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Abstract

Flowering time in wheat is a complex trait that significantly 
influencestotal yieldandadaption of wheat to different niches, and 
is primarily under the control of vernalization genes (VRN genes) 
and photoperiod sensitivity genes (PPD genes). Strategic changes 
in these alleles have yielded substantial gains in productivity. In 
the present study, different allelic combinations of vernalization 
(Vrn) and photoperiod sensitivity (Ppd) genes were identified in 
two back cross populations derived from winter wheat x spring 
wheat crosses and were evaluated under various sowing regimes. 
The BC1F6 progenies for the crosses Chianti/WH1105//PBW698 and 
Aciento/2*PBW683 showed wide variation for days to flowering, 
ranging from 95 to 125 days and 90-115 days, respectively. Screening 
of parental lines for the Vrn1 and Ppd-D1 genes revealed that 
the parents of the cross Aciento/2*PBW683 were polymorphic for 
two Vrn1 genes viz. Vrn-B1 and Vrn-D1, while,those of the cross 
Chianti/WH1105//PBW698 were polymorphic for these loci as well 
as for the Ppd-D1 gene. The identified allelic haplotypes of Vrn and 
Ppd genes were evaluated for productivity and phenology across 
three sowing regimes. Different allelic combinations of Vrn and 
Ppd genes affected days to flowering, tiller number per plant, and 
thousand-grain weight. Spikelets per spike were not affected by 
allelic variation in Vrn1 gene. However, this trait was influenced by 
allelic variation at the Ppd-D1 gene. These findings provide valuable 
guidance for wheat breeding programs in India to strategically 
deploy Vrn and Ppd alleles for developing varieties with improved 
phenological adaptation and higher productivity under diverse 
sowing environments.

Key words:	Vernalization genes, Photoperiod response, Phenology, 
Allelic combinations, Wheat

Wheat (Triticum aestivum L.) is sown extensively 

worldwide,yielding an average of over 760 million tons 

(FAO, 2024). Climate change is expected to aggravate 

global food insecurity. By 2070, global population is 

projected to reach up-to 9.7 billion (Adam, 2021) and 

around 17 percent reduction in wheat yield is predicted 

owing to the negative impacts of climate change by 2050 

(Knox et al., 2012). Therefore, adaptation is regarded as 

a key factor that will govern the severity of the projected 

climate change impacts on global wheat production. In this 

scenario, the understanding of the genetic basis of traits 

governing plant adaptability will be crucial for developing 

wheat varieties adapted to different environments, and 

thereby ensuring optimum productivity and yield (Foulkes 

1. Introduction
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et al., 2011). Depending on climatic conditions, wheat 

can be classified as autumn, winter, and spring sown, 

each requiring niche-climate-specific wheat varieties 

to unlock the yield potential. Vernalization response, 

photoperiod sensitivity, and earliness per se are the three 

key determinants of wheat’s wider adaptability (Herndl et 

al., 2008), and these genetic systems (viz., the Vrn genes, 

Ppd genes, and Eps genes) act together to determine 

flowering time (Worland et al., 2001). 

Flowering time is a major adaptive trait of wheat that 

determines grain filling under optimal environmental 

conditions, thus strongly influencing reproductive 

success and final yield (Arjona et al., 2020). Much of 

wheat’s productivity is determined by allelic diversity 

within genes regulating vernalization requirement (Vrn) 

and photoperiod sensitivity (Ppd). As a photoperiod 

sensitive crop, wheat flowers only after the fulfilment of 

critical day length. The Ppd genes control photoperiod 

response,with photoperiod-insensitive alleles inducing 

flowering regardless of critical day length (Turner et al., 

2005). Vernalization governed by Vrn genes, regulate 

the transition from vegetative to reproductive phase in 

response to temperature (Distelfeld et al., 2009a) and 

thus determine the spring (no vernalization requirement) 

and winter (a strong vernalization requirement) growth 

habit. Wheat has four vernalization genes. VRN-1 (A1, 

B1 and D1 located on chromosome 5AL, 5BL and 

5DL respectively) and is identified as actual promoter 

of flowering. VRN-2 is repressor of flowering, it has 

three allelic forms i.e.VRN-A2 (5AL), B2 (4BL) and D2 

(4DL). VRN-3 acts as flowering activator in wheat with 

three alleles VRN-A3 (7A), VRN-B3 (7B) and VRN-D3 

(7D). VRN-4 (5DS) is known for early flowering in 

wheat(Kippes et al., 2015; Tan and Yan, 2016). The 

photoperiod genes (PPD-1) include PPD-A1, PPD-B1, 

and PPD-D1 found on chromosomes 2A, 2B and 

2D respectively (Law et al., 1978). The regulation of 

phasic growth and acclimatization of wheat to specific 

environments is made possible due to VRN-1 and 

PPD-1 genes (Trevaskis, 2010).In winter wheat, once 

the vernalization requirement is met, flowering timing 

is subsequently regulated by photoperiod response, 

primarily mediated by the PPD-1 loci (Fjellheim et al., 

2014). Therefore, the effects of allelic variants at VRN-1 

and PPD-1 on plant phenology and agronomic traits will 

aid in determining the most suitable allele combinations 

for specific area, enabling better adaptation to changing 

climate scenario and maximizing productivity. Hence, 

this research focuses on the determination of the genetic 

variation at the VRN and PPD loci in winter wheat x 

spring wheat crosses and to analyse the influence of the 

allelic variants of VRN-1 and PPD-1 genes per se, and 

in combinations- on phenological development, and 

yield related traits under different sowing regimes in the 

Punjab region, using the markers for the main VRN-1 

and PPD-1 alleles.

2. Materials and methods

2.1. Plant material and experimental setup

 A panel of 376 European winter wheat lines,including 

commercial varieties from Germany, France, England, 

and other European countries carrying distinct Vrn and 

Ppd genes/alleles, was procured from National Institute 

of Agricultural Botany (NIAB), United Kingdom. The 

selected European genotypes like Aciento, Chianti, Exotic, 

and Plethore were crossed as donors and spring wheat 

cultivars(PBW 343, PBW683, PBW698, PBW 703, and 

WH 1105) as recipients to develop four backcross-derived 

populations i.e. ACIENTO/2*PBW683, CHIANTI/

WH1105//PBW698, EXOTIC/BWL 0080//HD2967, 

and PLETHORE/BWL 0831//PBW703. The BC1F4 

populations (Supplementary table S1), each consisting 

of 167-203 progenies were used in this study. These 

populations were sown in the main season (November 

to April) at the experimental field of the Department 

of Plant Breeding and Genetics, Punjab Agricultural 

University(PAU), Ludhiana. These progenies were grown 

in rows of 1m long rows with a row to row spacing of 30 

cm. The lines were monitored for variation in flowering 

time (time of sowing to the date when more than 50% 

plants in each line had completed heading).

Based on variation for days to flowering, two populations 

i.e. ACIENTO/2*PBW683, and CHIANTI/WH1105//

PBW698, were chosen for further analysis as they showed 

a wide variation for flowering time and indication of 

distinct phenotypic categories. Each selected population 

was then partitioned into distinct classes with respect to 

flowering time and were further propagated at PAU off-

season Research Station, Keylong (Himachal Pradesh) for 

rapid generation advancement.
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2.2. Molecular characterization of VRN-1 and PPD-1 
genes

Progenies of the two crosses i.e. ACIENTO/2*PBW683, 

and CHIANTI/WH1105//PBW698 along with parental 

lines and check varieties such as Aardvark, Aciento, 

Chianti, PBW 343, PBW683, PBW698, PBW550, PBW 

703, and WH 1105 etc. were chosen for molecular analysis. 

A modified CTAB based protocol was used to extract total 

genomic DNA from young disease-free leaves of selected 

accessions (Saghai-Maroof et al., 1984). Genotyping was 

conducted using 13 allele specific PCR markers (Table 

1) to detect the presence of dominant and recessive 

alleles of Vrn-A1, Vrn-B1, Vrn-D1, Ppd-A1 and Ppd-D1. 

Vrn-B1, Vrn-D1, and Ppd-D1 were also amplified using 

multiplex PCR with primer pairs and slightly modified 

protocol (Eagles et al., 2009). For Vrn-B1 locus,the primers 

Intr1/B/F, Intr1/B/R3, and Intr1/B/R4 were used in 

the PCR with annealing at 57°C for 45 seconds with 

extension time of 70 seconds. Similarly, for Vrn-D1 locus, 

the PCR contained three primers: Intr1/D/F, Intr1/D/R3 

and Intr1/D/R4 with annealing at 62°C for 45 seconds 

with extension time of 90 seconds. In both of the cases, 

annealing was carried out for 38 cycles with final extension 

at 72°C for 10 minutes. Different alleles at the Ppd-D1 locus 

were identified using primers Ppd-D1_F, Ppd-D1_R1, 

and Ppd-D1_R2 in PCR with annealing at 55°C for 30 

seconds. The reaction was carried out for 40 cycles with 

a final extension at 72°C for 7 minutes.

Table 1.	 Allele specific molecular markers and their PCR primers used molecular characterization of 
Vrn and Ppd genes

S. No. Allele Primer Name Primer Sequence Reference

1 Vrn-A1a VRN1AF
VRN1-INT1R

5'- GAA AGG AAA AAT TCT GCT CG -3'
5'- GCA GGA AAT CGA AAT CGA AG -3' Yan et al. (2004)

2 Vrn-A1b Ex1/C/F
Intr1/A/R3

5'- GTTCTCCACCGAGTCATGGT -3'
5'-AGTAAGACAACACGAATGTGAGA-3'

Fu et al. (2005);
Yan et al. (2004)

3 Vrn-A1c Intr1/A/F2
Intr1/A/R3

5'-AGCCTCCACGGTTTGAAAGTAA-3'
5'-AGTAAGACAACACGAATGTGAGA-3' Fu et al. (2005)

4 vrn-A1 Intr1/C/F
Intr1/AB/R

5'-GCACTCCTAACCCACTAACC-3'
5'-TCATCCATCATCAAGGCAAA-3' Fu et al. (2005)

5 Vrn-B1a Intr1/B/F
Intr1/B/R3

5'-CAAGTGGAACGGTTAGGACA-3'
5'-CTCATGCCAAAAATTGAAGATGA-3' Santra et al. (2009)

6 Vrn-B1b Intr1/B/F
Intr1/B/R3

5'-CAAGTGGAACGGTTAGGACA-3'
5'-CTCATGCCAAAAATTGAAGATGA-3' Santra et al. (2009)

7 vrn-B1 Intr1/B/F
Intr1/B/R4

5'-CAAGTGGAACGGTTAGGACA-3'
5'-CAAATGAAAAGGAATGAGAGCA-3' Fu et al. (2005)

8 Vrn-D1 Intr1/D/F
Intr1/D/R3

5'-GTTGTCTGCCTCATCAAATCC-3'
5'-GGTCACTGGTGGTCTGTGC-3' Fu et al. (2005)

9 vrn-D1 Intr1/D/F
Intr1/D/R4

5'-GTTGTCTGCCTCATCAAATCC-3'
5'-AAATGAAAAGGAACGAGAGCG-3' Fu et al. (2005)

10 Ppd-D1a Ppd-D1_F1
Ppd-D1_R2

5'-ACGCCTCCCACTACACTG-3'
5'-CACTGGTGGTAGCTGAGATT-3' Beales et al. (2007)

11 Ppd-D1b Ppd-D1_F1
Ppd-D1_R1

5'-ACGCCTCCCACTACACTG-3'
5'-GTTGGTTCAAACAGAGAGC-3' Beales et al. (2007)

12 Ppd-A1a Ag5del_F1
Ag5del_F2

5'-GTATGCGATTCGCCTGAAGT-3'
5'-TGTCACCCATGCACTCTCTTT-3' Bentley et al. (2011)

13 Ppd-A1b Ag5del_R1
Ag5del_R2

5'-GAGCAAGGGATTGAGACTGC-3'
5'-CTGGCTCCAAGAGGAAACAC-3' Bentley et al. (2011)
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2.3. Phenotypic evaluation and derived variables

Evaluation of BC1F6 progenies with identified allelic 

haplotypes of the Vrn and Ppd loci was conducted for 

productivity and phenology under three sowing regimes 

viz., 17 October, 17 November and 17 December during 

the main season at PAU, Ludhiana. Data for number 

of morphological traits was recorded. The crop growth 

stages were determined using the Zadoks’ scale (Zadok 

et al., 1974). Days to flowering was recorded when 

half of the tillers showed completed head emergence 

(anthers extruded from the florets and turned color)

Plant height (PH), excluding awns, was measured briefly 

after flowering. Number of tillers, and spikelets per spike 

(SPS) was determined by the average value of randomly 

collected sample spikes per plant. The weight of thousand 

seeds from a random sample of seed harvested per plot 

was measured in three replications and average was 

worked out.

2.4. Statistical analysis

Analysis was done using factorial randomized block design 

using the software SAS version 9.3 to study the interaction 

between date of sowing and genotypes. The analysis of 

variance table for factorial RBD was worked out. 

3. Results

3.1. Identification of crosses showing different classes for 
days to flowering

BC1F4 progenies derived from four different winter x 

spring wheat crosses were screened for days to flowering 

under recommended sowing condition. In the cross 

Aciento/2*PBW683, there were 199 BC1F4 progenies 

that were screened for variation in days to flowering. 

Majority of the progenies were observed to be in-between 

96 to 115 days and only five progenies were found to be 

very early in flowering i.e. 90-95 days (Figure 1). A total 

of 203 BC1F4 progenies were observed for differences in 

flowering time in the cross Chianti/WH 1105//PBW698. 

The differences in days to flowering ranged from 94 to 127 

days (Figure 1). Similarly, 167 BC1F4 progenies in the cross 

Exotic/BWL 0080//HD2967 were observed for variation 

in days to flowering and most of the progenies were found 

in the range of 105 days to 110 days showing no significant 

variation. Similarly, in the cross Plethore/BWL 0831//

PBW703, 195 BC1F4 progenies were screened and ranged 

from 90 to 115 days for flowering but majority of progenies 

was found in the range of 105 to110 days (Figure 1).

Fig. 1: Distribution of variation in days to flowering in cross (a) Aciento/2*PBW683 (b) Chianti/WH1105//PBW698  
(c) Exotic/BWL 0080//HD2967 (d)Plethore/BWL 0831//PBW703
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Among these four crosses Chianti/WH 1105//PBW698 

showed maximum variation for days to flowering trait 

followed by the cross Aciento/2*PBW683. In cross 

Exotic/BWL 0080//HD2967 and Plethore/BWL 0831//

PBW703, number of progenies representing a particular 

class of days to flowering were not widely distributed. 

Approximately 85% (142 out of 167) of the progenies in 

cross Exotic/BWL0080//HD2967 were falling in one 

category only.

Therefore, two crosses viz. Chianti/WH 1105//

PBW698 and Aciento/2*PBW683 were selected for the 

molecular characterization with respect to different allelic 

combinations for Vrn and Ppd genes, followed by their 

agronomic evaluation.

3.2. Molecular screening of progenies for different allelic 
combinations of Vrn and Ppd genes

As mentioned in the material and methods section, 

progenies of the two crosses i.e. ACIENTO/2*PBW683, 

and CHIANTI/WH1105//PBW698 along with parental 

lines and check varieties such as Aardvark, Aciento, 

Chianti, PBW 343, PBW683, PBW698, PBW550, PBW 

703, and WH 1105 etc. were selected for molecular 

analysis owing to their displayed wide range of variation 

in the flowering time during the agronomic evaluation. 

A set of allele specific markers (Table 1) was employed to 

characterize different vernalization and photoperiod gene 

combinations. Molecular markers for 3 Vrn1 loci and 1 

Ppd1 loci were used for documentation of polymorphism 

between parental lines. The amplicon size of different 

primers to distinguish between various alleles is given in 

Table 2. Different alleles at Vrn-A1 were identified using 

primers VRN1AF andVRN1-INT1R. The winter allele 

vrn-A1 with amplicon size of 734 bp was observed in all 

the parental lines except in PBW550 (Figure 2). No band 

was found with spring allele Vrn-A1a or Vrn-A1b. Primers 

Intr1/B/F, Intr1/B/R3 and Intr1/B/R4 were used to 

characterize different alleles at Vrn-B1. Among different 

parental lines, PBW683, PBW343, PBW550, PBW761 and 

WH1105 amplified around 700 bp fragment indicating 

the presence of Vrn-B1a spring allele. In all other lines, 

amplicon of 1149 bp was observed which indicates the 

presence of winter allele vrn-B1 at this locus (Figure 2). 

Similarly, Vrn-D1 was screened using primers Intr1/D/F, 

Intr1/D/R3 and Intr1/D/R4. The winter lines Aciento and 

Chianti were only to amplify a 997 bp fragment indicating 

the presence of winter allele vrn-D1. A 1671 bp was 

observed in all the spring wheat cultivars which refer to the 

presence of Vrn-D1 spring allele (Figure 2). Ppd-D1 alleles 

were analysed using the markers Ppd-D1_F1, Ppd-D1_R1 

and Ppd-D1_R2. Winter wheat line Chianti amplified a 

fragment of around 414 bp indicating the presence of 

photoperiod sensitive allele Ppd-D1b at Ppd-D1 locus. All 

other lines amplified a fragment of 288 bp which showed 

the presence of photoperiod insensitive allele Ppd-D1a 

(Figure 2).

Table 2:	 Amplicon size for the various genes with the use of molecular markers used in the current study

S. No. Gene Marker Target Allele Amplicon size

1 Vrn-A1 VRN1AF; VRN1-
INT1R

Vrn-A1a (Spring type) or Vrn-A1b 
(Spring type) or vrn-A1 (winter 
type)

~950bp + 870bp (Vrn-A1a)
~714bp (Vrn-A1b)
~734bp (vrn-A1)

2 Vrn-B1

Intr1/B/F;
Intr1/B/R3

Vrn-B1a (spring type) or Vrn-B1b 
(spring type)

~700bp (Vrn-B1a)
~670bp (Vrn-B1b)

Intr1/B/F;
Intr1/B/R4 vrn-B1(winter type) ~1149bp

3 Vrn-D1

Intr1/D/F
Intr1/D/R3 Vrn-D1b (spring type) ~1671bp

Intr1/D/F
Intr1/D/R4 vrn-D1(winter type) ~997bp

4 Ppd-D1
Ppd-D1_F1
Ppd-D1_R1
Ppd-D1_R2

Ppd-D1a (photoperiod 
insensitive) or Ppd-D1b 
(photoperiod sensitive)

~288bp (Ppd-D1a)
~414bp (Ppd-D1b)
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Fig. 2:Amplification of Vrn and Ppd genes in parental lines of winter x spring wheat population.
(a) Vrn-A1 (b) Vrn-B1 (c) Vrn-D1(d) Ppd-D1, where, ACI: Aciento, CHI: Chianti, ARD: Aardvark,NTC: No Template Control

3.3. The different allelic combinations for Vrn1 and 
Ppd-D1 genes identified in parental lines

The screening of parental lines for Vrn and Ppd genes 

revealed that the parents of the cross Aciento/2*PBW683 

were polymorphic for two Vrn genes viz. Vrn-B1 and 

Vrn-D1. The parental lines of cross Chianti/WH1105//

PBW698 were found polymorphic for two Vrn genes 

viz. Vrn-B1 and Vrn-D1 as well as for Ppd-D1 gene. The 

selected lines of cross Aciento/2*PBW683 were screened 

with markers for Vrn-B1 and Vrn-D1 (Figure 2). Similarly, 

selected lines of cross Chianti/WH1105//PBW698 were 

screened with marker for Vrn-B1, Vrn-D1 and Ppd-D1 

(Figure 2). Based on allele specific markers, selected lines 

including parents as checks were screened in the crosses viz., 

Aciento/2*PBW683 and Chianti/WH1105//PBW698 with 

their respective allelic combinations (supplementary table 

S2 and S3 respectively). Also, different allelic haplotypes 

of Vrn and Ppd genes were observed in aforementioned 

crosses and number of genotypes with each haplotype are 

tabulated in the form of Table 3.

Table 3:	 Different allelic haplotypes of Vrn and Ppd genes observed in the crosses Aciento/2*PBW683 
and Chianti/WH1105//PBW698 and number of genotypes with each haplotype

Sr No. Haplotype for Aciento/2*PBW683 Genotype code No. of genotypes

1 vrn-A1, Vrn-B1, Vrn-D1, Ppd-D1a vaaa 30

2 vrn-A1, Vrn-B1, vrn-D1, Ppd-D1a vava 7

3 vrn-A1, vrn-B1, Vrn-D1, Ppd-D1a vvaa 7

4 vrn-A1, vrn-B1, vrn-D1, Ppd-D1a vvva 4

Total 48

Sr No. Haplotype for Chianti/WH1105//PBW698 Genotype code No. of genotypes

1 vrn-A1, Vrn-B1, Vrn-D1, Ppd-D1a vaaa 14

2 vrn-A1, Vrn-B1, vrn-D1, Ppd-D1a vava 12

3 vrn-A1, Vrn-B1, vrn-D1, Ppd-D1b vavb 4

4 vrn-A1, vrn-B1, Vrn-D1, Ppd-D1a vvaa 10

5 vrn-A1, vrn-B1, Vrn-D1, Ppd-D1b vvab 3

6 vrn-A1, vrn-B1, vrn-D1, Ppd-D1a vvva 4

Total 47
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3.4. Evaluation of different allelic combinations of Vrn 
and Ppd genes for phenology and adaptations under 
different sowing regimes

The BC1F6 lines with identified allelic combinations of 

Vrn and Ppd genes were used for evaluation of different 

morphological traits in the main season. 49 lines for each 

of the selected cross including the parental lines were 

sown in randomized complete block design. Different 

lines with identified allelic combinations of Vrn and Ppd 

genes were evaluated in three sowing regimes with first 

sowing 17 October second sowing on 17 November and 

third sowing on 17 December. Supplementary Table S4 

and S5 summarizes the mean observation for various traits 

recorded in the experiment for cross Aciento/2*PBW683 

and Chianti/WH1105//PBW698 respectively.

Analysis of variance showed significant difference between 

backcross derived progenies for days to flowering in both 

the crosses. Differences among different sowing dates 

were also found to be significant. Analysis also revealed 

significant results for sowing x genotype interactions. 

Plant height is another important morphological trait 

which was studied, and analysis of variance showed 

significant differences between different sowing regimes 

as well as backcross derived progenies. Sowing x genotype 

interaction was also found significant for plant height.

Yield is the primary and most important trait for selection 

of genotypes for particular sowing conditions. Tillers 

per plant and thousand grain weight are important 

traits that attributes to the total grain yield. For cross 

Aciento/2*PBW683, and Chianti/WH1105//PBW698, 

analysis of variance for tillers per plant and thousand 

grain weight (test weight) revealed significant differences 

between different sowing dates and also between different 

backcross derived lines. Sowing x genotype interaction 

was also significant.

3.5. Effect of different allelic combination of VRN and 
PPD genes on different traits in Aciento/2*PBW683 
and Chianti/WH1105//PBW698 derived BC1F6 lines

The results from both crosses showed that the different 

allelic combinations of Vrn and Ppd genes significantly 

affected days to flowering, tiller per plant, and thousand 

grain weight(Figure 3,4). Spikelets per spike were 

unaffected by Vrn1 allelic variation (Figure 4) But were 

influenced by Ppd-D1 alleles. There was no significant 

Fig. 3: Bar graph representing the effect of different allelic combinations of Vrn and Ppd genes in Aciento/2*PBW683 
derived lines and Chianti/WH1105//PBW698 derived lines on days to flowering and plant height. (a) Days to flowering in 
Aciento/2*PBW683 derived lines; (b) Plant Height in Aciento/2*PBW683 derived lines; (c) Days to flowering in Chianti/
WH1105//PBW698 derived lines; (d) Plant Height in Chianti/WH1105//PBW698 derived lines
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effect of these combinations on plant height. Rather, the 

plant height was significantly affected by different sowing 

environments as expected.

The days to flowering were greatly affected by different 

allelic haplotypes of Vrn and Ppd genes. Genotypes 

carrying the winter allele at all three Vrn loci viz.,Vrn-A1, 

Vrn-B1 and Vrn-D1 took longest time to flower. Thus, these 

genotypes were found to be late in flowering compared 

to other categories. Substitution of single spring allele at 

any Vrn1 locus remarkably reduced the days to flowering. 

Differential effect of different Vrn genes i.e. Vrn-B1 and 

Vrn-D1, on reduction in days to flowering was observed. 

The reduction in days to flowering was more when Vrn-D1 

was present instead of Vrn-B1. The genotypes which 

carried two spring alleles at Vrn-B1 as well as Vrn-D1 were 

earliest to flower. The trend was constant across sowing 

regime 1 and sowing regime 2 but reduced in the third 

sowing regime (Figure 3).

Except for flowering time, different allelic combinations 

of Vrn1 also affected the number of tillers per plant and 

thousand grain weight. Genotypes with winter alleles at all 

three Vrn1 loci exhibited highest tillering. Substitution of 

one or more spring alleles reduced number of tillers per 

plant. However, the reduction was comparatively more 

when single spring allele was present on Vrn-B1 locus 

instead of Vrn-D1 locus. When spring alleles were present 

at both Vrn-B1 and Vrn-D1 loci, genotypes exhibited 

highest reduction in number of tillers per plant(Figure 

4). Highest thousand grain weight was observed in the 

genotypes with only spring allele at Vrn-D1 locus and 

winter alleles at other two loci, followed by the genotypes 

with sole spring allele at Vrn-B1. Combination of two 

spring alleles at Vrn-B1 and Vrn-D1 resulted into decrease 

in the thousand grain weight (Figure 4).

Allelic variation at the photoperiod gene Ppd-D1 in 

the Chianti/WH1105//PBW698 derived lines enabled 

evaluation of its effects on different agronomic traits. 

Allelic variation at Ppd-D1 gene was found to be 

having notable effect on days to flowering. Presence 

of photoperiod sensitive allele at this locus resulted in 

increased numbers of days to flowering. Genotypes 

with photoperiod sensitive allele significantly delayed 

Fig. 4: Bar graph representing the effect of different allelic combinations of Vrn and Ppd genes in Aciento/2*PBW683 
derived lines and Chianti/WH1105//PBW698 derived lines on tiller per plant, spikelets per spike and thousand grain 
weight. (a) Tiller per plant in Aciento/2*PBW683 derived lines; (b) Spikelets per spike in Aciento/2*PBW683 derived lines; 
(c) Thousand grain weight in Aciento/2*PBW683 derived lines; (d) Tiller per plant in Chianti/WH1105//PBW698 derived 
lines; (e) Spikelets per spike in Chianti/WH1105//PBW698 derived lines; (f) Thousand grain weight in Chianti/WH1105//
PBW698 derived lines
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flowering compared to genotypes with insensitive allele. 

However, the differences were reduced in sowing regime 

three which could be owed to the sudden exposure of 

extended photoperiod in later part of growing season. 

Additionally, variation in Ppd-D1 gene also affected other 

traits of economic importance. Number of tillers per 

plant was affected by variation in Vrn1 and Ppd-D1 genes 

(Figure 4). Genotypes with photoperiod sensitive allele 

at Ppd-D1 showed increased number of tillers per plant. 

Spikelets per spike were found to be affected by presence 

of allelic variation at Ppd-D1 gene. Remarkable decrease 

was observed when insensitive allele at Ppd-D1 was 

substituted by the photoperiod sensitive allele regardless 

of Vrn1 alleles. Worland (1996) also reported a reduction 

in days to heading by 4-8 days due to insensitive alleles 

at photoperiod gene Ppd-D1. It was also suggested that 

the shortened life cycle results into a reduction in plant 

height, tiller number and spikelet per ear. Apart from 

affecting days to flowering, several pleiotropic effects of 

Photoperiod alleles have been reported such as reduction 

in plant height (Worland, 1996), reduced number of 

tillers per plant (Miralles and Richards, 2000; Dyck et al., 

2004) and reduction in the number of spikelets per spike 

(Snape et al., 2001; Dyck et al., 2004). Kamran et al. (2013) 

reported a reduction of about 5 days due to the presence 

of photoperiod insensitive allele Ppd-D1a.

Discussion

Optimal yield stability across locations requires 

targeted niche-specific breeding. It can be achieved by 

understanding the genetic basis of plant (Ortiz-Ferrara et 

al., 1998). In wheat, flowering time is very complicated 

which varies continuously is primarily controlled 

governed by vernalization (Vrn), photoperiod (Ppd) 

and earliness (Eps) gene systems (Kamran et al., 2014). 

Therefore, interaction of these gene families with varying 

temperature and agroclimatic regions largely determines 

wheat adaptability and yield potential (Gororo et al., 2001). 

Vernalization genes, for example, delay ear initiation 

in winter wheats at high northern latitudes, protecting 

floral organs from the damage caused by severe cold 

temperatures. Similarly, in places where summers are 

too hot for wheat growth, photoperiod insensitive genes 

increase ear initiation and development with increasing 

day duration in late winter and early spring to ensure that 

the reproductive phase is completed before the beginning 

of high temperatures (Kamran et al., 2014). The genetic 

variability for anthesis and heading time in bread wheat 

is predominantly controlled by Vrn gene system (70-75%), 

followed by Ppd gene system (20-25%) and earliness per 

se (approximately 5%) (Stelmakh, 1998).

The VRN-1 and PPD-1 allelic variations mainly arise 

from mutations either in their coding n or e promotor 

regions, resulting in contrasting phenotypes, such 

as PPD-D1b for photoperiod-sensitive (long day) or 

PPD-D1a for photoperiod-insensitive (day-neutral) 

.Strategic combinations of these alleles enable fine-

tuning of phenological events prior to flowering without 

considerable modifications in anthesis date (González 

et al., 2011). Studies confirm that combining VRN-1 

and PPD-1 allelic variants have resulted in variations in 

phenological development such as flowering time and 

agronomic traits (Cane et al., 2013) tillering, plant height, 

and spikelet number (Dyck et al., 2004). There are several 

reports documenting the effects of VRN-1 and PPD-1 

allelic variants on the adaption and agronomic traits of 

wheat varieties or germplasm (Gomez et al., 2014), and 

have examined the impact of these phenology genes on 

phenological traits and yield across diverse longitude 

and latitude (Arjona et al., 2018, 2020; Chen et al., 2018). 

Characterization for different Vrn1 genes revealed that the 

spring allele at locus Vrn-D1 predominated in spring wheat 

parental lines. This aligns with Kiss et al. (2014), who also 

reported that Vrn-D1 was present in higher frequencies in 

Central and South Asian germplasm, largely attributable to 

CIMMYT introductions (Singh et al., 2013). Van Beem et 

al. (2005) similarly identified Vrn-D1 as the most frequent 

Vrn gene in the globally important CIMMYT wheat 

varieties. Vrn-D1 was found to be the sole spring allele in 

worldwide grown three spring wheat varieties viz. Attila, 

Kauz and Pastor. The prevalence of spring allele at Vrn-D1 

in most of parental lines involved in the study corroborates 

with these findings. Our findings in context to PBW 343 

were in corroboration with the findings of Singh et al. 

(2013). The results for PBW 343 for presence of winter 

allele at Vrn-A1,and for the presence of recessive winter 

allele vrn-B1 were in agreement with the results reported 

by Singh et al. (2013)and Singh et al. (2013). A 1671 bp was 

observed in all the spring wheat cultivars which refer to 

the presence of Vrn-D1 spring allele (Figure 2).
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In our findings, substitution of the winter allele for spring 

allele at Vrn-D1 locus delays flowering by 5-9 days across 

three sowing regimes. Eagles et al. (2010) also estimated 

an increase of 4.9 days on substitution of winter for spring 

at Vrn-D1. Stelmakh (1998) reported the differential 

effect of Vrn genes on flowering time, plant height, and 

several yield components, suggesting that genotypes with 

a combination of two dominant alleles at different Vrn 

loci were early to flower with higher yield. Genotypes 

combining three dominant alleles were earliest to flower 

but with reduced yield. Goncharov (2004) reported that 

Vrn-A1 has the largest effect on reducing days to heading 

followed by Vrn-D1 and Vrn-B1. Similar findings were 

reported by Zhang et al. (2008) while studying allelic 

variation at Vrn1 in Chinese wheat cultivars and by Eagles 

et al. (2010) while studying the effect of Vrn and Ppd genes 

on Australian wheat cultivars. While studying the effect of 

different allelic combinations on flowering time across six 

different agro ecological zones of India, Singh et al. (2013) 

reported a differential effect of spring alleles at Vrn-A1, 

Vrn-B1, and Vrn-D1. They suggested that the genotypes 

with spring alleles at all three Vrn loci were earliest to 

flower compared to mono-dominant or di-dominant 

gene combinations. The Vrn-A1 was reported more 

effective than Vrn-B1 and Vrn-D1 in reducing the days to 

flowering. In our results, drastic decrease was observed 

when insensitive allele at Ppd-D1 was substituted by the 

photoperiod sensitive allele regardless of Vrn1 alleles. 

Similar to our results, Worland (1996) also reported a 

reduction in days to heading by 4-8 days due to insensitive 

alleles at photoperiod gene Ppd-D1. It was also suggested 

that the shortened life cycle results into a reduction in 

plant height, tiller number and spikelet per ear. Apart from 

affecting days to flowering, several pleiotropic effects of 

photoperiod alleles have been reported such as reduction 

in plant height (Worland, 1996), reduced number of 

tillers per plant (Miralles and Richards, 2000; Dyck et al., 

2004) and reduction in the number of spikelets per spike 

(Snape et al., 2001; Dyck et al., 2004). Kamran et al. (2013) 

reported a reduction of about 5 days due to the presence 

of photoperiod insensitive allele Ppd-D1a.

Conclusion

The present study demonstrated the significant role of 

vernalization (Vrn) and photoperiod (Ppd) gene allelic 

combinations in regulating wheat phenology and yield-

related traits under different sowing regimes. Among the 

four winter × spring wheat derived populations evaluated, 

only two crosses i.e. Chianti/WH1105//PBW698 and 

Aciento/2*PBW683 exhibited sufficient variation for days 

to flowering and were therefore selected for molecular 

characterization and agronomic evaluation. Molecular 

screening confirmed polymorphism for Vrn-B1, Vrn-D1 

and Ppd-D1 loci, enabling the identification of diverse 

allelic haplotypes in BC1F6 progenies.

Evaluation of these haplotypes under different sowing 

environments revealed that allelic variation in Vrn and 

Ppd genes significantly influenced days to flowering, 

tiller number per plant and thousand grain weight. 

Genotypes carrying winter alleles at all Vrn loci showed 

delayed flowering, whereas the presence of spring alleles, 

particularly at the Vrn-D1 locus, accelerated flowering. 

Similarly, variation at the Ppd-D1 locus affected flowering 

time, tiller number and spikelets per spike, highlighting 

its role in photoperiod response and plant development. 

However, plant height was largely influenced by 

sowing environment rather than allelic combinations 

of these genes. Overall, the results indicate that specific 

combinations of Vrn and Ppd alleles can effectively 

modulate wheat phenology and yield attributes, thereby 

facilitating better adaptation to diverse sowing conditions. 

The identification of favourable allele combinations 

in this study provides valuable genetic resources for 

breeding wheat cultivars with improved adaptability 

and productivity under varying agro-climatic conditions, 

particularly in the wheat-growing regions of north-western 

India.
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