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Abstract Assessing genetic diversity and development of
a core set of elite breeding lines is a prerequisite for
selective hybridization programes intended to improve the
yield potential in rice. In the present study, the genetic
diversity of newly developed elite lines derived from
indicax tropical japonica and indicax indica crosses were
estimated by 38 reported molecular markers. The markers
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used in the study consist of 24 gene-based and 14 random
markers related to grain yield-related QTLs distributed
across the rice genome. Genotypic characterization was
carried out to determine the genetic similarities between
the elite lines. In total, 75 alleles were found using 38
polymorphic markers, with polymorphism information
content ranging from 0.10 to 0.51 with an average of 0.35.
The genotypes were divided into three groups based on
cluster analysis, structure analysis and also dispersed
throughout the quadrangle of PCA, but nitrogen responsive
lines clustered in one quadrangle. Seven markers
(GS3_RGS1, GS3_RGS2, GS5_Indell, Ghd 7_05SNP, RM
12289, RM 23065 and RM 25457) exhibited PIC val-
ues > 0.50 indicating that they were effective in detecting
genetic relationships among elite rice. Additionally, a core
set of 11 elite lines was made from 96 lines in order to
downsize the diversity of the original population into a
small set for parental selection. In general, the genetic
information collected in this work will aid in the study of
grain yield traits at molecular level for other sets of rice
genotypes and for selecting diverse elite lines to develop a
strong crossing programme in rice.

Keywords Diversity - Population structure - Rice - Grain
yield

Introduction

Rice is the world’s most widely consumed staple food crop. To
ensure global food security, it is critical to maintain a steady
increase in rice productivity that keeps up with the growing
human population (Bandumula 2018). The genetic enhance-
ment in any crop, including rice, is a function of the genetic
diversity available in the gene pool. However, during the last
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five decades, the use of only a few parental genotypes, such as
Jaya and IRS, in rice breeding (Subudhi et al. 2020) has resulted
in genetic erosion and a narrow genetic base among today’s
cultivated high yielding rice varieties (Choudhary et al. 2013).
The rice genetic base needs to be broadened by introgressing
novel alleles of genes/QTLs associated with yield and yield
attributing traits in rice. Gene-based markers can be used to
investigate the allelic diversity of yield influencing genes/QTLs
and the novel alleles could be introgressed in the elite genetic
backgrounds by inter-specific and inter-sub-specific
hybridization programes. The conventional breeding approa-
ches to select parents for hybridization involve testing for
the general combining ability of a line or selective mating for
trait introgression. The modern breeding strategies or Trans-
formative Rice Breeding (TRB) strategies suggest using only
elite parents in crossing programes to accrue some major and
thousands of minor yield-related alleles in the large segregating
population (Collard et al. 2019). Speed breeding is one of the
steps in such a strategy that involves elite x elite crosses fol-
lowed by rapid generation advancement through the single
seed descent (SSD) method (Akhtar et al. 2010; Shivakumar
et al. 2018). Thus, recently, plant breeders are focused on
developing new elite breeding lines for product development
that can replace existing old mega varieties like Swarna, MTU-
1010, Swarna Subl, Pooja, etc. of Eastern India in terms of
superiority, higher yield, good stability along with basic traits of
the mega varieties. The elite lines chosen for hybridization
should carry alleles for grain yield and yield contributing traits
which upon hybridization (elite x elite) accumulate in derived
progeny and express in a cumulative manner to produce better
phenotype (Collard et al. 2019). Such populations also possess
higher buffering against fluctuations in micro- and macro-en-
vironmental changes due to the presence of diverse allelic
combinations.

Genotyping is always advantageous to review the strength of
a parental line since it discerns the genetic information of
the line. Molecular markers could be used to assess the genetic
diversity in rice germplasm resources and to develop heterotic
pools (Katara et al. 2021). However, the genetic diversity
estimated based on non-genic random DNA markers are not
useful in the selection of parental genotypes in the hybridiza-
tion programe as it does not represent the diversity for yield and
yield attributing traits in the germplasm. Hence to increase the
accuracy of parental selection, trait-specific molecular markers
need to be used (Molla et al. 2019) to capture maximum grain
yield-related alleles and to introgress them in a single parental
background. This would help to plan rapid and effective
breeding strategies to increase genetic gain per breeding cycle,
and improve the grain yield and climate resilience (Atlin et al.
2017; Gobu et al. 2020). Furthermore, using these markers to
develop a fine core set from a large population has been proven
to save resources while keeping the same population structure
and variety as the original population. Hence the genotyping by
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grain yield attributing gene/QTL/pleiotropic gene-based
markers for analyzing the strength of elite breeding materials is
a prelude to the selection of parents with high genetic value. In
the present study, we have used molecular markers designed
based on the genes governing important yield genes/QTLs to
assess the diversity and population structure of a large set of
elite rice breeding lines with > 5.0 t/ha grain yield under
Eastern Indian situations which are identified from the differ-
ent breeding programe. Based on the allelic diversity and the
phenotypic performance of the breeding lines, the number is
then reduced to a manageable pool of parental genotypes. The
information provided in the study would help rice breeders to
select appropriate elite lines as parents for a breeding
programe.

Materials and method
Plant materials

The study involved 314 rice breeding lines from different
breeding programes and varieties of different ecologies. All
the 314 lines were evaluated for yield per se in the wet
season, 2017 and 2018 at the experimental plots, [CAR-
National Rice Research Institute (20.45° N, 85.93° E),
Cuttack, Odisha, India. The experiments were laid out in
augmented block design to accommodate a large number of
genetic materials at initial testing. Each line was sown in 4
rows and each row had 30 hills (plot size 3.6 m” per line).
On the basis of grain yield results of all 314 lines, a set of
119 elite lines were selected on the basis of average grain
yield greater than 5 t/ha across the years. The selected 119
lines were evaluated in two replications for yield trial dur-
ing the wet season of 2019. Each line was sown in 6 rows
and each row had 30 hills (plot size 5.6 mz). Out of 119 elite
lines, 96 elite lines were chosen on the basis of maturity
duration between 125 and 140 days of maturity. As a result
of the primary filters based on yield criteria and maturity
duration, the total sample size was reduced from 314 to the
best 96 after being evaluated over 3 years. All the 96 lines
were used for molecular study and listed in supplementary
table 1. These 96 elite rice lines included 60 new generation
rice (NGR) (indica x tropical japonica), 11 new plant type
lines (NPT), 14 advance breeding lines (ABL) (indica x
indica), 4 high nitrogen responsive lines (NRL) (indica x
indica) and 7 released varieties (indica x indica) consti-
tuted experimental material for the present study.

In all years of evaluation, 25 days old seedlings were
transplanted in the first week of August. The crop was
applied with a fertilizer dose of 80 N:40 P,05:40K,0 as
per recommended. The evaluation in all the years was in
the wet season, where sufficient rainfall allowed the crop to
raise successfully.



Physiol Mol Biol Plants

Marker assay
Genomic DNA extraction

The seedlings of 96 elite lines were raised in the seedling tray
for leaf collection. Young leaves from 15 days old plants were
collected from the seedling tray for isolation of genomic DNA.
The DNA was extracted through CTAB method (Doyle and
Doyle 1990) and dissolved in TE buffer (Tris EDTA pH-8).
The concentration and quality of DNA were measured using
Spectrophotometer Nanodrop (TM 1000/1000c).

Marker and PCR amplification

A total of 38 reported molecular markers for grain yield,
distributed across the rice genome were used for the study
(Supplementary table 2, Fig. 1). These markers included 24
gene-based and 14 random markers related to grain yield-
related QTLs/genes in rice. The QTLs for yield attributing
traits viz; grain size, grain shape, grain weight, grain width,
grain number, grain filling, spikelet number, panicle
branching, dense panicle, narrow leaf, etc. were considered

while selecting markers for the study (Table 1). The pri-
mers were synthesized at Eurofins Scientific, (USA).
Polymerase chain reactions (PCR) were carried out in
an Agilent Thermal cycler (Sure Cycler 8000) with a 10 pl
reaction mixture using 96-well plates. PCR master mix
(Xceleris 2 x premix taq version 2.0, Xceleris Genomics,
Ahmedabad, India) was used for better amplification. An
amount of 1 pl genomic DNA (concentration 20 ng/pl) and
1 pl each of forward and reverse primers were added to the
PCR mix for DNA amplification. The amplification in PCR
was: initial denaturation at 94 °C for 4 min, denaturing at
94 °C for 40 s, annealing at 56 °C (annealing temperatures
for all primer) for 40 s and extension at 72 °C for 3 min.
The PCR cycle was repeated for 35 cycles and a final
extension was set at 72 °C for 7 min was carried out. The
reactions were then set up to hold at 4 °C until elec-
trophoresis and visualization.

Amplicon visualization

Gel electrophoresis was done in Agarose gel (3.5%) using
Genaxy Maxi horizontal tank, in 0.5% Tris Boric Acid
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Fig. 1 Distribution of 38 markers across the rice chromosome. Chrom: Chromosome; START: Start point of the chromosome; END: End point
of the chromosome, Mb: Million basepairs
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Ethylene Diamine Tetra Acetic acid (TBE) running buffer.
The agarose was stained with ethidium bromide (23 pl for
550 ml) dye. Electrophoresis was set at 110 V for 240 min
using 10 pl of the amplified PCR products. Then molecular
ladder of 100 bp obtained from MP Biomedical (Cam-
bridge, UK) was wused to compare and estimate
the molecular size of the amplified products. The gel was
visualized and photographed on Alpha Imager Gel Docu-
mentation System.

Data analysis

The DNA amplicons on the gel were scored based on the
fragment length of each allele. Alleles were scored as
present (1) or absent (0) depending upon their amplifica-
tion. Amplicon sizes for each marker were scored as a/b
where ‘a’ was homozygote of one kind and ’b’ was
homozygote of another kind among genotypes. GenA-
1IEx6.502 software (Peakall and Smouse 2006) was used to
analyze allele frequency, allele number per locus, gene
diversity, heterozygosity for the marker and populations
derived from STRUCTURE analysis. Analysis of molec-
ular variance (AMOVA) was analyzed to distinguish
the percentage of molecular genetic variance within and
among populations classified STRUCTURE analysis using
GenAlEx6.502 software. Polymorphic Information Content
(PIC) was estimated in Excel 2016. For population struc-
ture analysis, data from 38 polymorphic markers were
used, and the analysis was done based on the admixture
model clustering method utilizing the software package
STRUCTURE 2.3.4 (Pritchard et al. 2000). This model was
run by assuming the populations (K) from 1 to 10 with at
least 5 iterations for each K. A burn-in period of 100,000
and Markov Chain Monte Carlo (MCMC) and replications
of 20,0000 after each burn-in were set for analysis. The
optimum population (K) which best estimated the structure
of the 96 elite lines was predicted using Evanno’s method
through web-based software STRUCTURE HARVESTER
(http://taylor0.biology.ucla.edu/structureHarvester/). The
lines were assigned to each subpopulation based on their
probability of association of 70% to each of the groups, the
lines with a probability of association < 70% were con-
sidered as admixtures. Cluster analysis was carried out in
DARwin 6 (Perrier and Jacquemoud-Collet 2006) by
neighbour-joining algorithm. To ensure the reliability of
the results, 1000 bootstraps were performed in the con-
struction of the dendrogram. The dendrogram was con-
structed based on the genetic distance calculated using
allele frequencies between pairs of individuals in the
population. The threshold bootstrap value accepted for the
construction of the dendrogram was 60. Principal Com-
ponent Analysis (PCA) and Principal Coordinate Analysis
(PCoA) were done to classify the elite lines into different

groups using PAST 4.0 software (https://www.nhm.uio.no/
english/research/infrastructure/past/). The allele frequen-
cies between individuals in the population were used for
PCA and PCoA analysis. A combined analysis of geno-
types was done with a common set of primers using
graphical genotyping software GGT 2.0 (Berloo 2008) for
graphical representation of variations in genotypes at each
chromosome. Later, we intended to downsize the number
of genotypes from 96, based on the concept of a core
collection that would contain as much genetic diversity as
the original set (Vaughan 1991) for harnessing the best out
of the parental pool. The core collection using molecular
data represented a full coverage of all the alleles existing in
the entire elite pool and a heuristic approach of maximum
allele retention and higher yield potential was followed to
develop a fine core set from the population of 96 geno-
types (Chung et al. 2009).

Results
Population screening

Initially, a total of 314 individuals were evaluated for yield
trait over two seasons. Based on yield performance recor-
ded over 2 years population size was reduced by 119
individuals by rejecting individuals with yielding ability
less than 5 t/ha. The mean yield performance of selected
and rejected lines from the original population was com-
pared using a simple ‘¢’ statistic. The yield performance of
the selected 119 lines was found significantly better than
the average performance of 195 rejected lines. However,
information on days to maturity was not considered at the
initial level of phenotypic screening (Supplementary
table 3). Further, from among the selected 119 lines, 23
lines were rejected due to extreme maturity duration while
the selection was focused on selecting lines having matu-
rity duration between 125 to 140 days. The yield perfor-
mance and days to maturity of the initial phenotype-based
core of 96 lines were compared with that of rejected 23
lines and found significant differences only for days to
maturity (Supplementary table 3). The descriptive param-
eter estimated between the initial of 96 individuals and
the original population of 314 individuals specifies the
authenticity of initial core development (Supplementary
table 4). Hence, the initial core with 96 individuals
was carried forward for marker assay to estimate allele
diversity.

Allelic diversity

A total of 38 reported molecular markers for yield from
different chromosomes were used to evaluate the genetic
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diversity of the population. All of the 38 markers were
polymorphic across the 96 rice accessions and a total of 75
alleles were detected. Number of alleles ranged from 2 (in
most of the markers) to 5 (GS7, Chr#7) with an average
allele frequency of 1.42. Allele frequency ranged from 0.01
(DEP3_P22, Chr#-6) to 0.99 (SPIKE-01SNP, Chr#4), with
a mean of 0.38. Gene diversity varied from 0.01
(DEP3_P22, Chr#6) to 0.67 (GS3_RGS2, Chr#12). The
marker GS3_RGS2 (Chr#12) had the highest observed
heterozygosity (0.48), while marker DEP3 (0.00) and Gnla
(0.00) had the lowest. Polymorphism Information Content
(PIC) ranged from 0.10 to 0.51 with a mean of 0.35 and the
marker GS3_RGS2 was found most polymorphic with a
PIC value of 0.51 (Table 1). Seven markers (18.42%) were
highly informative (PIC > 0.5), 23 (60.49%) moderately
informative (PIC > 0.25 and < 0.50), and 8 (31.04%)
slightly informative (PIC < 0.25). The presence of ampli-
cons of DEP3-P22 was identified in most of the rice lines,
while RM25895 was specifically present in a few elite
lines. The amplicon of RM3689 (DSR QTL related) was
unique to SR-4-2-1, N-301, N-333, M-1023, Jasmine-85,
SR-28-1-1-1, S-594, and S-435 by its presence.

Population structure analysis

The model-based simulation of population structure using
molecular markers demonstrated that as the model
parameter K raises the log-likelihood, and thus the statistic
K was used to calculate an appropriate value for K. The
genetic relationship between 96 elite rice lines was deter-
mined using a Bayesian model-based programe called
STRUCTURE v2.3.4. The estimated membership fractions
(K) of 96 accessions varied between 2 and 10. The popu-
lation structure analysis estimated that the optimum num-
ber of subpopulations K which best explained the structure
of the accessions was 3 (K = 3, 64.67) using the Evanno
method (Fig. 2; Supplementary Fig. 2). The majority of
elite lines fell within 3 populations (K = 3) except three
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lines in population-1 (N-306, N-331 and C-774-7-1-1-1),
ten lines in population-2 (N-305, N-333, SR-331-1, SR-27-
8-1, M-476, SR-165-1, Sambha Mahasuri, Annada, GYD-
279 and Moti) and five lines in population-3 (Padmini, SR-
16-1-2-1, SR-57-1, SR-87-1 and SR-66-1) as admixtures at
an association probability of 70%. The 21 admixtures
consisted of 8 NGR, 5 NPT, 3 ABL, 1 NRL and 4 varieties.
Population-1 consisted of 20 elite lines and was made up of
NGR (17 lines), ABL (1 line) & NRL (2 lines). The pop-
ulation-2 had 51 elite lines which included NGR (30 lines),
NPT (7 lines), ABL (6 lines), NRL (5 lines) & varieties (3
varieties). Population-3 had 25 elite lines which included
NGR (13 lines), NRL (1lines), ABL (10 lines) &release
varieties (1). The heterozygosity of 0.26 for the more
heterogeneous was observed in populations-1 and 2, while
it is 0.24 for population-3. The population-2 had a higher
gene diversity (0.43) indicating a high genetic diversity
compared to other the two populations (Table 2). The
population-2 had the highest proportion of the genotypes
(0.53), highest allele number per locus (1.84), gene diver-
sity (0.43) polymorphism loci (89.61) and heterozygosity
also (0.26).

Within and between populations diversity

The analysis of molecular variance (AMOVA) revealed
that within-group variation accounted for 87% of the total
variation, while variation between groups accounted for
only 13% of total variation (Table 3). In comparison,
population-2 had the highest proportion of polymorphic
loci (89.61%) and was also found to be the most diverse,
with the highest observed heterozygosity (0.26), allele
number per locus (1.84), and gene diversity (0.43)
(Table 2). Population-1 had 1.58 alleles per locus, popu-
lation-2 had 1.84 alleles per locus, and population-3 had
1.67 alleles per locus. These findings on allelic variation
amongst subpopulations demonstrated the allelic richness
that exists to demonstrate genotype diversity. Similarly,

76 96

Fig. 2 Population structure (STRUCTURE) at K = 3 of 96 rice genotypes based on genotypic data using gene based and random markers related

to grain yield of rice
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Table 2 Analysis of molecular variance (AMOVA) between populations predicted by STRUCTURE analysis of 96 rice elite lines

Source of variation DF SS MS EV % Variation Stat Value Probability”
Among pops 2 113.427 56.714 1.596 13

Within pops 93 953.021 10.248 10.248 87

Total 95 1066.448 11.844 100 PhiPT 0.13 0.01

DF degrees of freedom, SS sum of squares, MS mean squares, EV estimated variance
* ##xSignificant at 5% and 1% probability respectively

“The probability is based on permutation across the full data set. PhiPT is a statistic measure for comparison between co-dominant data sets

Table 3 Genetic diversity parameters among three populations of 96 rice elite lines predicted by STRUCTURE analysis

Population Sample Proportion of Allele number per Gene 9%Polymorphic Expected Mean grain yield
size genotypes locus diversity loci heterozygosity (t/ha)

Population 1 20 0.21 1.58 0.36 76.62 0.24 5.65 £ 0.11

Population 2 51 0.53 1.84 0.43 89.61 0.26 7.35 £0.18

Population 3 25 0.26 1.67 0.41 83.12 0.26 6.59 £ 0.17

Ho observed heterozygosity, PIC polymorphism information content

population-1 gene diversity was 0.36, population-2 gene
diversity was 0.43, and population-3 gene diversity was
0.41 (Table 2).

Clustering of the genotypes

The amplicons observed were used to create clusters across
96 elite lines using the neighbor-end joining (NJ) process.
Three major clusters emerged from the un-rooted tree when
96 rice elite lines were classified (Fig. 3), cluster one with
37 lines, cluster two with 8 lines, and cluster three with 51
lines. The cluster-1 further classified to three sub-clustered
viz., sub-cluster-a (17 lines), sub-cluster-b (13 lines) and
sub-cluster-c (7 lines). Similarly, cluster-2 sub-divided to
two sub-clusters viz; sub-clusters-d (5 lines) and sub-
clusters-e (3 lines). The cluster three sub-divided to three
sub-clusters viz; sub-clusters-f (26 lines), sub-clusters-g
(13 lines) and sub-clusters-h (12 lines). Cluster one is
mainly dominated by NGR lines followed by NPT lines.
Cluster two included only eight genotypes with a small
proportion of different categories of lines. Cluster three
included mainly NGR lines followed by ABLs. The
genotypes were categorized on the basis of groups and
presented in Table 4.

Principal component analysis and graphical
visualization

PCA was used to confirm the genetic variability of 96 elite
rice lines using a variant-covariant matrix. The first and

second components accounted for 8.80 and 7.15% of
the variance, respectively, with eigenvalues of 0.91 and
0.71. Although the PCA plot revealed three major clusters,
lines were distributed across all four coordinates. The NRL
genotypes are clustered together at the upper left coordi-
nate, forming a distinct category and distinguishable from
cultivars in their two-dimensional dispersion. The lines in
the PCA figure were labeled with five different colors and
five different types of symbols to represent the various
types of lines (Fig. 4). Two-dimensional scaling deter-
mined by PCA analysis revealed the same pattern of
grouping as the population structure and classified
the majority of cultivars into three major clusters.

Comparison between grouping approaches

The results obtained from different approaches used for
grouping genotypes to assess their variability were found to
follow a similar trend. When PCA and dendrogram
groupings were compared, genotypes were grouped into
three major clusters both in PCA and dendrogram, but the
composition of clusters varied. However, a maximum
variation that exists among genotypes was successfully
captured with two components in PCA and the nearest
variation was captured in a dendrogram to classify geno-
types into three major groups. The first two principal
components were found to be most indicative of variation
patterns between accessions. A similar trend was also
found with a bar graph obtained from STRUCTURE
analysis, where 96 genotypes were subdivided into three
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Fig. 3 Neighbor joining tree illustrating the genetic relationships of the 96 genotypes

subpopulations based on allelic variations that exist among
genotypes. This confirms the pattern variation that exists in
the population was consistent enough to carry out further
condensation in order to develop a fine core set of geno-
types. Thus, suggesting markers used to classify genotypes
may be recommended for the purpose of differentiating
population subgroups and could be used as decision sup-
port tools in developing a fine core set for the breeding
application. Further, graphical genotyping (GGT) was used
to re-emphasize the results of grouping patterns, where
GGT helps to visualize the distinctness of genotypes-based
marker alleles on each chromosome. From the results, it
could be possible to find that no two genotypes completely
shared similar genetic profiles (Fig. 5). However, patterns
of colors indicate partial sharing of alleles between dif-
ferent genotypes in the population indicating the related-
ness among each other. These results demonstrate the
ability of gene-based markers to discriminate genotypes

@ Springer

and also serve as a unique identity of elite rice lines in
the core set.

Core set

From an elite population size of 96, a fine and potential
core with only 11 (11.45% of 96 elite lines) genotypes
maintaining the same genetic diversity and allelic richness
as that of the original population, which can serve as
a potential pool of parental lines to consider for rice
improvement breeding programs were developed. This
core collection was composed of 7.29% (7 lines) of NGR,
3.12% (3 lines) of NPT, and 1.04% (1 line) of NRL of the
entire 96 elite lines (Table 4). The fine core set was
extracted considering the maximum allelic retention
explained by Shannon’s allele diversity coefficient and
yield potential. The selected 11 genotypes of the fine core
set represent different populations depicted by



Physiol Mol Biol Plants

Table 4 Cluster analysis of 96 elite rice lines based on NJ approach and 11 identified core genotypes

SL  Cluster Sub cluster Lines Core set genotypes Mean grain
no. yield for
clusters (t/ha)
1 Cluster-1 ~ Subcluster-1 ~ C-679-3-1-22-1, C-690-2-1, SR-54-1, GY-120-5, SR-6-1-1, SR-4- N-301, SR-48-1, 6.79 + 0.21
2-1, SR-54-1, SR-40-2-1, SR-4-2-1, N-33-1, N-301, Moti, GYD-  N-370, SR-36-2-1
379, N-308, M-1023-1, M-10230, C-772-191-1-1-1-1
Subcluster-2 ~ C-226-72-1-2-1-3-1, SR-48-1, N-76, SR-153-1, SR-67-1, SR-45-1-
1-1, C-226-45-11-27-1-1, SR-36-2-1, C-601-4-2-1-1, N-110-1,
SR-55-1, N-370, C-841-1-1-2-1
Subcluster-3 ~ SR-27-4-1-2, C-766-9-1-1-1, SR-165-1, SR-40-1, SR-14-5, SR-27-
8-1, GYD-1001
2 Cluster-2  Subcluster-1 Padmini, M-476, M-413, Jasmini-85, Sambha Mahsuri M-476, C-386-18- 5.89 + 0.13
2-1-1-1-1
Subcluster-2  C-386-18-2-1-1-1-1, C-542-3-2-1-1, CRDHAN-206
3 Cluster-3  Subcluster-1 ~ C-325-2-5-1-1-1-1, SR-45-3-1, SR-39-3-1, SR-28-1-1-1, C-329-4-  S-5-7-1, C-774-7-1- 7.10 £ 0.18

1-1, C-395-3-2-1, S-5-7-1, SR-122-2, C-345-1, SR191-1-4,
S-345, S-434, GY-60-7, S-594, C-481-1-2-1-2, SR-57-1, N-306,

1-1, N-305, SR-
36-6-1

C-774-7-1-1-1, N-331, SR-16-1-2-1, GYD-17, SR-80-1-1, SR-

168-1, Annada-1, SR-33-1-1
Subcluster-2

SR-121-2, SR-97-1, C-542-3-2-1-1-1-1, SR-15-2-1, SR-36-6-1,

HMT-Sona, SR-14-3-1-1, SR-66-1-2, GY-2-1, SR-66-1-1,

N-102, N-305, N-333
Subcluster-3

GY-225, GY-183, GY-25-2, GY-68-8, GY-118-6, SR-55-1-2, SR-

SR-142-1

87-1, GY-18-1, SR-37-6-1, GYD-117, SR-142-1, GY-78-3

N-New plant type, SR and C-New generation rice, M-Nitrogen responsive line, GY and GYD-Advance breeding material, other name is release

variety

STRUCTURE and PCA analysis, thus maintaining similar
genetic diversity as that of the original population. The
composition of the fine core set was similar to the original
core set of 96 genotypes in terms of allelic diversity and
could represent the original population of 314 genotypes
with other plant characters.

Discussion

A panel of 96 elite rice lines was selected for the present
study, which was bred for high grain yield for different
ecologies. Genetic diversity in such lines is expected to be
unique for the development of high yield segregants by
crossing elite x elite lines. This could be possible if
genetic relatedness is less and the presence of different
alleles for high grain yield in the population. Thus,
understanding population structure and genomic variations
are crucial for the selection of lines from a population.
Breeding through the selection of superior progenies for
different ecological situations results in yield enhancement
due to the accumulation of major and minor alleles in the
breeding lines (Collard et al. 2019). In this regard, our
study provides useful information on elite lines distinct at
the molecular level also. This enabled us to reconstruct the

genetic relationships and genetic diversity within several
elite lines that exhibit enormous genetic variability.

The extent of available variation dictates the use of elite
lines. The elite lines used in this study exhibited a high
level of genetic diversity both in terms of yield and at the
molecular level. While morphological trait analysis is a
valuable tool for examining genetic differences reflected in
phenotypic expression, its results may not always accu-
rately reflect true genetic variation due to genotype-envi-
ronment interaction and unknown genetic control of
polygenic traits (Sanghamitra et al. 2018). Using molecular
markers to characterize genotypes based on polymorphisms
at the DNA level provides a powerful tool for estimating
genetic divergence (Hashimoto et al, 2004). The number of
alleles per locus ranged between 2 and 5, which is con-
sidered adequate for gene-specific and QTL-based markers,
as demonstrated in this study. Allele number of 1-6 alleles
per locus with an average of 3.24 was reported in colored
upland rice germplasm (Ahmad et al. 2015). The number of
alleles in a population indicates the genetic richness of the
population.

The PIC values of markers across genotypes are yet
other criteria to assess genetic diversity at the molecular
level by using these markers. Even though all the lines
analyzed in the present study were high-yielding, elite, and
also diverse, but still, it is important to choose appropriate
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parents for hybridization very judiciously. The PIC value
ranged from 0.00 to 0.51 with an average of 0.35. Such
a medium-level PIC value of 0.35 is expected for gene
specific or QTL based markers because of the lower level
of polymorphism. A medium level of PIC of 0.38 was also
reported from 40 Pakistan rice accessions. However,
the use of grain yield linked and trait-based marker shows
a lower rate of polymorphism (Saha et al. 2004).

Among the 38 polymorphic markers, 7 markers
(18.42%) exhibited PIC values > 0.50 thereby suggesting
their suitability for genetic relationship estimation and
diversity study in relation to grain weight, grain length
(GS3_RGS1 and GS3_RGS2), grain size (GS5_Indell),
grain number, plant height, heading date (Ghd 7_05SNP)
and yield under osmotic stress (RM 12289, RM 23065 and
RM 25457). The PIC and polymorphism percentage
revealed that markers used in this study were polymorphic
to explore the genetic relationship among elite rice lines
from the different breeding programes. Thus, the grouping
of rice genotypes based on polymorphic markers indicated

high genetic diversity among the elite lines in relation to
these traits. The maximum diversity among the elite lines
indicated distinct allelic differences in their genetic con-
stitution (Surapaneni et al. 2016).

The heterozygosity for populations-2 (0.26) and 3 (0.26)
shows heterogeneous than the population-1 (0.24). The
population-2 had the highest proportion of genotypes
(0.53), highest allele number per locus (1.84), gene diver-
sity (0.43), polymorphism loci (89.61), and heterozygosity
of < 0.50 (Table 2). Thus, population-2 would serve as the
best group for utilization in breeding with regard to the use
of parents for crossing. Inter crossing of individuals from
the populations-2 with other populations also would be
beneficial to accumulate the maximum yield genes/QTLs
in the segregating populations and later bring into single
background (Table 2). Similar results for heterozygosity
for populations were also observed by Aljumaili et al.
(2018). The proportion of genotypes observed in each
subpopulation reflected the 96 genotypes’ diversity
(Fig. 3). In light of these findings, it can be concluded that

Component 2

204

<30

Fig. 4 PCA scattered polar diagram of 96 genotypes and its
distribution in quadrangles (genotypes are labeled as Black color
dot symbol denoted NGR genotype, blue color square symbol denoted
NPT genotype, Chartreus green color star symbol denoted released
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variety genotype, deep pink diamond color symbol denoted NRL
genotype, Grey color plus symbol denoted ABL genotype (Color
figure online)
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Fig. 5 GGT image for 96 elite rice genotypes using 38 markers
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the elite genotypes under study possessed sufficient
potential for successful application in rice improvement.

Grouping of these elite lines based on marker informa-
tion showcased the presence of genetic diversity within the
elite pool. This classification made the prevision to select
elite lines as parents for hybridization from contrasting
clusters. PCA is a dimension reduction technique that can
be used to condense a large set of variables into a smaller
set that retains the majority of the information contained in
the larger set (Price et al. 2006). For convenience and better
discussion, only two PCs that possessed the eigen values
more than one were considered for analysis. However,
the first two PCs considered were explaining very less of
total variation suggesting elite lines considered and
molecular markers employed exhibiting multidimensional
genetic diversity. Further, the NRL lines considered in the
study were concentrated in a single quadrant indicating
their uniqueness from other genotypes. Although PCA
considers Eigen values for plotting genotypes, it does not
consider multi-dimension scaling and similarity matrix of
genotypes while reducing the dimensionality of the marker
information. Another multivariate tool principal coordinate
analysis (PCoA) used to extract the variation in marker
information using the Euclidian similarity index. The
variation extracted by the first two PCoA was also negli-
gible confirming the results of PCA. PCA described
the appropriate amount of genetic diversity required to
derive segregates with different gene combinations upon
crossing these elite lines.

Population structure is a well-studied but little under-
stood feature of population genetics. Structure applies to
any deviation from random mating and involves inbreed-
ing, associative mating (in which reproduction is stratified
by genotype), and geographical sub-division. Unequal
distribution of alleles among sub-populations from differ-
ent ancestries defines the population structure of the pool.
When these sub-populations are considered for parental
selection advantage of allelic combinations can be rewar-
ded in terms of promising progenies. Before understanding
the population structure of the pool, these elite lines were
grouped into population 1 (NGR), population 2 (ABL), and
population 3 (NRL). These populations were tested for
their significant differences by performing an analysis of
molecular variation (AMOVA). The AMOVA results
suggested higher variation between populations and lower
within population variation suggesting these groups sig-
nificantly different. The population structure of 96 elite
lines with marker information delivered the existence of
three sub-populations as defined by Ad-hoc statistic AK
with MCMC model. Graphical representation of population
structure clearly indicated the existence of a relatively good
population structure. This implies that allelic information
captured from the population is sufficiently explaining
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the genetic diversity of elite lines considered in this study.
These results are in confirmation with results obtained from
AMOVA, to promise the existence of preferably high
diversity among sub-populations. The proportions of
genotypes shared by each sub-population were also rela-
tively comparable, suggesting each sub-population is
equally potent to carry diverse and elite parental lines for
choosing parental lines. In support of the results above
Graphical GenoTyping (GGT) also displayed the discrim-
inating ability of markers thereby assessing the genetic
diversity existing among elite lines considered for this
study. This also implies providing a unique identity to each
line by displaying chromosome-wise distribution of DNA
markers used to genotype these elite lines.

The two-dimensional data generated by PCA analysis
resembled the results of the radial dendrogram (Fig. 4)
and population structure (Fig. 2) analyses, in which the
majority of lines were distributed and grouped in similar
ways. However, there is some specific distribution of
genotypes in the PCA, where NRL lines were fell into
a single upper right quadrant (Fig. 4), in PCoA it was in
a lower right quarter (figure not presented) and in group 1
and group 2 of the dendrogram drawn using DARwin
software. When the radial dendrogram was created, the
genotypes belonging to group-1 have uniformly dis-
tributed in the PCA right upper and lower quadrants
(subgroup a, b, c, d) and left upper and lower quadrants
of PCoA diagram (subgroup a, b, c, d). The elite geno-
types in subgroup-e (group-2) were distributed in the right
lower quadrant of the PCA and left upper quadrant of the
PCoA. The elite genotypes of subgroup-f and g (group-3)
of radial dendrogram were distributed in the left lower
quadrant of PCA and right upper quadrant of PCoA.
Similarly, the elite genotypes of subgroup-h (group-3)
were distributed in the left upper quadrant of PCA and the
right lower quadrant of PCoA. However, the PCA iden-
tifies the best representatives of the population’s differ-
ences in elite genotypes; it does not provide information
about population’s size or subgroups. Additionally, it can
be advantageous to distinguish between subgroups of
populations involved in classifying genotypes. Besides
that, when the PCA and dendrogram were compared, they
revealed similar tendencies and similar group composi-
tions. Hence, the information generated from PCA, PCoA
and dendrogram can be effectively used for genetically
differentiating lines in the pool during the process of
selection of parental lines while generating elite x elite
cross combinations.

A set of core formation from 96 elite lines resulted in a
shrinking the total number of genotypes to 11 with the
same level of genetic variation and diversity. The diversity
value of the new core set was found on par with the
original set of 96 lines as a principle of the core collection.
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The fine core developed was constituted with very a
smaller number of genotypes represented total genetic
variation explained by candidate gene-based markers along
with similar allelic richness. Hence, it assures the diversity
of the original population in the new core collection of 11
lines. The 11 genotypes and the genotypes that fall in
population-2 (as per structure analysis) could be used for
crossing programs for developing high-yielding rice culti-
vars. This has implication in strengthening the breeding
material to be chosen as parents from a small set of
genotypes.

Conclusion

Since the gene sequences are conserved in many regions,
finding variation in all the genes and genomic regions is not
possible. However, a small variation in genetic material at
genic regions may be captured using gene-specific markers
which is very useful to identify allelic variation in parental
genotypes selected for hybridization. A breeding popula-
tion with 314 individuals was downsized by considering
yield as a major criterion through critical evaluation of a
core set of 96 genotypes with similar genetic diversity. The
size of the core set was further reduced to a fine core set
with only 11 genotypes by considering maximum allele
frequency retention considering genetic differences at
the genic level and yield expression. The fine development
represents the original core set of 96 genotypes for allelic
diversity by representing the population and sub-popula-
tions of the original core set. Since these 11 genotypes of
a fine core set are from a distant clusters and elite in terms
of yielding potential, these genotypes may be utilized for
developing elite x elite crosses with distant relationship
with the expectation of obtaining more promising proge-
nies in segregating generations.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s12298-
022-01190-8.
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