex population structure of the diverse germplasm panel may
influence the estimation of gene effects; nevertheless, the identified superior allele
combinations provide a useful foundation for molecular design breeding and warrant
further validation in controlled genetic backgrounds. We can strategically introduce
new favorable alleles into various rice varieties to further enhance yield and quality,
based on the presence of superior alleles identified in 221 cultivated varieties (Fig. 5).
The effectiveness of the proposed breeding strategy was supported by the pyramiding



of RST1 with LVPA4 and GW5 with GL3. 1 through introgression lines and NILs. In the
future, we will verify the synergistic effects of these pyramiding lines through
experiments in different genetic backgrounds and multiple environments to confirm
their breeding applicability in a broader ecological region. Due to the large allelic
diversity in the population, only representative allele combinations were experimentally
validated. These results support the reliability of the haplotype-based approach and
suggest its potential utility for prioritizing favorable allele combinations in molecular
breeding. Further validation of additional genes using NILs or transgenic approaches
will be important for elucidating their mechanistic roles and will be pursued in future
studies.

Together, our findings establish an integrative framework linking flow genetics
with molecular breeding strategies, providing practical targets for next-generation high-
yield, high-quality geng rice improvement. To better illustrate this framework, we
propose a conceptual model integrating source-flow-sink relationships and the
regulatory hierarchy linking vascular bundle architecture, assimilate transport, and
grain quality (Fig. 7). However, because about 6.94% of the genome in IL-RST/PLUS
originated from the donor, it is possible that linked donor loci contributed to or modified
the phenotype, even though no cloned genes known to affect these traits were detected
within the identified introgressed segments. Thus, further verification through the
development of additional introgression lines and multi-environment trials will be
necessary before large-scale breeding applications. Such studies are needed to fully
assess the environmental stability of these associations and potential genotype-by-
environment interactions. As this represents a long-term endeavor, future research will
focus on validating these key genes in diverse geng backgrounds, integrating them into
modern breeding pipelines, and addressing challenges related to stability, pleiotropy,
and background dependency to fully realize their potential in high-yield, high-quality
rice improvement. This study establishes a comprehensive genetic framework
connecting vascular bundle architecture with yield-quality coordination and delivers
practical molecular tools for next-generation improvement of geng rice. Integrating
vascular-bundle genomics with digital phenotyping and predictive breeding offers a
forward-looking strategy to design rice ideotypes optimized for both yield and grain
quality, and provides a conceptual basis for parallel advancements in other crops such
as wheat and maize.

5. Conclusion

This study establishes a comprehensive genetic framework linking vascular
bundle architecture with the coordination of yield and grain quality in geng rice.
Through integrated haplotype analysis, functional validation, and gene pyramiding, five
key genes (GL3.1, GWS5, FLO2, LVPA4, and RST1) were identified as synergistic
regulators that enhance vascular bundle development, single-panicle weight, and grain
appearance quality without compromising yield. Pyramiding analysis and
introgression-line validation confirmed that specific allele combinations produce
additive or synergistic effects, providing an empirical basis for flow-centered molecular
design breeding. These findings highlight the potential of optimizing vascular transport



capacity (“flow trait”) as a new dimension for breaking the traditional yield-quality
trade-off. The developed functional markers and pyramiding strategies provide a
practical molecular tool and a conceptual framework for the next generation of high-
yield, high-quality geng rice breeding, providing a reference for similar improvements
in other cereal crops such as wheat and maize.

Trait abbreviations

LVN, number of large vascular bundles; SVN, number of small vascular bundles;
LVPA, phloem area of large vascular bundles; SVPA, phloem area of small vascular
bundles; EPN, effective panicle number per plant; PBN, primary branch number; SBN,
secondary branch number; TGN, total grain number per panicle; SSR, seed setting rate;
TGW, thousand grain weight; GYPP, grain yield per plant; SPW, single panicle weight;
PGWC, percentage of grains with chalkiness; DEC, degree of chalkiness.
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Fig. 1. Phenotypic variation of 248 accessions and correlations among fourteen
agronomic traits. (a) Origins of accessions. (b) Phylogenetic tree by NJ method. (c)
Phenotypic distribution of fourteen traits in xian (n=167) and geng (n=81) subgroups.
*, ** and *** denote the significance of Student’s #-test at p <<0.05, 0.01 and 0.001
between xian and geng, respectively. n.s. denote insignificance at the 0.05 level.
Correlations among fourteen evaluated traits in xian (n=167) (d) and geng (n=81) (e)
group. The values are correlation coefficients. The areas and colors of ellipses
correspond to absolute values of the corresponding . Right and left oblique ellipses
indicate positive and negative correlations, respectively. Values without glyphs are
insignificant at the 0.05 probability level. *, ** and *** represent significant
correlations at p < 0.05, 0.01, and 0.001, respectively. Abbreviations of traits are listed
at the end of the article and are used throughout all figures .

Fig. 2. Haplotypes of 31 cloned genes. (a) The 31 genes used in this study. (b)
Haplotype analysis of 31 genes in four vascular bundle related traits in the whole, xian,
and geng groups. Numbers indicate major haplotypes per gene, and sector size reflects
haplotype number. Panels represent different traits, and colors indicate significance
levels among haplotypes (see legend). “NA” indicates only one haplotype was detected
and ANOVA was not performed.. (¢) Haplotype of genes affecting vascular bundle
related traits in xian and geng group for yield- and quality-related traits. Blue with "
indicates a significant increase, green with “-” indicates a significant decrease, and
yellow with  “0” indicates no significant difference.

Fig. 3. Genetic verification of the haplotype of RST7 and LVPA4. (a) Haplotype of
RSTI in geng group. (b) Plant performance of SI97 and near-isogenic line NIL-
RSTIPLUS (c) Phenotypic performance of fourteen traits in SI97 and NIL-RSTIPLUS, (d)
Haplotype of LVPA4 in geng group. () Plant performance of NK58 and complementary
transgenic materials (NKS58+LVPA4T). (f) Phenotypic performance of fourteen traits
in NK58 and NK58+LVPA4'". Data are presented as mean = SD (n = 3). *, ** and
**% denote the significance of Student’s #-test at p<<0.05, 0.01 and 0.001. n.s. denote
insignificance at the 0.05 level.

Fig. 4. The pyramid effect analysis among the superior alleles. (a) The pyramid effect
with different number of superior alleles. The x-axis indicates the number of pyramided
favorable alleles (0-5), and numbers on the plot represent phenotypic values. Sample
sizes for each category (0-5 favorable alleles) were 12,34, 14, 12, 4, and 5, respectively.
Different letters indicate significant differences at the 0.05 level. Dashed lines indicate
trend lines. (b) Analysis of pairwise pyramiding effects among RST1, LVPA4, GL3.1,
GW5and FLO2. “+” and “ -7 on thr x-axis indicate the presence and absence
of the superior allele of the genes, respectively. Dashed lines indicate trend lines.
Detailed p values and sample sizes (n) for each allele combination are provided in Table
S11. (c) The relationships among LVPA4, RSTI, GL3.1, FLO2 and GW35. Line colors
represent the pyramiding effects between gene pairs. Solid lines and dashed lines
represent appearance quality and grain yield per plant, respectively. Haplotype labels
on each gene denote the superior haplotypes.



Fig. 5. Identification and breeding application of superior alleles in 221 modern
released geng varieties. (a) Information of collected 221 modern released varieties. (b)
The distribution of commercial varieties in the released varieties. (c¢) Frequency
distribution of gene combinations in commercial and non-commercial varieties. (d)
Identification of the superior alleles carried by the super rice varieties and commercial
varieties. (€) The five genes’ applications in breeding of 221 modern released varieties.

Fig. 6. Genetic verification of the breeding application of RST/ through evaluation of
an introgression line. (a) Development of introgression line IL-RSTPUS, Phenotypic
identification of peduncle vascular bundle (b-¢), yield (f-n), and appearance quality (o-
q) related traits. Data are presented as mean & SD (n = 3). *, ** and *** denote the
significance of Student’s #-test at p << 0.05, 0.01 and 0.001 between SI97 and IL-
RSTIPLUS n.s. denote insignificance at the 0.05 level.

Fig. 7. Conceptual model of source-flow-sink coordination underlying the effects of
peduncle vascular bundle architecture on grain yield and quality.

Highlights
1. Vascular bundle architecture was identified as a key regulator enabling concurrent
improvement of grain yield and appearance quality in geng rice.
2. Five key genes (GL3.1, GW5, FLOZ2, LVPA4, and RSTI) were identified as synergistic
regulators enhancing vascular development, panicle weight, and grain quality without
compromising yield.
3. A pyramiding-effect gene network was constructed, and superior haplotypes were
developed into KASP markers for breeding applications.
4. The uneven distribution of superior alleles among modern cultivars highlights the need
for targeted breeding strategies.
5. The flow-centered molecular design strategy for yield-quality coordination was validated
by introgression lines.
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