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Abstract

The present rice cultivars have reached a yield plateau primarily due to the restricted use of germplasm within Oryza
sativa cultivars as parental lines in breeding programmes. Wild ancestors and related species comprise a vital source of
genetic material to break the yield barrier. The present investigation was carried out for identification and introgression of
yield enhancing QTLs by developing 190 BC,F, backcross population derived from a cross between Samba Mahsuri*2/0.
rufipogon (IRGC106106). Polymorphic SSR markers spanning the genome were used to genotype the mapping popula-
tion to construct a linkage map of 1893 c¢cM (Kosambi). The CIM identified a total of 47 significant QTLs at P<0.001
(LOD>2.50) for ten yield traits distributed across 11 chromosomes. Among these, O. rufipogon alleles contributed a
beneficial effect on 22 QTLs. The cumulative phenotypic variance explained by donor-derived QTLs for target traits was
ranging from 2.12 to 32.65% with a single major QTL gPL9.1 with 29.14% PVE. Yield increase in introgression lines
over Samba Mahsuri (BPT5204) was attributed by beneficial allele from O. rufipogon for the traits such as productive
tillers, panicle length, test weight and grain yield per plant. Three major QTLs with more than 10% phenotypic variance
observed. Significant genomic region gPL9.1 was detected from O. rufipogon associated with panicle length, with 29.14%
of observed phenotypic variance. gDF1.1 and gPH?2.1 are the other major QTLs from recurrent parent Samba Mahsuri
with 29.33% and 29.20% phenotypic variance respectively. There were six QTL hotspots viz., gYla, qY1b, qY2, qY3, qY7
and ¢Y9 for yield and related traits mapped in our study on 5 chromosomes where QTLs for different traits co-localized.
The present study demonstrated that O. rufipogon introgressions and QTLs as potential sources associated with positive
transgressive variation for enhancement of yield traits.
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Introduction

The Food and Agriculture Organization predicts that the
global population will reach 9 billion by 2050, necessitating
a 60% increase in food production (Alexandratos & Bruin-
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sma, 2012). The yield of rice must be increased in order to
cater to the food security needs of a growing population.
Rice (Oryza sativa L.), an essential staple food sustaining
half of the world's population, is therefore in much demand.
Rice is much more than a grain; it has fuelled economies,
been subject to science, and travelled the globe due to world
trade. The slogan “Rice is life” is highly suitable for the
Indian subcontinent, where it provides livelihood to mil-
lions of rural households and demonstrates its importance

@ Springer


https://doi.org/10.1007/s40502-025-00904-w
http://orcid.org/0000-0002-5010-5631
http://crossmark.crossref.org/dialog/?doi=10.1007/s40502-025-00904-w&domain=pdf&date_stamp=2025-11-7

Plant Physiology Reports

in food and nutritional security. Globally, rice accounts for
a large portion of Asian and Latin American diets, forms
the basis of agriculture in these regions, and connects to the
rest of the world through global markets. It is also a major
contributor of foreign exchange and government revenue
in many countries of Asia and Africa. The majority of rice
production takes place in South and East Asia, contribut-
ing 90% of the world’s total output. India is the 2nd larg-
est producer after China, with approximately 42.95 million
hectares under cultivation, producing 1.11 billion tonnes
annually with a productivity of 2494 kg ha ! with Chhattis-
garh, West Bengal, Uttar Pradesh, Punjab, Telangana, Tamil
Nadu, and Andhra Pradesh as major rice growing states. In
Telangana, rice occupies 1.72 million hectares with a pro-
ductivity of 3075 kg ha™! (Indiastat, 2017-18).

Wild species of rice possess tremendous genetic vari-
ability for agronomically important traits and rice domes-
tication resulted in the loss of many desirable traits which
greatly reduced the genetic diversity (Balakrishnan et al.,
2016). Several genes regulating key agronomic traits viz.,
days to heading, seed shattering, and seed dormancy are still
retained in wild rice relatives. Advanced molecular biology
studies have revealed that wild rice contains genes that have
potential to improve yield contributing characters despite
its inferior economic traits (Tian et al., 2006). Since the
release of semi-dwarf varieties in the 1960s, yield potential
of commercial indica cultivars has stagnated. Over the last
few years, rice breeding has primarily focused on subduing
the yield plateau, a repercussion of the narrow genetic base.
Therefore, hybridizations with wild species and wild rela-
tives have been performed to broaden the genetic base and
increase yields.

Wild progenitor species, which are diverse and poten-
tial donor source in improving complex traits such as yield.
The genus Oryza comprises 22 wild species and 2 culti-
vated species, with O. rufipogon Griff- the direct ancestor
of O. sativa being genetically more diverse and a known
source of alleles for yield and stress tolerance (Marri et
al., 2005; Balakrishnan et al., 2016; Yadavalli et al., 2022;
Chandu et al., 2024; Magudeeswari et al., 2024). Advanced
backcross QTL (AB-QTL) analysis is a proven strategy to
broaden the genetic base of elite cultivars while simultane-
ously identifying and transferring useful QTLs from native
and untransformed genetic resources into modern cultivars
(McCouch, 2008). Even though Indian rice germplasm is
endowed with considerable genetic diversity, most of the
agronomically important traits, including yield, have been
genetically narrowed in the elite cultivars. Intensive modern
breeding efforts, by selecting favourable alleles from early
domesticates have further narrowed the rice gene pool by
concentrating only the favourable alleles.
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Rice yield and its component traits are governed by a
complex network of integrated physiological processes,
encompassing photosynthetic assimilation, partitioning,
utilization, panicle exertion, spikelet fertility, grain filling
and flowering synchrony. Quantitative trait loci (QTLs)
associated with traits such as panicle length, tiller num-
ber, and spikelet fertility frequently employ their effects by
modifying key physiological determinants demonstrated by
enhancing light interception, improving source—sink bal-
ance, or increasing pollen viability and fertilization effi-
ciency. The introgression of beneficial alleles from Oryza
rufipogon into elite cultivars like Samba Mahsuri serves
to broaden the genetic base and facilitates the dissection
of physiological mechanisms underpinning yield enhance-
ment. By establishing linkages between mapped QTLs and
their physiological functions, this study provides insights
pertinent to both plant breeding and physiological research.

In the rice crop, the grain yield potential is majorly
affected by four factors viz., grain weight, grain number per
panicle, filled grain percentage, and productive tiller num-
ber. These complex and quantitative characteristics have a
pronounced influence on crop yield and are often reliant on
the genetic potential of rice. About 20 genes attributed to
yield-related traits were detected through QTL fine map-
ping or positional cloning using rice mutants and employed
through marker assisted breeding (Wang & Li, 2005; Xing
& Zhang, 2010; Miura et al., 2011; Huang et al., 2013; Liu
etal., 2015; Li et al., 2022; Sen et al., 2024).

Samba Mahsuri, a prominent south Indian rice variety,
is renowned for its superior grain quality, fine texture, and
low glycaemic index. Despite its premium quality and com-
mercial potential, its average yield under optimal conditions
is typically around 4.5-5.0 t ha"!, which is lower than many
modern high-yielding cultivars (Marri et al., 2005; Sunda-
ram et al., 2008). The lower yield levels and stress tolerance
remained as major constrain during its production. Hence
it is essential to break the yield barriers persisted due to
genetic constraints to unlock higher productivity. In addi-
tion, it is highly susceptible to major biotic stresses such as
bacterial blight and blast, as well as abiotic constraints like
salinity, which collectively limit its productivity and stabil-
ity across diverse environments.

Common wild rice (Oryza rufipogon Grift.), the pro-
genitor of cultivated rice, exhibits greater genetic diversity
than O. sativa cultivars and serves as a reservoir of ben-
eficial alleles for yield and stress tolerance (Marri et al.,
2005). Introgressed O. rufipogon QTLs enhance elite culti-
vars, improving panicle length/branching (Li et al., 2002),
grain number per panicle (Xiao et al., 1998), test weight/
yield components (Septiningsih et al., 2003; Thomson et
al., 2003), spikelet fertility (Marri et al., 2005), and bio-
mass (Xiao et al., 1998). Although undesirable traits like
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shattering, long duration, low harvest index exist, advanced
backcrossing minimizes these while retaining advantageous
loci. Thus, O. rufipogon is a strategic donor for broadening
the genetic base of cultivars like Samba Mahsuri and captur-
ing alleles underpinning yield potential and physiological
resilience.

Therefore, the present study was undertaken to develop
an advanced backcross (BC,F,) mapping population derived
from crossing the elite indica cultivar Samba Mahsuri and
its wild progenitor O. rufipogon with the objective of broad-
ening the genetic base of elite cultivar. This study also aimed
in identifying yield-enhancing QTLs to overcome existing
yield barriers imparted during domestication by integrating
phenotypic evaluation with genome-wide SSR marker anal-
ysis, to dissect the genetic architecture of key yield-contrib-
uting traits through the AB-QTL approach and to generate
introgression lines that can serve as valuable pre-breeding
material for improving productivity of elite rice varieties.

Materials and methods
Plant material and population development

The experimental material consisted of 190 BC,F, intro-
gression lines derived from the cross Samba Mahsuri*2/0.
rufipogon (IRGC106106). Samba Mahsuri (BPT-5204) is
a medium slender high yielding rice variety developed from
GEB24/TN-1/Mahsuri through a pedigree breeding method
(Reddy et al., 1979) and notified in 1986. It is suitable for
irrigated ecology and very popular in southern parts of India
due to its medium slender grain type, premium cooking and
eating qualities. Hence, Samba Mahsuri was used as a recur-
rent parent in the present study. Wild species accession, O.
rufipogon (IRGC106106) was used as a donor parent to
develop an advanced backcross population.

Crosses were made between Samba Mahsuri and O. rufi-
pogon (IRGC106106) during Kharif-2016. The clipping
method of emasculation followed by pollination was carried
out for the crossing. The F, seeds were harvested from the

Figure 1. Crossing and

Hybrid confirmation of Samba
Mahsuri/Oryza rufipogon (acc.
IRGC 106106) through molecular
markers. A Rice panicle showing
the seed setting after pollination.
B Confirmation of F; hybrid using
SSR markers. 1—Samba Mahsuri;
2—O. rufipogon; 3—F | hybrid.
Marker order, a—RM 10033; b—
RM 15630; c—RM 14250; d—RM
15251; e—RM 10053; f—RM
10126; g—RM 10009; h—RM
6759

(A)

female parent and subjected to hybrid confirmation through
molecular markers (Fig. 1). The interspecific F; developed
by crossing Samba Mahsuri (?) with O. rufipogon (3)
showed pollen sterility. Therefore, F,’s used as female par-
ent and Samba Mahsuri as pollen donor in developing the
BC,F, population. During Rabi-2016, three plants of con-
firmed F,’s were backcrossed to recurrent parent and devel-
oped 78 BC,F,. Five BC|F, plants, selected for desirable
plant type, maturity and fertility, were backcrossed a second
time to recurrent parent to generate 620 lines of BC,F, seeds
during Kharif-2017. The resulting BC,F, plants were self-
pollinated in Rabi-2017 under irrigated conditions to ensure
survival during population development. The detailed flow-
chart on development of ILs is illustrated in Fig. 2. During
phenotypic selection in segregating population undesirable
traits like sterility, delayed flowering, spreading plant type,
excessive shattering, long awns and tall plants were elimi-
nated. In total, 190 BC,F, linkage population developed
from Samba Mahsuri*2/0. rufipogon were evaluated for
yield enhancing traits along with two checks namely Samba
Mahsuri and RNR 15048 during Kharif 2018 at ICAR-IIRR
farm, ICRISAT campus, Patancheru, Hyderabad.

Phenotyping of the mapping population

The experiment followed an Augmented Randomized Com-
plete Block Design with five blocks, each containing 38
BC,F, introgression lines (ILs) alongside two check variet-
ies. Twenty one day old seedlings were transplanted in two
rows, each consisting of 20 hills (3 m in length), at a spacing
of 20 cm x 15 cm. Data were recorded for ten yield-related
traits, including days to 50% flowering (DF), plant height
(PH), panicle length (PL), total tillers per plant (TT), pro-
ductive tillers per plant (PT), number of filled grains per
panicle (FGP), number of chaffy grains per panicle (CGP),
spikelet fertility percentage (SF), 1000-grain weight (TW),
and single plant yield (GYP). The measurements for days to
50% flowering and 1000-grain weight were recorded on a
plot basis, while the remaining traits were assessed from five
plants chosen randomly within each plot. Spikelet fertility
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Kharif-2016 Samba Mahsuri X
Rabi-2016 6 Fi’s F1 X
Kharif-2017 78 Lines BCiF1 X
Rabi-2017 620 Lines BC:F1
l®
Kharif-2018 190 ILs BC:F2
Rabi-2018

0. rufipogon (IRGC 106106)

Samba Mahsuri (2)

Samba Mahsuri (%)

Parental Polymorphism (121 Markers)
and Hybrid confirmation
3 Hybnd Plants used for Back cross
5 BCyF; Plants used for Back cross

190 ILs selected

Phenotyping for Yield and
Yield contnbuting traits

Genotyping of 190 ILs with 80 SSR Markers

Figure 2. Schematic representation of development of advance backcross population derived from cross Samba Mahsuri/O. rufipogon (IRGC

106106). ILs—Introgression Lines

was determined as the percentage of filled grains relative to
the total number of grains (filled and unfilled) per panicle.

Genotyping of mapping population

Total genomic DNA was isolated from 15 days old seed-
lings using 2% CTAB (Cetyl Try Methyl Ammonium Bro-
mide) method (Doyle & Doyle, 1990). The genomic DNA
quantity and quality were analyzed using 0.8% agarose
gel using lambda (1) Hind IIT DNA as standard. The DNA
samples were normalized in T,E, buffer (10 mMTris-HCI,
1 mM EDTA, pH 8.0) to get a final concentration of 50 ng/ul
for PCR amplification. In the present investigation, genome
wide SSR (rice microsatellites) markers were employed
for the parental polymorphism survey. The SSRs are co-
dominant, multi-allelic, highly polymorphic, abundant with
uniform distribution in the plant genome and availabil-
ity of complete genome sequences for most of the crops.
Hence they are considered ideal markers for genetic studies
(McCouch et al., 1997). A total of 405 SSR markers distrib-
uted throughout 12 chromosomes of rice were used to detect
polymorphism between Samba Mahsuri and O. rufipogon
of which 121 (about 29.87%) were found polymorphic
between parents. A marker was considered polymorphic
if there were differences in the size of amplified products
between the two parents. The list of parental polymorphic
SSR markers along with their chromosome number, primer
sequences, product size identified in the study, start point
and end point in the genome is provided in Table S1. The
polymorphic SSR primers were synthesized and supplied by
IDT Avantor (100 pmol) and the working concentration of
each primer was 5 uM.

@ Springer

Polymerase Chain Reaction (PCR) amplification was
conducted using Eppendorf Vapo Protect PCR cyclers at
the Molecular Breeding Laboratory, IIRR, Hyderabad using
96-well plates (Watson Biolabs), with each 10 pl reaction
containing 3.5 pl of 2X PCR Taq Mastermix (ABM with
dye), 0.5 pl each of forward and reverse SSR primers
(5 pmol concentration), 2 pl of genomic DNA (~50 ng/ul),
and 3.5 pl of nuclease-free water. Thermal cycling param-
eters carried with an initial denaturation at 94 °C for 3 min,
followed by 35 cycles of denaturation (94 °C for 30 s),
annealing (50-58 °C for 30 s), and extension (72 °C for
40 s), ending with a final extension step at 72 °C for 5 min.
Amplified products were subsequently maintained at 4 °C
for storage. PCR amplicons were separated using 3—4%
agarose gels (prepared by dissolving 3—4 g of agarose in
1X TAE buffer) and subjected to electrophoresis at 100 V
for 2 h in an iLIFE Biotech electrophoresis unit containing
1X TAE buffer. A 100 bp ladder (Genei) was used to char-
acterize amplified fragments. Post-electrophoresis the gels
were imaged under ultraviolet with trans-illuminator which
stained with ethidium bromide (10 mg/ml). Documenta-
tion was performed with the GELSTAN gel documentation
system (Mediccare, India). Scoring of amplified fragments
was done visually, with allele "A" assigned to the recurrent
parent (Samba Mabhsuri), allele "B" to the donor parent (O.
rufipogon), and heterozygous alleles designated as "H."
Missing alleles were marked as "NA" (Fig. S1).

Linkage map construction and QTL analysis

In this study, a linkage map was developed by employing
80 polymorphic SSR markers using the QTL IciMapping
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software v4.2 (CIMMYT), following the Kosambi mapping
function as outlined by Wang et al. (2019) with a minimum
logarithm of odds (LOD) score threshold of 2.5 and a maxi-
mum recombination fraction (8) of 0.5. The linkage map
was constructed through steps involving 30 cM recombina-
tion frequency threshold for grouping loci, organizing loci
within these groups via K-optimality and the 2-optMAP
algorithm, and refining the final order using recombination
frequency-based rippling with a window size parameter of
5. To analyze the relationship between marker genotypes
and trait phenotypes, QTL mapping was conducted. Inclu-
sive Composite Interval Mapping (ICIM) was performed
with a walking step of 2 ¢cM and a LOD threshold of 2.50.
The significance threshold for QTL detection was deter-
mined empirically by conducting 1,000 permutation tests
for each trait across all 12 chromosomes at a genome-wide
significance level of P=0.05 (Churchill & Doerge, 1994).
The permutation analysis yielded an average threshold LOD
score of 2.50, which was adopted as the critical value for
declaring significant QTLs in this study. Significant QTLs
were positioned on the linkage map based on their LOD
peaks, and gene action along with the percentage of phe-
notypic variance explained by each QTL were estimated at
these peaks.

QTL nomenclature followed the standard guidelines
outlined by "The Committee on Gene Symbolization,
Nomenclature, and Linkage (CGSNL) of the Rice Genetic
Cooperative" (McCouch, 2008). QTLs with LOD scores
exceeding 2.5 and a substantial additive effect on the trait's
total phenotypic variance were considered effective QTLs.
The QTLs discovered in this research were cross-referenced
with previously documented QTLs in the QTARO database
(http://qtaro.abr.affrc.go.jp/) and Gramene QTL database
(https://gramene.org/). Mendelian segregation ratio (3:1),
segregation ratios of individual markers were analyzed
using chi-square (y°) tests in the Graphical Geno Types
(GGT v2.0) software (Van Berloo, 2008).

Statistical data analysis

The analysis of variance (ANOVA) was calculated using
R studio v4.0.2 with the augmented RCBD package (Ara-
vind et al., 2019) (https://cloud.r-project.org/web/packages
/augmented RCBD) to estimate genotypic and phenotypic
coefficients of variability, broad-sense heritability, genetic
advance as a percentage of the mean, and the distribution
of yield-related traits. Box plots and correlation matrices
were generated using the ‘ggplot2’ and ‘ggcorrplot’ pack-
ages in R Studio to visualize data trends effectively. In addi-
tion, genetic variability parameters (PCV, GCV, heritability,
genetic advance), frequency distribution, and correlation
(Pearson, 1900) were calculated using R (R Core Team,
2013).

Results

The segregating population of 190 BC,F, families were
phenotyped together with two checks for ten yield and
related traits and genotyped using genome-wide polymor-
phic markers. The mean values genotypic and phenotypic
coefficient of variation, heritability and genetic advance
were presented in Table 1 and mean performance for the
10 quantitative characters of BC,F, introgression lines
and standard checks are presented in Table S2. Analysis
of variance in augmented design based on block adjusted
and treatment adjusted ANOVA (Table S3) showed that
the mean Sum of Squares for Blocks ignoring treatments
were having profound effects for all the traits studied.
Since evaluation of genotypes was in Augmented Design,
significant differences are due to presence of different vari-
able genotypes in each block. Whereas blocks eliminating
treatments, as expected, were found to be non-significant
for all the traits indicating the homogeneity of experimental
site. The analysis of variance revealed substantial genotypic

Table 1 Descriptive Statistics for yield and its contributing characters in BC,F, population derived from Samba Mahsuri x O. rufipogon

Characters Variability Coeflicient of variation Heritability (%) (Broad sense) Genetic advance 5%
Min Max Mean GCV (%) PCV (%)
DF 110 135 119.60 5.42 6.42 71.43 9.46
PH 61 125 86.19 14.55 14.68 98.29 29.77
PL 16.67 27.5 21.80 9.13 11.04 68.35 15.57
TT 3 40 14.17 22.97 42.72 28.90 25.47
PT 2 34 12.71 39.93 41.55 92.36 79.18
FGP 40.50 443.5 209.40 37.31 38.00 96.36 75.56
CGP 0 150 28.17 71.18 72.30 96.93 144.59
SF 21.25 100 87.13 11.45 11.56 98.05 23.40
™ 10.29 38.73 15.48 17.10 21.99 60.46 27.43
GYP 3.1 97.78 27.96 55.58 56.19 97.84 113.42

DF days to 50% flowering, PH plant height, PL panicle length, 77 Total number of tillers/plant, PT number of productive tillers/plant, GP filled
grains per panicle, CGP chaffy grains per panicle, SF' Spikelet fertility, W test weight, GYP grain yield per plant. PCV, GCV & GA Scales:> 10
(Low); 10-20 (Moderate);>20 (High). Heritability Scales (Broad sense): Up to 30 (Low); 30—60 (Moderate); > 60 (High)
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effects among the introgressed lines and checks for all yield-
contributing traits. The mean sum of squares due to treat-
ments suggests that genotypes had high variability for the
traits studied except for the DF, PL, TT and TW. However,
when compared with checks i.e., mean sum of squares due
to Treatment vs Checks, PL and TW were also found to have
significant variability among the introgression lines (Fig. 3).
Since the two checks (Samba Mahsuri and RNR 15048) are
prominent high yielding cultivated varieties, they were also
showed significant differences for DF, PH, FGP, CGP and
SF.

The traits such as DF, PH, PL, TT, PT, FGP and grain
yield per plant showed nearly normal distribution whereas
CGP, SF and TW were skewed towards Samba Mahsuri
(Fig. 4). However, QTL analysis was performed after
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eliminating data outliers for each trait to ensure a normal
distribution of the phenotyping data which is important
factor for QTL mapping. The transgressive segregants dis-
playing phenotypic values beyond parental lines BPT5204
and RNR 15048 were observed for all traits studied point-
ing beneficial genetic interactions where alleles from O.
rufipogon enhance trait performance within the BPT5204
genetic background indicated a positive genotype-by-geno-
type (G x G) interaction. Transgressive segregants of 3.15%,
23.15%, 2.10% and 27.89% were recorded over BPT5204
respectively for number of productive tillers, number of
filled grains/panicle, test weight and grain yield per plant.
However, for the same traits, the percentage of transgressive
segregants observed over the check RNR15048 was 3.15%,
15.78%, 1.05% and 24.73% respectively.
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Figure 3. Box plots representing the phenotypic variation for yield and yield contributing traits in BC,F, population of O. sativa (Samba

Mahsuri)/O. rufipogon
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Figure 4. Frequency distribution of yield and yield contributing traits in BC,F, population

The genotypic and phenotypic coefficients of varia-
tions for DF and CGP were low, while moderate values
were observed for PH and SF. PL exhibited low (9.13) and
moderate (11.04) GCV and PCV, respectively. Moderate
genotypic (17.10) and high phenotypic (21.99) coefficients
of variation recorded for TW. High genotypic and pheno-
typic coefficients of variability were noticed for the TT,
PT, FGP and single plant yield. Rice grain yield is complex
trait which in turn mainly determined by the traits viz., PL,
PT, FGP, SF, TW and grain yield per plant. Among the 190
BC,F, population, fourteen (7.3%) were considered supe-
rior viz,, IL10, IL12, IL18, IL21, IL42, IL77, IL104, 1L 145,
1L171, IL202, 1L204, IL206, IL208 and 1L216 with signifi-
cant performance for at least any three of the above six char-
acters (Fig. 5). Samba Mahsuri genome recovery in these
14 genotypes ranged from 65.50% to 73.1% whereas the O.
rufipogon genome introgression ranged between 18% and
29.8% (Table S4; Fig. S2). Genetic advance expressed as a

percentage of the mean was categorized following Johnson
and et al. (1955), as low (<10%) in DF (9.46%); moder-
ate (10-20%) in PL (15.57%) and high (>20%) as observed
in all other traits, including chaffy grains per panicle (CGP,
93.23%) and single-plant yield (91.42%). chaffy grains per
panicle (CGP) indeed recorded the highest genetic advance
(93.23%) with high heritability (~96%), suggesting strong
additive variance. Although undesirable, this trait is under
genetic control and therefore amenable to selection in the
negative direction. Importantly, 28 introgression lines per-
formed significantly better than Samba Mahsuri by pro-
ducing fewer CGP, demonstrating that effective selection
against this negative trait was possible. Hence, despite
partial recovery of wild genome segments contributing to
this trait, lines with reduced CGP and favourable yield attri-
butes could be identified. The apparent skewness towards
Samba Mahsuri in CGP and also in spikelet fertility and
test weight reflects the directional selection imposed during
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Figure 5. Plant, panicle, grain characteristics and field view of selected introgression lines

two backcross generations in favour of the recurrent par-
ent genotype. Thus, the study addressed the negative trait
by identifying lines with low CGP while retaining superior
yield component traits. Together, these considerations dem-
onstrated that, although the parental polymorphism level
was lower compared to previously reported interspecific
crosses, marker coverage and phenotypic variation for key
yield traits were sufficient for meaningful QTL identifica-
tion, and that negative traits such as CGP can be effectively
reduced in subsequent selection cycles.

Heritability analysis provides precise genetic informa-
tion that can be passed on to offspring. Broad-sense herita-
bility values for most traits except TT (28.90%) in this study
ranged from 60.46% to 98.29%, with plant height (PH,
98.29%) and spikelet fertility (SF, 98.05%) showing the
highest values. Genetic advance (expressed as a percentage
of the mean) was categorized as low (<10%) in DF (9.46%);
moderate (10-20%) in PL (15.57%) and high (>20%) as
observed in all other traits, including chaffy grains per pan-
icle (CGP, 93.23%) and single-plant yield (91.42%). Nota-
bly, TT exhibited low heritability but high genetic advance,
while DF showed high heritability paired with low genetic
advance. For the remaining traits, high heritability coincided
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with substantial genetic advance, indicating strong potential
for trait improvement through selection.

Correlation analysis

Genotypic correlations between yield and its component
traits were estimated and are presented in Fig. 6. Significant
positive correlation observed for grain yield per plant with
PH (0.34**), PL (0.43**), TT (0.51**), PT (0.63**), FGP
(0.53**) and SF (0.19**). Hence selection for these yield
component traits will be rewarding. However, inverse rela-
tionship among traits also observed which limits the poten-
tial gain attainable for yield improvements. DF negatively
correlated to grain yield with significant (-0.14*) relation-
ship inferring that selection of high yielding early matur-
ing genotypes will be possible from the developed BC,F,
population.

Estimation of recurrent parent genome recovery
A total of 413 SSR markers spanning all 12 chromosomes

of rice were initially employed to assess polymorphism.
It was observed that 121 of these markers, accounting for
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Figure 6. Correlation among yield and yield-related traits in BC,F,
mapping population DF: days to 50% flowering, PH: plant height, PL:
panicle length, TT: total number of tillers, PT: number of productive
tillers, FGP: filled grains per panicle, CGP: chaffy grains per panicle,
SF: spikelet fertility, TW: test weight, GYP: grain yield per plant.
Critical Values for correlation @ 190 df (n-2)=5%—0.13; 1%—0.18.
Values with cross marks are non-significant

approximately 29.30%, exhibited polymorphism between
parents. Subsequently, 92 markers were used for estimating
the recurrent parent genome recovery. Analysis of the 92
markers showed that the proportion of O. rufipogon DNA
ranged from 2.2 to 41.4% across the 190 individuals, with
an overall average of 19%. In contrast, the average genome
proportion of Samba Mahsuri was 71.7%, ranging from
55.5 t0 92.1%. IL165 (41.40%) was observed to be having
highest proportion of the introgression from O. rufipogon
followed by IL166 (33%), IL119 (31%), IL28 (31%), IL24
(31%), IL103 (31%), IL175 (30%). Eight Lines (IL136,
IL151, IL147, IL141, IL188, IL120, IL14 and IL22)
showed lowest genome introgressions. Whereas the aver-
age genome proportion of Samba Mahsuri is 71.7% with a
range of 55.5-92.1%. When the frequency distribution of
the percentage of recovery of Samba Mahsuri was observed,
few genotypes viz., IL14 (92.1%), 1L22 (92.1%), IL193
(91.7%), 1L4 (91.6%) showed highest recovery of Samba
Mabhsuri genome. Two genotypes viz., IL165 (55.5%), and
IL75 (59.5%) showed the lowest recovery of recurrent par-
ent genome (Table S2; Fig. S3).

From the chromosome wise percentage of polymor-
phism, it was observed that chromosome 8 showed 50%
of polymorphism (7 out of 14 were polymorphic) followed
by chromosome 3 (46.15%), chromosome 5 (41.94%),
chromosome 7 (37.04%), chromosome 1 (33.33%), chro-
mosome 4 (32.43%), chromosome 2 (25%), chromosome
10 (23.33%), chromosome 9 (21.43%), chromosome 6

(18.75%), chromosome 12 (17.39%) and chromosome 11
(14.71%). Chromosome 10, had 7 polymorphic markers
in parental polymorphism survey but most of them were
observed as monomorphic in BC,F, population. Hence
only two of seven were used for linkage map construction
for chromosome 10. The average number of polymorphic
markers per chromosome was 10.08, with the fewest (4) on
chromosome 12 and the highest (18) on chromosomes 1 and
3. However, 29 out of 121 markers which were located at
or near to telomere, centromere and which produced a non-
scorable banding pattern and were excluded. Among these
92 markers interestingly 12 markers were monomorphic in
mapping population even though being polymorphic among
parents. Hence only 80 markers used for construction of
linkage map.

Segregation distortion of markers

Segregation analysis of markers was carried out using chi-
square goodness of fit test to decipher, whether markers
following a typical Mendelian ratio or not. The markers
which are not segregating according to the expected Men-
delian ratio and skewed towards one of the two alleles are
considered to be distorted and this phenomenon is called
as segregation distortion (Xu & Hu, 2009). According to
Wang and et al. (2015), in BC,F, population, the expected
segregation ratio (genotype frequency) would be 81.25%
(AA), 12.5% (AB) and 6.25% (BB) resulting in an allele
frequency of 87.5% (A) and 12.5% (B). A total of 80 SSR
markers, which are segregating in BC,F, population were
subjected chi-square goodness of fit to decipher marker seg-
regation pattern. The genotype frequency in this population
was 72.3% Samba mahsuri, 9.1% Heterozygotes and 18.2%
O. rufipogon, due to skewed allele frequencies at 56 out of
80 (70%) marker loci. 21 markers (26.25%) were skewed
towards Samba Mahsuri while 35 markers (43.75%) showed
skewness towards O. rufipogon (Table S5) and only 24
marker loci segregated as per the expected Mendelian ratio.

Identification of yield enhancing QTLs introgressed
from O. rufipogon

A linkage map provides a visual depiction of genetic marker
positions on chromosomes, inferred from recombination
frequencies between marker pairs. In this study, a linkage
map was developed using 80 SSR markers, grouped based
on a recombination threshold of 30 ¢cM. The final map
spanned 1893 cM (Kosambi), with chromosome lengths
varying from 6.38 c¢cM (chromosome 10) to 306.35 cM
(chromosome 7). The Marker intervals ranged between
3.19 ¢cM (chromosome 10) and 38.29 cM (chromosome 7),
averaging 22.32 cM between adjacent markers (Table S6).
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QTL mapping

A total of 47 Significant QTLs were identified at P<0.001
(CIM LOD>2.50) for ten yield traits as summarized in
Table 2 and Fig. 7. Among these, 22 QTLs derived from
Oryza rufipogon alleles demonstrated beneficial effects on
yield traits, indicating the similar contribution of O. rufi-
pogon accession alleles in enhancing yield traits. Since,
quantitative traits are polygenic in nature, most of the QTLs
(44 out of 47 QTLs) were minor QTLs (phenotypic vari-
ance < 10) while three exhibited major effects (> 10% pheno-
typic variance explained PVE). Chromosomal distribution
of QTLs varied markedly with chromosome 7 harbouring
the highest number (12 QTLs), followed by chromosomes 1
(8 QTLs) and 2 (6 QTLs). QTLs were not detected on chro-
mosome 10, likely due to limited marker polymorphism.
Chromosome 3, 5 and 9 had 3 QTLs each. Chromosome 4
and 11 had four QTLs each. Chromosome 6 showed pres-
ence of two QTLs. Chromosome 8 and chromosome 12 had
only 1 QTL each.

Among trait-specific QTLs, only one QTL gPH2.1 from
Samba Mabhsuri, was detected on chromosome 2 with phe-
notypic variance of 29.20%. For DF, two QTLs (¢DFI.1
and gDF3.1) were identified. gDFI.1, a major QTL from
recurrent parent Samba Mahsuri explained 29.33% PVE,
while gDF3.1 from O. rufipogon) contributed 6.59%. Two
significant genomic regions from O. rufipogon were associ-
ated with PL. gPL7.1 and gPL9.1 on chromosome 7 and
chromosome 9 accounted for 3.50% and 29.14% of PVE
respectively. Three genomic regions g77/.1 on chromosome
11 from Samba mahsuri (12.21% PVE), q7T78.1 (2.11%)
and gTT11.1 (5.68%) were identified for total number of
tillers which jointly explained 20% of the total variation.
Three QTL significantly influenced the number of produc-
tive tillers. The contribution of each of QTL was rather
small, around 2.81-4.40% with a total of 10.50% ariation.
Four Samba Mahsuri-derived QTLs collectively explained
22.48% PVE for FGP on chromosomes 1, 2, 7 and 12 with
individual range of 1.35-9.15%. Minor-effect of five QTLs
observed for the trait CGP with 1.30% to 1.35% phenotypic
variance per QTL. Spikelet fertility (SF) associated with five
QTLs (15.08% cumulative PVE), including only one QTL
gSF2.1 with 4.45% phenotypic variance from O. rufipogon.
Eight QTLs linked to test weight (TW) were identified on
chromosomes 1, 2, 3, 4, 7, and 11. Each QTL individually
contributed to phenotypic variance is ranging from 2.52%
to 4.66%. Collectively, these loci explained 27.82% of
the total observed variation, with Oryza rufipogon alleles
responsible for 18.9% (5 QTLs) of this variance.

Notably, GYP showed the highest QTL number of 14
loci detected, explaining its polygenic inheritance. Four-
teen QTL showed significant association with grain yield
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which jointly explained 24.48% of the total variation. O.
rufipogon alleles contributed to 13.77% (8 QTLs) of total
variation. The variation explained by these individual QTLs
ranged from 1.38% to 2.31% as determined by CIM. One
QTL ¢GYP4.1 on chromosome 4 exhibited 2.31% of phe-
notypic variance. Understanding the multifaceted nature of
yield-related traits requires not only decoding the molecu-
lar mechanisms underlying yield-associated QTLs but
also generating actionable insights for traditional breed-
ing programs. Introgression lines (ILs) developed through
advanced backcrossing which segregate for specific chro-
mosomal regions serve as powerful tools for fine mapping
of yield-associated QTLs. Coupled with genome-wide
metabolic analyses, these ILs can illuminate the biological
pathways and cellular interactions that collectively govern
yield performance.

There were six co-localized QTLs for yield and related
traits detected in our study on 5 chromosomes (Table 3).
Two QTL hotspot regions each on chromosomes 1 followed
by one each on chromosome 2, 3, 7 and 9. QTL hotspots
were selected based on co-localization of minimum 3 QTLs
and average phenotypic variance of more than 3 percent
except ¢Y9 which had higher average phenotypic variance
with 2 QTL regions from O. rufipogon. Two QTL hotspots
on chromosome 1 between RM10009- RM10149 and
RM10662-RM 11125 harboured 3 QTLs (¢7W1.1, gDFI.1
and ¢GYPI.1) and 4 QTLs (¢GYP1.2, qTTI.1, gCGPI1.1
and gFGP1.1) respectively. One QTL hotspot co-localized
between RM13075-RM 13263 harbouring 3 QTLs (¢SF2.1,
qFGP2.1 and gPH?2.1) on chromosome 2. In case of QTL
hotspots on chromosome 3 (RM14735-RM15404), chro-
mosome 7 (RM20818- RM21749) and chromosome 9
(RM5526- RM3808), the number of co-localized QTLs
were 3 (qDF3.1, qGYP3.1), 3 (qPL7.1, qGYP7.2 and
qTW7.2) and 2 (qPL9.1 and gGYP9.2) respectively.

Discussion

This study was aimed at identifying and incorporating QTLs
associated with enhanced yield traits from O. rufipogon. This
involved the generation of backcross populations derived
from Oryza sativa (Samba Mahsuri) and Oryza rufipogon.
Besides restoring pollen and seed fertility, backcross helps
to surpass sterility in interspecific hybridizations as the frac-
tion of the donor parent genome gets reduced after repeated
backcrosses and thus reduces the undesirable effects of the
wild genome on the elite background.

The analysis of variance using augumented RCBD
revealed significant variability among the lines. Frequency
distribution of yield contributing traits showed that chaffy
grains/panicle, SF and test weight were skewed towards
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Table 2 QTLs for yield and yield-related traits detected in BC,F, generation of O. sativa (Samba Mahsuri)/O. rufipogon

Locus Chromosome QTL position (cM) Left marker Right marker LOD PVE (%) Add
Days to 50% flowering

qDF1.1 1 8 RM10009 RM10149 24.4978 29.3392 6.9973
qDF3.1 3 79 RM14735 RM15404 2.7664 6.5921 -2.402
Plant height

qPH2.1 2 3 RM13075 RM13263 14.3266 29.2009 8.5045
Panicle length

qPL7.1 7 73 RM20818 RM21749 3.999 3.5032 -1.5675
qPLY9.1 9 98 RMS5526 RM3808 12.4282 29.1464 -1.7929
Total no. of tillers

qTTI.1 1 157 RM10662 RM11125 2.5281 12.214 1.9534
qTT8.1 8 128 RM5933 RM23578 2.96 2.1161 -0.9052
qTT1l.1 11 0 RM26998 RM21 7.5168 5.6866 2.5393
Productive Tillers

qPT4.1 4 21 RM16404 RM17201 2.6935 3.2865 -5.4209
qPT4.2 4 36 RM17201 RM17263 2.6886 4.4067 0.9884
qPT5.1 5 4 RM18182 RM169 42577 2.8145 1.8741
Filled grains/panicle

qFGP1.1 1 175 RM10662 RM11125 4.7306 9.1587 36.9129
qFGP2.1 2 2 RM13075 RM13263 5.2452 3.0253 31.9865
qFGP7.1 7 199 RM172 RM22131 3.5692 8.9447 36.7312
qFGPi12.1 12 50 RM27877 RM27564 3.2962 1.3558 6.4172
Chaffy grains/panicle

qCGPI1.1 1 165 RM10662 RM11125 6.2087 1.3089 -0.9121
qCGP2.1 2 94 RM6942 RM13761 6.9269 1.307 0.5722
qCGP7.1 7 35 RM21649 RM20866 5.9722 1.359 -16.7388
qCGP7.2 7 137 RM21749 RM172 5.296 1.308 -14.0595
qCGPI11.1 11 23 RM26998 RM21 5.7184 1.3147 0.4993
Spikelet fertility

qSF2.1 2 0 RM13075 RM13263 22.9603 4.4581 6.5916
qSF2.2 2 88 RM6942 RM13761 4.0324 2.6886 8.3553
qSF5.1 5 101 RM18799 RM18939 5.7052 2.7613 8.2164
qSF7.1 7 23 RM21649 RM20866 4.8832 2.6043 -0.4476
qSF7.2 7 42 RM21649 RM20866 7.4459 2.5748 7.8929
Test weight

qTW1.1 1 7 RM10009 RM10149 3.7312 2.5298 0.432
qTwW1.2 1 116 RM10033 RM10662 3.9104 2.5365 -2.3578
qTw2.1 2 87 RM6942 RM13761 4.3064 4.0061 -2.4095
qTwW3.1 3 72 RM14735 RM15404 42216 3.6276 -0.1444
qTW4.1 4 98 RM16741 RM16495 3.346 3.25 0.5724
qTW7.1 7 30 RM21649 RM20866 4.2046 3.148 0.3905
qTw7.2 7 98 RM20818 RM21749 4.017 4.0577 -2.3315
qTWil.1 11 146 RM26213 RM26352 3.5635 4.6673 -1.4123
Grain yield/plant

qGYPI1.1 1 19 RM10009 RM10149 2.8474 1.4536 -2.0208
qGYPI1.2 1 156 RM10662 RM11125 4.2995 1.9157 2.0706
qGYP3.1 3 66 RM14735 RM15404 2.5127 1.612 -13.3465
qGYP4.1 4 134 RM16741 RM16495 3.5052 2.3195 -15.9198
qGYP5.1 5 110 RM18799 RM18939 3.4821 1.6354 -13.9774
qGYP6.1 6 17 RM276 RM400 2.6364 1.3861 0.1332
qGYP6.2 6 58 RM400 RM253 2.7266 1.6928 1.3748
qGYP7.1 7 39 RM21649 RM20866 2.7114 1.6768 -2.2417
qGYP7.2 7 91 RM20818 RM21749 2.5656 1.4646 -14.0162
qGYP7.3 7 149 RM21749 RM172 2.6026 1.9362 0.1894
qGYP7.4 7 221 RM172 RM22131 4.5207 1.973 1.6855
qGYP9.1 9 11 RM23946 RM23937 5.0435 1.8101 1.3523
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Table 2 (continued)

Locus Chromosome QTL position (cM) Left marker Right marker LOD PVE (%) Add
qGYP9.2 9 98 RM5526 RM3808 3.4504 1.7579 -1.3485
qGYPI11.1 11 140 RM26213 RM26352 4.0168 1.8522 -13.0503
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Figure 7. QTLs identified for yield and yield related traits in BC,F, Generation of O. sativa (Samba Mahsuri)/O. rufipogon

Table 3 Co-Localization of QTLs for yield and related traits detected in BC2F2 generation of O. sativa (Samba Mahsuri)/O. rufipogon

Chr QTL Genomic region Position Physi- Locus PVE  Co-localizations with previous QTLs/genes
hotspot (cM) cal %
size
(Mb)
1 qYla RM10009- RM10149  0.00— 2.85 ¢qTWl.1,¢qDF1.1, 11.11 OsmiR393 (Xiaetal., 2012); gpla (Yuetal., 1997)
26.40 qGYPI.1
1 qYlb RM10662-RM11125 134.11- 10.06 ¢GYPI1.2,qTT1.1, 6.15 phdl (Lietal,2011)
201.63 qCGPI.1,
qFGPI1.1
2 qY2 RM13075-RM13263 0.00— 5.52 qSF2.1, qFGP2.1, 1223 ¢PH-2(Mao etal., 2003); np2.2 (Marri et al., 2005);
18.51 qPH2.1 d50 (Sato et al., 2002); gSS-2 (Wang et al., 2005);
MTRI (Tan et al., 2012)
3 qY3 RM14735-RM 15404 44.85— 1297 ¢DF3.1, qGYP3.1, 3.94 Pdhk (Mukherjee et al., 2012); phyB (Takano et al.,
100.56 qTW3.1 2005); gw3.1 (Thomson et al., 2003); ¢GY-3 (Mao
et al., 2003); GS3 (Fan et al., 2006); gGL-3a (Wan
et al., 2005); k3.1 (Li et al., 2004a, 2004b); gGW3
(Miyata et al., 2007)
7 qY7 RM20818- RM21749  72.79— 20.04 ¢PL7.1, qGYP7.2, 3.01 sp2(t) (Yoshimura et al., 2004); snb (Lee et al., 2006);
119.68 qTW7.2 chr729 (Hua et al., 2012); OsMADS15 (Kobayashi
etal., 2012; Lu et al., 2012); gNFGP-7-1 (Zhuang et
al., 2002); gSSP7 (Xing et al., 2008); gp7a (Li et al.,
2000); yd7a (Li et al., 2000); gw7 (Li et al., 2000)
9 qY9 RMS5526- RM3808 65.50— 1299 ¢qPL9.1, qGYP9.2 1545 Dn-1 (Nuetal., 1995); OSEMF2b (Xie et al., 2014)
109.66

DF days to 50% flowering, PH plant height, PL panicle length, 77 total number of tillers/plant, PT number of productive tillers/plant, FGP filled
grains per panicle, CGP chaffy grains per panicle, SF spikelet fertility, TW test weight, GYP grain yield per plant
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Samba Mahsuri which is due to selections in two back
crosses for recurrent parent genotype. O. rufipogon was
late flowering and maturing (Xiao et al., 1998); however,
32% of the introgressed lines were on par with BPT5204 in
terms of their flowering and maturity. Despite the fact that
O. rufipogon panicles were consistently shorter than those
of cultivated (Moncada et al., 2001), the O. rufipogon acces-
sion (IRGC106106) used here reported to have 31-40 cm
PL at reproductive stage which could be the reason for
16.32% and 4.21% transgressive segregants for PL over
BPT5204 and RNR15048 respectively. Of the 190 BC,F,
lines, fourteen introgression lines were found to be superior.
190 BC,F, population used in the study considering statis-
tical power, genetic resolution, and resource availability
which can be sufficient to capture recombination events and
donor-derived alleles of interest while maintaining manage-
able resource requirements for precise trait measurement
and genotyping. Population sizes in the range of 150-250
individuals have been widely employed in several QTL
studies (Marri et al., 2005; McCouch et al., 1997; Septin-
ingsih et al., 2003), providing sufficient statistical power for
detecting QTLs of moderate-to-large effect while allowing
detailed phenotyping. These results indicate that genes from
O. rufipogon, despite a low-yielding agronomically inferior
species, into an elite genetic background can enhance key
agronomic characters.

The average performance of introgression lines confirmed
the well-known fact that wild species (O. rufipogon) have
alleles to ameliorate traits that can boost the yield of present
day cultivars. Similar to previous reports (Marri et al., 2005;
Moncada et al., 2001; Septiningsih et al., 2003; Thomson
et al., 2003; Xiao et al., 1998) high-yielding positive trans-
gressive segregants were obtained in this study from inter-
specific hybridization with O. rufipogon. These ILs may be
useful for breeding, providing diverse germplasm to boost
elite cultivar yields. Genetic variability is basis for selection
of diverse parents for hybridization which was emphasized
by Falconer (1981), to exert selection pressure in breeding
material. Critical analysis of adequate genetic variability
is necessary to start crop improvement programs and use
appropriate selection techniques. The extent of genetic vari-
ability and the heritability of traits are key factors for the
success of crop improvement. The genetic coefficient of
variability can be accurately measured by partitioning the
heritable and non-heritable components of the observed
variability. The phenotypic coefficient of variation (PCV)
and genotypic coefficient of variation (GCV) provide valu-
able insights into the magnitudes of variability, highlighting
both heritable variation and the environmental influence on
the genotypes. PCV values in this study are slightly higher
than the GCV indicating the insignificant environmental

impact on the characters. Thus, employing direct selection
could prove effective for enhancing these traits.

The quantitative traits in the study had high heritability,
implying that they are less affected by the environment and
that there may be a high concurrence between phenotypic
value and breeding value. It should be noted that genetic
variation in traits may not solely stem from additive gene
action, and relying exclusively on heritability estimates
cannot predict the genetic improvement achievable through
selecting top-performing plants. Therefore, distinguishing
between the relative contributions of additive and non-addi-
tive genetic components becomes crucial when analysing
target traits. While high heritability values not necessarily
translate to substantial genetic gains, combining it with
genetic advance assessments provides a more accurate
final effect for developing improved cultivars. The trait, TT
showed low heritability with high genetic advance, imply-
ing that it is primarily determined by additive gene effects,
although the low heritability is due to significant environ-
mental influences. Conversely, DF exhibited little genetic
advance with high heritability, suggesting a non-additive
gene action and a propitious environmental influence rather
than the genotype. Selection for this trait is perhaps inef-
fective as reported by Mohan et al. (2016) and Singh and
Verma (2018). PL recorded a high heritability with mod-
erate genetic advance, which is consistent with Singh and
Verma (2018). All other traits showed high heritability with
greater genetic advance, implying preeminence of additive
gene action in controlling the traits. As a result, direct selec-
tion for these traits is expected to be effective. These results
followed the findings of Singh and Verma (2018) and Abebe
et al. (2017).

The main aim of character association studies is to get an
insight how different traits are suitable for selection. Select-
ing a particular trait could lead to desirable or undesirable
changes in the correlated characters. Since its complex-
ity due to multifactor interactions and high environmental
influence, yield trait was not aimed directly for selection. In
addition to their association with yield, component charac-
ters exhibit various associations among themselves. In order
to plan a sound breeding program, it is imperative to know
the strength of the correlation between yields and attribute
characters since unfavourable associations may limit genetic
progress. Positive significant association of PL with single
plant yield and FGP indicating that there is an increase in
single plant yield of introgressed lines of BC,F, population
by accommodating more number of grains per panicle. For
most correlations, the degree and direction (positive or neg-
ative) of the correlation was consistent with that observed in
populations derived by Xiao and et al. (1998), Moncada and
et al. (2001), Thomson and et al. (2003) and Fu et al. (2010)
from an interspecific cross with O. rufipogon. Previous
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studies reported negative correlation of test weight with
total number of tillers (Marri et al., 2005), Productive Tillers
(Marri et al., 2005; Fu et al., 2010), Filled grains per panicle
(Septiningsih et al., 2003; Thomson et al., 2003).

The parental polymorphism, an estimate of genetic
diversity was lower in the present study compared to prior
studies with different accessions of O. rufipogon, where
polymorphism stretched from 30 to 90% with indica and
Japonica parents (Lee et al., 2005, Li et al., 2002, Marri et
al., 2005, Moncada et al., 2001, Qi et al., 2017, Tan et al.,
2008, Thomson et al., 2003, Tian et al., 2006, Xiao et al.,
1998). However, it varies with the parental sources used,
gene pool they belong, position and distribution of used
markers on chromosomes. In some regions of the genome,
the frequency of polymorphism is found low, such as at the
short arms of chromosome 10, 11 and 12. The wild acces-
sion IRGC106106, used in this study is an Indian origin
O. rufipogon which was collected from the areas of West
Bengal. Hence, the low polymorphism may be attributed to
genetic similarity or reduced recombination (Causse et al.,
1994; Grandillo & Tanksley, 2005) between O. rufipogon
(IRGC 106106) and Samba mahsuri (Indian cultivar). This
pattern of low polymorphism on short arm of 10th chromo-
some was observed by Xiao and et al. (1998) and Septining-
sih and et al. (2003) between O. rufipogon (IRGC 105491)
and indica species but high polymorphism was observed in
crosses with japonica cultivars implying that the O. rufi-
pogon genome is less diverse to the indica than the japonica
subgroup. Comparing linkage maps across different stud-
ies having O. rufipogon as the donor parent is less critical
because variations in the number of markers, recombination
rates between markers, and the type of mapping popula-
tion used can significantly alter the length of linkage map.
Despite this, a genome-wide coverage of 80 well-distrib-
uted polymorphic SSR markers with scorable segregation
patterns were used for linkage map construction, ensuring
genome-wide coverage for QTL mapping. QTL analy-
sis was conducted after removing phenotypic outliers and
normalizing trait distributions to reduce the risk of false
positives and support a reliable QTL detection. It is also
noteworthy that low GCV was trait-specific (e.g., DF and
CGP), while major yield components such as productive til-
lers, filled grains per panicle, and single-plant yield exhib-
ited high GCV, providing adequate phenotypic variation for
QTL mapping. Therefore, although overall polymorphism
was modest, the marker density and phenotypic variability
were adequate, making the QTL map conservative but reli-
able for identifying useful alleles.

The phenomenon of segregation distortion, a potent evo-
lutionary drive, is often encountered whenever wild species
are used as donor parents (Reflinur et al., 2014; Xian-Liang
et al., 2006). Segregation distortion has power of reducing
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accuracy of QTL detection by altering the order and genetic
distance of markers on the linkage group. The segregation
distortion observed for 56 out of 80 (70%) markers in the
mapping population used in the study was attributed to
selection pressure during backcrosses and the presence of
sterility loci (gamete eliminators and pollen killers) which
affects pollen fertility and gene segregation (Bimpong et al.,
2011). In interspecific crosses with O. rufipogon, which uti-
lized the SSR and RFLP markers, reported 19.2%—68.5%
segregation distortion on all chromosomes (Lee et al., 2005;
Marri et al., 2005; Moncada et al., 2001; Septiningsih et al.,
2003; Tan et al., 2008; Thomson et al., 2003). The literatures
also cited, variable range of marker distortion with O. sativa/
Japonica*O. glaberrima populations i.e., Aluko et al., 2004
(39%) and Bimpong et al., 2011 (93.1%). Muralidhara et al.,
2020 reported 100% segregation distortion in interspecific
hybridization with O. glaberrima. Studies reported differ-
ent sterility loci viz., S1 (Yang et al., 2016), S2/ (Miyazaki
et al., 2007) in the hybrid combinations obtained from O.
sativa /0. rufipogon hybridizations. On the other hand, ste-
rility loci act as gamete eliminators or pollen eradicators and
result in segregation distortion as found in O. sativaxO.
glaberrima (Li et al., 2018).

Due to the selection pressures applied for recurrent par-
ent genotypes during population development in BC, and
BC,, the observed skewing toward the adapted, elite par-
ent is plausible. However, the skewing towards Oryza rufi-
pogon may be attributed to factors such as genetic distance
or linkage drag in certain genomic regions, which can hin-
der recombination. In the BC, generation, selection might
cause segregation distortion, leading to the retention of
some O. rufipogon regions instead of the expected segre-
gation of QTLs in the BC,F, generation. However, Zhang
et al. (2010) suggested that while segregation distortion
occurs, it does not significantly influence the identification
of QTL positions or effects. Its impact remains minimal,
particularly when using co-dominant markers such as SSRs
in backcross populations, as noted by Xian-Liang et al.,
2006. Various statistical tools, including Proc QTL (SAS)
(Xu & Hu, 2009) and MapDisto 2.0 (Aluko et al., 2004),
have been effectively utilized to manage distorted mark-
ers in F,, BC,F,, RIL, and DH populations without adverse
effects. However, there remains a need to develop an opti-
mized package specifically tailored for BC,F, populations.
The QTLs identified in this study are likely minimally
affected by segregation distortion, as the majority aligns
with previously reported QTLs. The cumulative phenotypic
variance explained by donor-derived QTLs was estimated
at 6.59%, 32.65%, 2.12%, 3.29%, 3.98%, 2.60%, 18.90%,
and 13.77% for days to 50% flowering, panicle length, total
number of tillers, number of productive tillers, chaffy grains
per panicle, spikelet fertility, test weight, and grain yield per
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plant, respectively including the major QTL gPL9.1 with
29.14% PVE.

In this study, alleles from Oryza rufipogon positively
influenced 46.80% (22 QTLs) of the identified QTLs asso-
ciated with yield traits. These findings align with previous
research that reported beneficial effects of wild species
alleles on 15.5-74% of QTLs (Xiao et al., 1998; Moncada
et al., 2001; Thomson et al., 2003; Septiningsih et al., 2003;
Marri et al., 2005; Tian et al., 2006; Tan et al., 2008; Qi
et al., 2017). The higher percentage inferred in this study
suggests that the O. rufipogon accession used may possess
more advantageous alleles compared to those examined in
prior studies.

Given that O. rufipogon is known for its late flowering
and maturity characteristics (Xiao et al., 1998), selecting
for ¢DF1.1 could aid breeders in developing early-matur-
ing introgression lines through interspecific hybridization.
The ¢DF1.1 locus, positioned between markers RM10009
and RM10149, coincides with the OsmiR393 gene (Xia
et al., 2012). Overexpression of OsmiR393, a microRNA
in Oryza sativa, reduces the expression of auxin receptor
genes (OsTIRI and OsAFB?2), leading to an increase in tiller
number and early flowering, though at the cost of auxin sen-
sitivity. Additionally, the gDF3.1 region introgressed from
O. rufipogon overlaps with previously identified genes such
as pyruvate dehydrogenase kinase (pdhk) (Mukherjee et
al., 2012) and phytochrome B (phyB) (Takano et al., 2005),
both of which have been linked with early flowering and
improvements in grain number and size.

Plant height (PH) is closely linked to the inherent gigan-
tism observed in wild rice (Xiong et al., 1999). The QTL
gPH?2.1, which accounts for 29.2% of the phenotypic varia-
tion from the recurrent parent, may facilitate the devel-
opment of introgression lines with PH similar to Samba
Mahsuri in wide hybridizations. Multiple studies reported
PH-related QTLs in this genomic region, including gPH-
2 (Mao et al., 2003) and np2.2 (Marri et al., 2005). The
observed effects of these QTLs may be associated with the
finely mapped dwarf locus d50 (Sato et al., 2002), which is
located within the same genomic region.

Samba mahsuri though it is a high yielding indica cultivar,
exhibits incomplete panicle emergence with susceptibility to
multiple biotic stresses (Chandu et al., 2024; Potupureddi et
al., 2017). O. rufipogon accession IRGC106106 used in this
study had long panicles with 31- 40 cm length at reproduc-
tive stage. However, none of the lines showed superiority in
PL over the wild parent but showed full panicle emergence
for most of the lines, unlike Samba mahsuri. Among the 190
introgressed lines, 32 exhibited panicle exertion. Panicle
emergence was measured based on the length of exertion of
the panicle base above the sheath of the flag leaf or>90%
of the panicle emerged from the flag leaf sheath comparable

to the recurrent parent, Samba Mabhsuri is considered as full
panicle emergence. The general mean of the introgressed
lines for PL was 21.8 cm, with a range from 16.67 cm
(IL84) to 27 cm (IL206 and 1L216). Among the 190 intro-
gressed lines, 32 exhibited panicle exertion comparable to
the recurrent parent, Samba Mahsuri. Consequently, the
major QTL gPL9.1 and minor QTL ¢PL7.1 derived from O.
rufipogon could be beneficial for selecting lines with com-
plete panicle emergence. The QTL gPL7.1 is located in a
genomic region bound with several known loci, including
sp2(t) (Yoshimura et al., 2004), snb (SUPERNUMERARY
BRACT) (Lee et al., 2006), chr729 (CHD-related gene 729)
(Hua et al., 2012) and OsMADS15 (Kobayashi et al., 2012;
Luetal., 2012), all of which play roles in transitioning from
spikelet meristem to floral meristem, floral organ develop-
ment, secondary panicle branching, and overall PL regula-
tion. Meanwhile, gPL9.1 overlaps with genes such as Dn-1
(Yu et al., 1997) and OsEMF2b (Xie et al., 2014), which
regulate traits including panicle density, floral organ differ-
entiation, number of stamens, and pistil morphology.

Five QTLs for negative trait CGP were detected in this
study, of which three QTLs were introgressed from O. rufi-
pogon since the chaffy grains are a common phenomenon
in wild species. In contrary to this, all the four QTLs for
FGP were introgressed from recurrent parent Samba Mah-
suri. The QTLs gFGPI.1 and gFGP7.1 explaining the phe-
notypic variance of 9.15% and 8.94% respectively will be
useful for good filled grain number in distant hybridiza-
tion programmes. A previous study (Zhuang et al., 2001)
also reported QTL for FGP in gFGPI.1 location. The QTL
gSF2.1 along with the other 3 QTL regions (¢SF2.2, gSF5.1,
gqSF7.2) for SF from Samba mahsuri helps breeders in
developing fertile offspring in interspecific crosses because
sterility is a common phenomenon in hybridization pro-
grammes with wild species. For TW, 8 QTLs were detected
in this study, among them, g7TW2.1 is in the same region
as yld2.1 (plot yield) and np2.2 (number of panicles per
plant) QTLs reported by Marri et al. (2005) in an advanced
backcross IR58025A x O. rufipogon (IC 22015) population.
Eight yield enhancing minor QTLs were introgressed from
O. rufipogon contributing additively 13.77% phenotypic
variance to the trait. The QTL ¢GYP4.1 alone got 2.31%
of phenotypic variance. Previous studies reported the QTLs
gwtd4a (Lin et al., 1996) for grain weight, spp4-2 (Xiao et
al., 1998) and ¢SNP-4a (Mei et al., 20006) for spikelets per
panicle in the same region of gGYP4.1.

Yield in rice is ascertained by a combination of charac-
teristics such as tillers, panicles, spikelets and grains num-
ber, SF, grain weight, etc. The QTLs for these yield-related
traits are often clustered in a few chromosome segments as
QTL hotspots, i.e., genomic regions where groups of traits
co-localize. This allude the presence of a single gene with a

@ Springer



Plant Physiology Reports

pleiotropic effect or closely linked loci affecting two or more
traits. Moncada et al. (2001), Septiningsih et al. (2003),
Thomson et al. (2003), Li et al., (2004a, 2004b) and Marri
et al. (2005) reported the co-localization of QTLs for yield
and related traits on different chromosomes for different co-
localized traits. The presence of QTLs for yield and yield-
related traits in the same marker interval of the chromosome
was found in several other studies indicating a non-random
distribution of yield-related traits in the rice genome.
Linkage or pleiotropy cause co-localization resulting
in significant correlations between co-localized traits that
provide possible explanation for QTL ‘“hotspots”. Desir-
able significant trait correlations were observed in all co-
localized regions. Co-localized regions on chromosomes
1 (RM10662-RM11125), 2 (RM13075-RM13263) and 9
(RM5526-RM3808) were found to be useful and enhanc-
ing the yield with all positive significant correlations among
traits. QTLs for PL (¢PL7.1 and gPL9.1) have co-localized
with grain yield per plant at both the regions. Fine mapping
and cloning of QTL hot spots provide an opportunity for
manipulating or improving multiple traits simultaneously in
addition to understanding the biology of the genes control-
ling underlying QTLs (Ashikari et al., 2005;). Further, QTL
hotspots identified in multiple environments could be ideal
for studying their regulatory functions. In the present study,
QTL hotspots gYla (2.85 Mb) and ¢qY1b (10.06 Mb) with
average phenotypic variance of 11.11% and 6.15% were
reported on chromosome 1. As reported in previous studies,
qY1a sharing common region with the gene OsmiR393 (Xia
et al., 2012) and the QTL gpla (Yu et al., 1997) govern-
ing the traits early flowering and grain number per panicle
respectively whereas ¢Y1b sharing with FGP QTL (Zhuang
et al., 2001) and phdl (photo assimilate defectivel) (Li et
al., 2011) governing grain production. The QTL hotspots
on chromosome 2, ¢Y2(5.52 Mb) found to harbour three
QTLs with average phenotypic variance of 12.23%. The co-
localization of qTT1.1 (tiller number) and qCGP1.1 (chafty
grains per panicle) within the same marker interval may
reflect pleiotropy or tight linkage between loci controlling
these traits. Similar clustering of QTLs for favorable and
unfavorable traits has been reported in rice (Moncada et al.,
2001; Thomson et al., 2003; Xiao et al., 1998). Such QTL
clusters are typical in interspecific populations where ben-
eficial alleles from wild relatives may be linked with delete-
rious ones. Marker-assisted selection with fine mapping can
help break this linkage, enabling retention of the favorable
tiller trait while selecting against excess chaffy grains.
Co-localization of identified QTLs with functionally
characterized genes which are directly associated with key
physiological processes influencing yield, indicating a link-
age of several mapped QTL hotspots to known genes and
pathways regulating physiological traits. Panicle exertion
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and branching (qPL7.1,qPL9.1;sp2(t), OsMADSI5, chr729)
influence spikelet exposure, pollination efficiency, and
light interception during grain filling. Spikelet fertility and
reproductive organ development (¢SF2.1, ¢SS-2, MTRI)
affect pollen viability, fertilization success, and seed set.
Early flowering, grain production and number per panicle
(OsmiR393, gpla, phdl) is controlling developmental tim-
ing and synchrony with optimal environmental conditions.
Grain production, grain filling and grain size determination
(gw3.1, GS3, qGL-3a, gGW3) impact the assimilate parti-
tioning and sink strength in rice plants. Source-sink balance
through pleiotropic or linked loci directly affect traits like
tiller number, panicle number, and grain weight.

Positive allele contribution from female parent Samba
Mahsuri, is desirable for the traits like SF, FGP and PH in
wide crosses. The genomic region (12666016-18187278)
on chromosome 2 having ¢SS-2 and MTR! (MICROSPORE
AND TAPETUM REGULATOR1) might be providing SF
to fertile progeny in crosses with wild species (Tan et al.,
2012; Wang et al., 2005). However, this region also asso-
ciated with PH QTL ¢gPH-2 (Mao et al., 2003), panicle
number QTL np2.2 (Marri et al., 2005) and a dwarf gene
d50 (Sato et al., 2002) reported in earlier studies. Similarly,
QTL hotspots g¥3 (12.97 Mb) and ¢gY7 (20.04 Mb) were co-
localized with three QTLs each with an average phenotypic
variance of 3.94% and 3.01%, respectively, with favourable
allelic contributions from O. rufipogon. The loci associated
with grain number and size (pdhk-pyruvate dehydrogenase
kinase; Mukherjee et al., 2012), flowering time (phyB-
phytochromeB; Takano et al., 2005), grain weight (gw3.1;
Thomson et al., 2003), grain size (GS3; Fan et al., 2006),
grain length (¢GL-3a; Wan et al., 2005 and £i3.1; Li et al.,
2004a, 2004b) grain width (¢GW3; Miyata et al., 2007) and
grain yield (¢GY-3; Mao et al., 2003) were identified in g¥3
region. The QTL hotspot ¢gY7 of our study on chromosome
7 was co-localized with QTLs/gene for floral meristem for-
mation gene snb (Lee et al., 2006), panicle branching locus
chr729 (Hua et al., 2012), PL locus sp2(?) (Yoshimura et al.,
2004), floral organ formation locus OsMADS15 (Kobayashi
etal.,2012; Luetal., 2012) in the marker interval RM20818-
RM21749. The QTLs gNFGP-7—1 (Zhuang et al.,2001) and
gSSP7 (Xing et al., 2008) for filled grains per panicle also
mapped to the same region of chromosome 7. Li et al., 2000
reported co-localisation of gp7a for FGP, yd7a for yield per
plant and gw7 for TW in the ¢Y7 region. QTL hotspot ¢Y9
(12.99 Mb) harboured two QTLs with average phenotypic
variance of 15.45% with positive allele contribution from
O. rufipogon. The QTL hotspots gYIa and qY1b have posi-
tive allele contributions from both the parents.
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Conclusion

In conclusion, this study aimed to enhance yield-related
traits in rice through the introgression of desirable alleles
from the wild rice species, O. rufipogon into the indica cul-
tivar Samba Mahsuri. The development of advanced back-
cross populations, spanning multiple generations, allowed
for the creation of introgression lines with improved traits
while retaining the desired characteristics of the recurrent
parent. The study detected a total of 47 significant QTLs
associated with ten yield-related traits, with 46.80% of
these QTLs demonstrating beneficial effects from O. rufi-
pogon alleles. The segregation distortion observed in the
marker analysis, although a common phenomenon in inter-
specific crosses, did not significantly impact the identi-
fication of QTLs. The co-localization of QTLs revealed
hotspot regions on chromosomes 1, 2, 3, 7, and 9 indicating
clusters of genes influencing multiple yield-related traits.
These regions could be targeted for further exploration in
breeding programs aimed at enhancing rice yield and pro-
ductivity. The genetic variability analysis highlighted the
presence of superior genotypes among the ILs, with 14 lines
showing significant performance for multiple yield-related
traits with higher recovery of the recurrent parent genome
Samba Mahsuri and the introgression of beneficial alleles
from O. rufipogon. The study contributes valuable insights
into the genetic basis of yield-related traits in rice and pro-
vides a foundation for future breeding efforts. The identified
QTLs and ILs with superior performance offer promising
resources for marker-assisted breeding programs, allowing
for the development of rice varieties with improved yield
and agronomic traits.
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