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Abstract
The study involves evaluation of 96 wheat genotypes for early maturity and related traits and molecular
characterization of trait speci�c candidate genotypes using 26 (20 random and 6 genic) SSR markers. Trait
characterization revealed signi�cant variation for early maturity and related traits. The analysis of genotypic data of
26 markers led to the detection of 166 alleles ranging from 2 to 8 alleles with an average of 3.8 alleles per locus.
Separate analysis of genotypic data of 20 random and 06 trait spece�c markers led to the identi�cation of 118 and
51 alleles, respectively. Sub-population-wise allelic diversity in early and late maturing populations could detect a
total of 167 and 144 alleles, respectively. Higher gene diversity was detected in early maturing sub-population
(0.135) when compared to late maturing sub-population (0.071). Single marker analysis (SMA) revealed signi�cant
association of 05 random and 02 trait speci�c markers already reported for early maturity. Therefore, two trait
speci�c markers (Xwmc1 and Xgwm271) have been validated during the present study and contributed 21.36% and
10.94% phenotypic variation for early maturity, respectively. In order to breed for early maturity for Western-
Himalayas, F2 segregating populations were also developed by making crosses among spring × spring and spring ×
winter wheat genotypes and several important recombinants/ segregants for early maturity and related traits were
identi�ed. Overall, the �ndings of the present study will prove useful in future wheat improvement programs leading
to development of early maturing wheat varieties.

Introduction
Wheat (Triticum aestivum L.) is an important cereal crop grown under diverse climatic conditions in different parts
of the world. In India wheat is being cultivated in different states as an important rabi crop. Under intensive
agriculture where we compete for getting more food from less area, the timely vacation of the �elds are important to
have more number of crops per unit area per year. The genetic improvement of early maturity trait in wheat is thus
considered as an important objective of wheat breeding programs of India in general and north-western Himalayas
in particular. Earliness in maturity is also considered as important factor for timely crop harvest and thus vacating
�eld for timely rice transplantation. Breeding early maturing wheat cultivars is also expected to provide protection
from biotic and abiotic stresses (Joshi et al. 2007). Various physiological mechanisms like earliness, cooler
canopies, stay-green, high transpiration rate, and reduced photosynthetic rates are employed by the plants to adapt
to extreme temperature stress. Under late incidence or post heading of high temperature stress, earliness provides an
escape mechanism (Joshi et al. 2007) and it has been considered as a single effective trait that de�nes adaptation
under such conditions  (Tewolde et al. 2006).

            Therefore, breeding for early-maturing cultivars and inheritance of early maturity and its attributes, along with
the high yielding trait serves as base material for wheat breeders to develop a short duration cultivar in wheat.
Wheat �owering/maturity is a complex quantitative trait controlled by set of vernalization (Vrn), photoperiod (Ppd)
sensitive loci and earliness per se genes (eps) (Kato and Yamagata 1988; Zikhali and Gri�ths 2015). Combinations
of these genes contribute to differences in �owering and maturity time in wheat, taking into account environmental
conditions (van Beem et al. 2005; Kamran et al. 2013; Gomez et al. 2014; Guedira et al. 2014; Sukumaran et al.
2016). It is of utmost importance to characterize the wheat for early maturity and related traits as there lies spatio-
temporal differentiation for these traits in wheat. Various studies have shown that earliness is greatly in�uenced by
the local climatic conditions and each genetic factor is controlled by multiple homoalleles (Goldringer et al. 2006).
Potential of high-yielding and early maturing wheat lines have also been evaluated in different environmental
conditions (Mondal et al. 2016). Further, genetic studies have been carried out in wheat to understand the
mechanism of heading time to photoperiod responses both under normal as well as controlled conditions (Sourdille
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et al. 2000). To elucidate more about earliness in wheat, various morphological as well as molecular
characterizations have been carried out earlier (Sourdille et al. 2000; Le Gouis et al. 2012; Mondal et al. 2016;
Sukumaran et al. 2016; Kiseleva et al. 2016).  In addition to genes for �owering/photoperiod, several molecular
markers have also been found associated with �owering time/early maturity per se and other related traits through a
variety of approaches. QTLs for earliness and its components are widely available, but little is known of the genetic
control of earliness in wheat when compared with other species where genes and biochemical pathways are well
documented, such as legumes (Weller et al. 2015) or Arabidopsis (Putterill et al. 2004).

            Furthermore, the use of molecular markers for the evaluation of genetic diversity is receiving much attention
as they allow calculation of genetic distance based on allele frequencies and are also useful in studying the
relationship of closely related lines (Huang et al. 2002). Availability of superior and diverse alleles/genes form the
basis of genetic improvement of crop plants including wheat that can help in identi�cation of new cultivars
(Abouzied et al. 2013) . In addition, SSR markers are also useful for marker-assisted selection (MAS), genetic
diversity, identifying quantitative trait loci, labeling of stress-tolerant genes in wheat or its wild relatives and genetic
variability studies in wheat seed-borne diseases (Landjeva et al. 2007; Ijaz and Khan, 2009; Ya et al. 2017; Sharma et
al. 2018; Biradar et al. 2018; Nsabiyera et al. 2018). Therefore, it was found imperative that the wheat material for
early maturity be characterized (morphological characterization and molecular characterization) and already
reported markers be validated on the available germplasm. This study aims at testing of a set of pre-selected wheat
genotypes for early maturity, attempting promising crosses to have maximum possibility of getting a useful
recombinant with extra-early maturity, develop relevant mapping populations and use random and trait
speci�c/genic (early �owering/ maturity) SSR markers for germplasm characterization and identifying marker-trait
associations for early maturity.

Materials And Methods
Plant material

The plant material used during the present study comprised of 96 wheat genotypes. The 96 wheat genotypes
include 48 wheat genotypes procured from CIMMYT, BISA, Ludhiana (25 early maturing), 20 released Indian bread
wheat varieties (medium maturing genotypes) from IIWBR, Karnal, 36 winter wheat genotypes (late maturing)
procured from PAU, Ludhiana and 13 local wheat selections genotypes. List of material used in the study has been
given in ESM Table 1. The material was evaluated along with two local released wheat varieties including Shalimar
wheat-1 and Shalimar wheat-2 as checks at Faculty of Agriculture (FoA), Wadura, Sopore, Kashmir, India.

Trait evaluation and trait data analysis

The wheat germplasm (96 genotypes) were evaluated for 11 important quantitative traits viz., days to �owering,
days to maturity, plant height, number of tillers, spike length, number of spikelet’s per spike, number of grains per
spike, thousand grain weight, yield per hectare and seed morphological traits including seed length and breadth
following PPV and FRA (Protection of Plant Varieties and Farmers’ Right Authority) descriptor (2007). The
experiment was laid out in Random Block Design (RBD) with two replications. All the recommended package and
practices were followed to raise a healthy crop. Ten plants were selected randomly before heading and tagged for
recording the data. Analysis of variance for all the characters for testing variation among genotypes was carried out
as per the procedure suggested by Verma et al (1987). Minimum, maximum, range, mode, mean, coe�cient of
variation, variance, standard error and standard deviation values have also been calculated for all the 11 traits. The
data on early maturity trait was utilized for the study of marker-trait associations (MTAs) through single marker
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analysis (SMA) to identify signi�cantly trait associated markers. The analysis of trait data also led to the
identi�cation of most promising parental genotypes for the development of biparental mapping population. All the
above computations were carried out using the statistical software, Strengthening Statistical Computing for NARS –
IASRI (Online Consortium, 2018).

SSR markers

Based on phenotypic evaluation, a set of 57 genotypes (early and late maturing genotypes) were selected for SSR
marker genotyping.  A set of  twenty-six (26) microsatellite or SSR markers spanning over all the 21 wheat
chromosomes were selected from the consensus genetic map of wheat (Somers et al. 2004).  These 26 SSR
markers belongs to different series of SSR markers including WMC, GWM, GDM, CFD, CFA and BARC series of SSR
markers. Details of primer sequences for all these SSRs are available elsewhere (https://wheat.pw.usda.gov/GG3/).
The selected markers included both genomic as well as genic SSR markers hereafter designated as Set-I and set-II
SSR markers, respectively. The Set-I including random SSR markers while as Set-II includes trait speci�c/genic SSR
markers associated with QTLs for early �owering and maturity. Set-II markers were selected from the previous
published literature (Hanocq et al. 2006; Kuchel et al. 2006; Hanocq et al. 2007; Bonnin et al. 2008; Gri�ths et al.
2009; Le Gouis et al. 2012; Zanke et al. 2014). The SSR once selected were synthesized on contract from Sigma
Aldrich, Bangalore, India for marker genotyping work.

SSR marker genotyping

The genomic DNA from each genotype was extracted from the leaves of one month-old plants following modi�ed
CTAB method (Saghai-Maroof et al. 1984). RNase treatment and phenol: chloroform: isoamyl alcohol precipitation
was carried out for puri�cation of isolated DNA (Sambrook et al. 1989). The basic PCR ampli�cations were
performed in a 20 µL reaction mixture containing 10 µL 2 x Taq PCR Master Mix, 1 µL 50–100 ng µL-1 g DNA, 1 µL
10 p mol lL-1 of each primer and 7 µL sterilized ddH2O (Guo et al. 2015). The PCR pro�le was: Initial denaturation at

94°C for 5 minute, followed by denaturing at 94°C for 1 minute, annealing at 52–60°C for 30s, and extension at 72°C
for 30 seconds to 2 minutes, and steps 2–4 were repeated 34 cycles with a �nal extension at 72°C for 10 min. The
ampli�ed products were checked on 3% agarose gels and resolved on 10% polyacrylamide denaturing gels (PAGE)
followed by silver staining (see Mir et al. 2012b for details). The genotyping data (marker alleles) for all SSRs was
recorded manually using the stained gels.

Genotypic data analysis

The estimation of genetic indices and AMOVA were performed using GeneAlEx 6.41 (Peakall and Smouse, 2006).
Both random (20) and trait speci�c/genic (06) SSR marker genotypic data was used to calculate genetic indices
include estimation of total number of alleles (Na), number of effective alleles, expected heterozygosity (He) and
number of private alleles con�ned to a single population. All these analysis helped to compare between early and
late maturing wheat sub-populations. Cluster analysis was performed using the unweighted pair group method and
arithmetic average to study the genetic relationships among the cultivars. These coe�cients were used to construct
dendrogram using the un-weighted pair group method with arithmetic average (UPGMA) using statistical software
DARwin version 6 (Perrier et al. 2003) for the classi�cation of population into sub population and the robustness of
internodes was assessed by bootstrap analysis and principal coordinate analysis (PCoA) was performed on the
entire germplasm set computed from SSR markers using DARwin software (Perrier and Jacquemoud-Collet 2006).
The polymorphic information content (PIC) was also calculated following Botstein et al. 1980.

about:blank


Page 5/21

See formula 1 in the supplementary �les.

Where,

            Pij and Pik are the frequencies of jth and kth alleles for marker i, respectively.

Marker-trait associations through Single Marker Analysis (SMA)

Simple linear regression was determined for days to maturity trait with all the genotypic data of all SSRs. A potential
relationship between the marker and trait was established by considering the signi�cance of the regression
coe�cient. Adjusted R2 value is used to judge the marker-trait relationship. R2 value gives the overall percentage of
phenotypic variation explained by a particular marker for early maturity.

Development of bi-parental mapping populations for early maturity and yield related traits

Based on phenotypic and genotypic trait evaluation, a set of candidate genotypes possessing extra early maturity,
late maturity, high yield and disease resistance were selected. Intercrossing was performed among the selected
genotypes and with winter wheat genotypes. Two F2 bi-parental mapping populations were developed by crossing
contrasting parents for early maturity and yield related traits. These include Andalou (winter wheat) / WS-1614
(spring wheat), CIMMYT-4060 (spring wheat) / Aardvark (winter wheat). Parents, their F1s and F2s were evaluated
under �eld conditions and data was recorded for morphological traits viz., days to �owering, days to maturity, plant
height, number of tillers, spike length , number of spikelets per spike and yield  per plant. Mean, minimum, maximum
and standard deviation values were calculated from the recorded data. In order to identify the transgressive
segregants among F2 populations, individual F2 plant was evaluated and compared with its parents.

Results And Discussion
Early maturity, high yield and related components are important targeted traits in wheat. Many wheat breeding
programmes around the globe are targeted at describing new genetic variation for early maturity and yield related
traits. Breeding for early maturity is considered one of the most important and challenging tasks for wheat breeders
in areas experiencing long period of cold weather followed by short crop growing periods. Thus breeding for early
maturing wheats in these areas assumes importance for successful rice-wheat crop rotation. Rice-wheat crop
rotation is important for doubling farmer’s income in north-western Himalayas where wheat is grown during winters
followed by rice in summers. Vacating wheat �eld on time for rice cultivation in early summers is considered one of
the daunting tasks for wheat breeders. Therefore, the present study was aimed at testing of a set of wheat
genotypes for early maturity, attempting crosses between contrasting parents for developing segregating
populations for days to maturity and identi�cation of early maturing recombinants. Efforts have been also made to
use SSR markers (both linked to early maturity and random markers) for genotyping of the available germplasm for
the genetic analysis of early maturing trait in wheat.

Trait data analysis

The frequency distribution of all the 11 important quantitative traits (days to �owering, days to maturity, plant
height, number of tillers, spike length, number of spikelet’s per spike, number of grains per spike, thousand grain
weight, yield per hectare, seed length and seed breadth) exhibited normal distribution (Fig. 1). Values of minimum,
maximum, range, mode, mean, coe�cient of variation, variance, standard error and standard deviation for all the 11
traits under study have been presented in the Table 1. Coe�cient of variation was highest for number of tillers, seed
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set per spike, spike length and grain yield. However, thousand grain weight and plant height showed medium
coe�cient of variation. It indicates the presence of su�cient amount of genetic variability for all the traits. The
analysis of variance (Table 2) also  revealed that the treatments were highly signi�cant for all the 11 traits  and
highest value for mean sum of squares was estimated for grain yield (kg ha‐1) followed by seed set per spike, while
as seed length and seed breadth had lowest. Days to �owering and days to maturity traits also showed signi�cant
results. Similar kind of results were also substantiated by Singh and Sharma, (2007); Atta et al. (2008); Gupta et al.
(2009); Mohsin et al. (2009); Chandra et al. (2010) and Bhuri and Upadhyay, (2013). The estimation of variation is
very important for any plant breeding programme and selection is effective when the magnitude of variability in the
breeding population is high. Here in our study, huge amount of variation was also detected for traits under
consideration including important traits of our interest (days to �owering and days to maturity). This trait variation
can be utilized for different wheat breeding programmes for the development of early maturity and high yielding
varieties. Further, morphological markers and trait variation are considered as important tool for germplasm
characterization and thus they play a crucial role in detection and mapping of genes of economic importance.

SSR marker characterization and analyses

The molecular characterization of a set of wheat genotypes using genomic and trait speci�c/genic microsatellite
markers and their allelic diversity is important in selecting a core set of early maturing genotypes, the selection of
parents to develop relevant mapping populations and to initiate wheat breeding programs for the areas where early
maturity in wheat is an important consideration. In bread wheat, genomic SSRs have been extensively used for the
study of genetic diversity (van de Wouw et al. 2010). The genetic diversity detected by genomic SSRs may not
represent “true genetic diversity” as most of these markers may detect polymorphism in non-coding and poorly
conserved regions of the genome among species (Brown et al. 2001; Gupta et al. 2003). Therefore, SSR markers
associated with trait of interest and selected from the genic regions may help to detect true genetic diversity.
Keeping in view, two set of SSR markers were used in the present study. Set-I include the random SSR markers while
as Set-II include SSR markers associated with QTLs for early maturity and related traits (Hanocq et al. 2006; Kuchel
et al. 2006; Hanocq et al. 2007; Bonnin et al. 2008; Gri�ths et al. 2009; Gouis et al. 2012; Zanke et al. 2014). The
results of the SSR markers used for characterization of 57 genotypes are presented below:

SSR allelic diversity: genomic vs genic SSRs

Twenty-six SSR markers (20 random and 06 genic SSR markers) were tested on 57 wheat genotypes during the
present study for their characterization. These SSRs were distributed on 15 chromosomes (2A, 3A, 4A, 5A, 6A, 7A, 1B,
2B, 3B, 4B, 1D, 2D, 3D, 4D and 5D chromosomes). These 26 markers led to the ampli�cation of 53 genomic loci
including 37 loci by random and 16 loci by genic SSRs. The 20 random markers tested on 57 genotypes could detect
118 alleles with an average of 3.10 alleles, while as 6 genic SSRs detected a total of 51 alleles with an average of
3.20 alleles/locus. The number of effective alleles detected was 84.09 and 51 respectively, for random and genic
markers. While analyzing the data separately, the number of private and common alleles detected was also
compared between the random and genic SSRs. The random SSRs detected an average of 3.2 private alleles,
whereas the genic SSRs detected an average of 3.1 private alleles. Expected heterozygosity (He) per locus in case of
random SSRs ranged from 0.188 (Xcfd39B) to 0.838 (Xcfd267B) with an average value of 0.506, while as for genic
SSRs it ranged from 0.233 (Xcfb3266A, Xcfb3266C) to 0.774 (Xgwm453B) with an average of 0.450. The average
value of PIC (Polymorphic Information Content) for all markers was 0.518, ranging from 0.188 (Xcfd39B) to 0.838
(Xcfd267B) (Table 3). By analyzing the above parameters, the diversity detected by the SSRs associated with QTLs
for early maturity and related traits (Set-II SSRs) was slightly lower than the diversity detected by the random SSRs
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(Set-I). Private alleles detected by the random SSRs were also slightly more than the trait spece�c/genic SSRs. One
possible reason may be the use of less number of trait speci�c SSRs. Other reason may include the selection
pressure on the SSRs associated with the QTLs for early maturity and related traits. These results during the present
study were expected and are in agreement with our earlier results on Indian wheats (Mir et al. 2012a) where less
diversity was detected by SSR markers associated with grain weight compared to random genomic SSR markers.
The random SSRs could detect a total of 295 alleles (average alleles/locus = 7.02) while as trait spece�c/genic
SSRs for grain weight could detect 220 alleles (average number of alleles/locus = 4.59) in released Indian wheat
varieties (Mir et al. 2012a). The less diversity detected during the present study by us may be due to trait speci�c
germplasm (early maturing germplasm) used during the present study where targeted breeding programs leads to
reduction in genetic diversity. Other researchers have also reported less genetic diversity in different wheat
collections with average number of alleles per locus ranging from 2.36 to 3.5  (Drikvand et al. 2015; Kumar et al.
2016). Drikvand et al. (2015) assessed genetic diversity of some durum and bread wheat genotypes and
distinguished a total of 71 alleles. In contrast, some �ndings have described high level of genetic diversity as
re�ected by allele number per locus ranging from 4-18 alleles per locus in various wheat collections (Huang et al.
2002; Roussel et al. 2004; Maccaferri et al. 2005; Zhang et al. 2010; Chen et al. 2012). Roussel et al. 2004 evaluated
genetic diversity of 559 French wheat accessions and reported 14.5 alleles per locus and a polymorphic information
content (PIC) value of 0.66. Interestingly, the mean PIC value of SSR markers recorded in the present study was
moderate (0.188 to 0.838 with the mean PIC value of 0.518). This was in agreement with earlier studies (Roussel et
al. 2004; Zhang et al. 2010; Mir 2012a; Arora 2014). Furthermore, our �ndings have well justi�ed the potential of
primers selected for assessing genetic diversity in the set of wheat germplasm. The primer Xgwm453 with highest
Shannon’s Information Index was identi�ed as most potential primer for genetic diversity studies in wheat. Such
primers can be recommended and used for wheat genetic diversity studies in future.  In addition, maximum He was
recorded in the present study (0.506 for Set-I, and 0.450 for Set-II) which is in agreement with our previous study
where also maximum heterozygosity was found for both the sets of markers (He 0.65 in Set-I and 0.55 in Set-II) (Mir
et al. 2012a).

Allelic diversity: early vs late maturing sub-populations

The allelic diversity of early maturing genotypes when compared to late maturing genotypes led to identi�cation of
167 alleles in early maturing genotypes with an average of 3.00 alleles/locus. The average number of alleles with
frequency >= 5% was 2.73 and the number of effective alleles were 120.625 with an average of 2.16. Similarly, gene
diversity (expected heterozygosity; He) varied from 0.135 to 0.703 with an average of 0.461. The lowest He (0.145)
was recorded for SSR marker Xgwm383A and highest (0.830) for SSR marker Xcfd31B. Similarly, for late maturing
group, the total number of alleles detected in the germplasm was 144 with an average of 2.81 alleles/locus. The
average number of alleles with frequency >= 5% was 2.64 and the number of effective alleles were 112.080 with an
average of 2.06. Similarly, gene diversity (expected heterozygosity; He) varied from 0.071 to 0.656 with an average
of 0.45. The lowest He (0.091) was recorded for SSR marker Xgwm383A and highest (0.756) for SSR marker
Xgwm190A. The number of alleles unique to a single population were present more in early maturing population
(0.377) as compared to that of late maturing population (0.189) (Table 4). Upon measuring and comparing genetic
diversity among populations, estimated number of different alleles, effective alleles, private alleles (number of
alleles unique to a single population) and expected heterozygosity was more in case of early maturing population as
compared to that of late maturing population (Fig 2). These results con�rmed the differences between two
populations on molecular basis and thus can be used as an effective tool for the study of genetic dissimilarity
among the two populations and selection of parents from the two populations. These results were in agreement
with those of Zhang et al. (2006), who emphasized that SSRs were an effective marker system for detecting genetic
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diversity among wheat and related species and provided useful information about the phylogenic relationships. The
present study also demonstrated that the wheat genotypes could be distinguished by these SSR markers showing
high level of polymorphism. This also leads to the parental characterization (using SSR markers) of genotypes
involved in various cross combinations for early maturity and related traits.

            Furthermore, to evaluate the extent of population differentiation, the analysis of molecular variance (AMOVA)
based on 99 permutations was analyzed and the genetic variation within and between populations was quanti�ed.
The PT (analogue of FST �xation index) value for genetic variability and the percentage of polymorphism (%) were
calculated for each population, using GenALEx 6.41. Molecular analysis of variance showed that 91% of the
diversity was distributed within populations and 9 % among populations (Table 5). The high PT value (0.093, P =
0.010) indicates signi�cant genetic variability. A sense of genetically signi�cant difference was found in the early
and late maturing populations. These results also correspond to those of Donini et al. (2000); Mir et al. (2012a);
Manickavelu et al. (2014). AMOVA partitioned 10% of the total variation for genetic diversity as among sub-cluster
and 90% as within sub-cluster in the distance-based analysis (Zhang et al. 2010). Similar studies have reported that
ge netic diversity losses have been observed in recent times attributable to breeding in bread wheat (Christiansen et
al. 2002; Reif et al. 2005; Warburton et al. 2006; Huang et al. 2007; Hysing et al. 2008). 

Cluster analysis

The un-weighted neighbor joining (UNJ) dendrogram of random markers constructed on the basis of genetic
dissimilarity matrix grouped the cultivars into two groups, early and late maturity population. One largely carrying
cultivars belonging to CIMMYT wheat group, and the other largely carrying those belonging to winter wheat group
and some promising wheat varieties. Principal coordinate analysis also separated the 57 genotypes into two major
groups, which was consistent with assignments generated by UPGMA clustering (Fig. 3). The genotypes belonging
to group 1 were mainly distributed in the lower left portion of the resulting plot, with group 2 distributed in the upper
right and lower right, indicating higher diversity among the two groups. These results were later on con�rmed by the
single marker analysis results which led to the identi�cation of some new marker-trait associations with early
maturity (see section single marker analysis). Therefore, these markers associated with early maturity among
random markers may be responsible for trait speci�c grouping of genotypes using random markers.

            UPGMA cluster analysis using non-random markers i.e., trait speci�c genic markers also led to clear cut
separation of genotypes based on their trait values (days to maturity).  The analysis divided the 57 genotypes into
three major groups thus depicting high resolving power of speci�c markers. Each group is divided into further two
sub groups carrying early and late maturing genotypes in different sub groups as presented in the �gure 4. This
grouping pattern also supported the conclusion that the groups of cultivars differed genetically and demonstrating
the superiority of trait speci�c markers in cluster analysis. Principal coordinate analysis also separated the 57
genotypes into different groups, which was consistent with assignments generated by UPGMA clustering (Fig 4). In
our earlier study also, we have demonstrated the clustering of 263 Indian wheat varieties into two groups: pre-green
revolution period varieties and post-green revolution period varieties (Mir et al. 2012a). 

Single marker analysis (SMA)

Incorporation of genomics and marker assisted selection (MAS) into breeding programmes often results in increase
in the genetic gains by nearly two- fold compared to standard phenotypic selection (Batten�eld et al. 2016; Crain et
al., 2018). Marker-assisted selection (MAS) or molecular breeding offers an opportunity to accelerate the traditional
breeding programs. Single marker analysis was conducted for days to maturity with Set-I (random SSRs) and Set-II
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(trait speci�c/genic) SSRs. The aim was to identify new marker trait association and validate already known to be
associated with early maturity (trait speci�c markers). Interestingly markers were found associated with early
maturity from both sets of SSR markers used during the present study. The results of Single Marker Analysis (SMA)
using random markers and trait speci�c markers are presented in Table 6. Days to maturity showed signi�cant
association with 05 out of 20 random markers. The phenotypic variation explained (PVE%) by these random
markers varied from 7.61% to 18.57% (Table 6a). Among these 05 associated SSR markers, the marker Xgwm148
explained 18.57% phenotypic variation for early maturity followed by the marker Xcfd31 explaining 13.34%
phenotypic variation. Interestingly, markers Xcfd31 and Xgwm148 have also been previously reported to be
associated with QTL for grain Zn (QZn.pau-7A) (R2 = 18.8%) and slow rusting resistance genes (QYrlu.cau-2BS1) (R2

= 36.6%), respectively (Guo et al. 2008; Tiwari et al. 2009; Hua et al. 2009). Thus, these marker trait associations can
prove useful in wheat breeding programs after future validation. Similarly, while testing MTAs of trait speci�c
markers reported for early maturity, 02 markers out of 06 trait speci�c SSR markers were again found associated for
early maturity and therefore validated (Table 6b). These validated markers Xwmc1 and Xgwm271 explained 21.36%
and 10.94% phenotypic variation for early maturity trait, respectively. Therefore, during the present study markers
like Xwmc1 and Xgwm271 with highest R2 values have been validated for early maturity. This study concluded that
these SSR markers could introduce a great bene�t for breeding programs to select early genotypes without waiting
�eld evaluation and could be used in marker assisted selection for earliness trait. These results also support the idea
that SSR markers can provide fast detection of genes of interest. Trait-linked DNA markers have been identi�ed for
numerous traits in wheat, including disease resistance and grain quality (Helguera et al. 2003; Williams et al. 2002;
Daetwyler et al. 2014; Qureshi et al. 2018; Li et al. 2018; Camargo Rodriguez et al. 2018; Kumar et al. 2018). All these
identi�ed markers in various studies are being successfully utilized for wheat breeding programmes throughout the
world.

Trait analysis of bi-parental (F2) mapping population for early maturity and yield related traits

Highly signi�cant differences were found among the four parental genotypes for days to �owering, days to maturity,
plant height, effective tillers per plant, spike length, spikelets per spike and grain weight per plant. For days to
maturity, one winter × spring and one spring × winter wheat crosses Andalou (winter wheat) / WS-1614 (spring
wheat) and CIMMYT-4060 (spring wheat) / Aardvark (winter wheat) had signi�cant differences among parents of
about 30 and 50 days, respectively. Average days to maturity recorded for F1s was 240 for both the crosses. Total
150 F2 plants were screened from both the crosses. In case of F2s, days to maturity ranged from 225 to 260 days
with an average of 239.6 days and 218 to 276 days with an average of 249.7 days, respectively. Data obtained for
other early maturity and related traits also showed signi�cant differences as has been presented in Table 7 and
Table 8. Few transgressive segregants have been identi�ed with yield ranging from 30-33 gm per plant and having
early maturity ranging from 225-228 days. Spike length which is also an important yield contributing trait ranged
from 13-14 cm for the identi�ed plants.  The F2 plants thus identi�ed can be used for further breeding programmes
in wheat. The main aim of our study was to identify several transgressive segregants that resulted from both the
crosses for traits like early �owering, early maturity and yield. The existence of genetic variation for early maturity,
yield and its components in both of the crosses indicates that these crosses have the potential that can be exploited
through selection from the recombinant inbred lines in advanced generations.

            In wheat different types of multi-parental populations have been developed in order to obtain greater
precision in �ne mapping with little or no genetic structure. One approach is to combine different biparental
populations, for example, diallels or factorial crosses (Rebai and Go�net, 1993) or crosses with a common
reference line (nested association mapping, NAM (Yu et al. 2008). The biparental maping populations developed in
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our study can be used for such breeding programs in future. Other method involves complete allele reshu�ing by
operating circular or pyramidal crosses between 4, 8, or 16 parents that is called as Multiparent Advanced
Generation Inter-Cross (MAGIC) populations (Cavanagh et al. 2008; Huang et al. 2012). In self-pollinating cereals
such as wheat, selection of parents as well as genetic distance between them is important for breeding programs.
This will also lead to obtain transgressive segregants (Joshi et al. 2004; Khodadadi et al. 2011). For discovering
genetic diversity it is also important to know the genetic structure of a population (Hao et al. 2011; Zhang et al.
2011; Abebe and Le´on 2012). Therefore for these reasons selection of parents is very crucial step in any breeding
programme. Present investigation also suggests that selection in F2 population will be effective in selecting superior
plants for early maturity, grain yield and disease resistance. Large number of F2 segregants have been identi�ed
which require less number of days to maturity as compared to that of parents as well as two check varieties (SW1
and SW2) from spring x winter crosses (Andalou x WS-1614), (CIMMYT-4060 x Aardvark). Previous �ndings support
the present results. To check improvement for grain �lling period in F2-derived F3, Sharma, (1994) considered inter-
and intra-population variability of plant type and maturity in six F2 populations of spring wheat. Further, F2

populations from 12 crosses and their parents were evaluated for grain yield in tef (Tefera et al. 2008). Fabrizius et
al. (1998) studied the effect of parental diversity in spring wheat cultivars on diversity and heterosis in 137 F2 bulks
developed from crosses of 91 cultivars. Within and across environments, F2 bulks yielded more, headed earlier, and
grew taller than their parents. F2 crosses with parents unrelated by pedigree or morphology showed greater heterosis
than crosses with related parents. In another study by Talbert et al. (2001), signi�cant differences were observed
among the early generations of 12 crosses of spring wheat and their interaction with environment for several traits
that included grain yield, heading date, grain �ll duration and test weight.
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Table 1           Descriptive statistics for 11 early maturity and related traits in wheat

Character Min. Max. Range Mode Mean CoV* Variance Std.
Error*

Std.
Dev*

Days to flowering 164.00 215.00 56.00 135.00 176.40 5.20 85.30 0.70 9.20

Days to maturity 215.00 266.00 51.00 230.00 232.40 4.47 107.90 0.78 10.30

Number of tillers 8.00 24.00 16.00 20.00 15.10 25.20 14.50 0.29 3.80

Plant height      (cm) 67.50 115.00 47.50 90.00 92.80 10.20 90.20 0.72 9.50

Spike length (cm) 7.00 16.00 9.00 10.00 10.80 16.00 3.00 0.13 1.70

Spikelets  spike-1 15.00 24.00 9.00 19.00 19.80 8.60 2.90 0.13 1.70

Seed set spike -1 25.00 80.00 55.00 50.00 54.80 21.40 138.50 0.89 11.70

Seed length (cm) 0.58 0.83 0.25 0.70 0.60 5.80 0.00 0.00 0.04

Seed breadth (cm) 0.29 0.42 0.13 0.35 0.30 6.50 0.00 0.00 0.02

Thousand grain weight
(g)

36.00 65.00 29.00 55.00 50.80 11.90 36.60 0.46 6.00

Grain yield 
(Kg ha-1)

2200.00 4200.00 2000.00 2800.00 3064.90 15.60 229182.80 36.00 478.70

*CoV: Coefficient of variation; Std. Error: Standard error; Std. Dev: Standard deviation

 
Table 2            The analysis of variance (ANOVA) for 11 early maturity and related traits in wheat

ource of
ariation

df DTF NT PH
(cm)

SL
(cm)

DTM SSPS NSPS GY
(kg ha-1)

TGW
(g)

SL
(cm)

SB
(cm)

Replication 1 - - - - - - - - - - -
Genotypes 95 173.30* 26.80* 173.60* 5.06* 209.90* 293.10* 5.57* 456,928.10* 72.12* 0.003* 0.001*

rror 95 2.7 1 6.4 0.34 7.1 13.9 0.95 3,802.70 1.31 0 0
otal 180 - - - - - - - - - - -
Significant at 5% level, DTF: days to flowering, NT: number of tillers, SL: spike length, DTM: days to maturity, SSPS: seed
et per spike. NSPS: number of seeds per spike, GY: grain yield, TGW: thousand grain weight, SL: seed length, SB: seed
readth
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able 3           Details of SSR markers used during the present study. The table also shows             
          polymorphic information content (PIC value) of each marker 
ocus PIC Value Locus PIC Value
gwm155A 0.593 Xgwm149C 0.486
barc121A 0.563 Xgwm190A 0.713
barc121B 0.490 Xgwm249A 0.492
barc124A 0.498 Xgwm271A 0.606
barc124B 0.496 Xgwm271B 0.634
cfa2019A 0.496 Xgwm271C 0.588
cfa2019B 0.569 Xgwm271D 0.492
cfa2049 0.614 Xgwm30 0.528
cfa2141 0.536 Xgwm337 0.587
cfb3266A 0.232 Xwmc1A 0.589
wmc1B 0.383 Xgwm350B 0.489
cfb3266C 0.232 Xgwm359A 0.384
cfd267B 0.838 Xgwm383A 0.296
cfd31A 0.619 Xgwm383B 0.502
cfd31B 0.709 Xgwm383C 0.667
cfd31C 0.602 Xgwm383D 0.306
cfd39A 0.196 Xgwm610A 0.648
cfd39B 0.188 Xgwm453B 0.774
cfd39C 0.376 Xgwm453C 0.720
gwm11A 0.660 Xgwm453D 0.757
gwm11B 0.582 Xgwm538A 0.499
gwm120A 0.697 Xgwm538B 0.496
gwm148A 0.384 Xgwm538C 0.458
gwm148B 0.333 Xgwm642A 0.293
gwm149B 0.643 Xgwm642B 0.356

 

 

 

 

 

Table 4           Allelic diversity in two different sub-populations (early vs late populations)                 
          using 26 SSR markers

Population Population 1 (Early) Population 2 (Late)
Na (Number of different alleles) 3.00 2.81
Na Freq. >= 5 % 2.73 2.64
Ne (Number of effective alleles) 2.16 2.06
I (Shannon's Information Index ) 0.79 0.76
Number Private Alleles 0.37 0.18
He (Expected heterozygosity) 0.46 0.45
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Table 5           Analysis of molecular variance (AMOVA)  among and within sub-population 
Source  df* Sum of squares Mean sum of squares Estimated variance Per cent (%)

Among Pops 1 222.48 222.48 5.82 9.00 
Within Pops 55 3135.76 57.01 57.01 91.00 

Total 56 3358.24 - 62.83 100.00
*df: degrees of freedom

 
Table 6           Single marker analysis (SMA) of random and trait specific SSR                      
  markers with             early maturity trait
a. Random SSRs

Marker Chromosome R (%) P value
Xcfd31 4A 13.340 0.005640
Xcfd39 4D 8.0314 0.032662
Xgwm148 2B 18.574 0.003494
Xgwm190 5D 10.062 0.016204
Xgwm538 4B 7.616 0.039507
b. Trait specific/ genic SSRs

Marker Chromosome R (%) P value
Xwmc1 3B 21.361 0.000335
Xgwm271 5D 10.942 0.011961

 
 
 
 

Table 7            Trait performance of F2 mapping populations for early maturity and related               
      traits    derived for cross Andalou (winter wheat) × WS-1614 (spring wheat)
Traits Parent 1

(Andalou)
Parent

2 
(WS-
1614)

F1 Min.
(F2)

Max.
(F2)

Mean
(F2)

STDEV* 
(F2)

Days to flowering 181 158 165 150 185 164.3 6.4
Days to maturity 260 230 240 225 260 239.6 9.3
Number of tillers 20 22 21 10 26 17.8 3.2
Height (cm) 80 81 98 62 114 85.8 12.4
Spike length (cm) 10 12 15 9 14.5 12.5 1.4
Number of spikelets
per spike

19 20 24 17 123 24.7 16.8

Yield per plant (g) 25 28 24 11 33.5 20.6 6.5
*STDEV : Standard deviation
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Table 8            Trait performance of F2 mapping populations for early maturity and related traits        
                  derived     for cross CIMMYT-4060 (spring wheat) × Aardvark (winter wheat)
  Trait Parent 1

(CIMMYT-4060)
Parent 2

(Aardvark)
F1 Min.

(F2)
Max.
(F2)

Mean
(F2)

STDEV
(F2)

Days to flowering 171 198 178 160 198 177.1 11.4
Days to maturity 225 275 230 218 276 249.7 19.4
Number of tillers 12 24 18 10 26 18 3.7
Height (cm) 103 67.5 90 36 111 74.4 18.3
Spike length (cm) 12 16 14 8 14 11.3 1.5
Number of spikelets
per spike 

18 20 20 10 30 21 4.7

Yield per plant (g) 18 24 25 12 33.5 21.6 6.4
*STDEV : Standard deviation


