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Abstract 
Optimization of the flowering time in wheat is an important breeding target 
for its adaptability in target environments. Flowering time is controlled by 
vernalization, photoperiod, and the relatively poorly characterized earliness 
per se (Eps) genes. When vernalization and photoperiod criteria are met, Eps 
genes account for the variance in flowering time. The objective of the study 
was to decipher the allelic variations for Eps genes in the wheat cultivars of 
Pakistan and draw their association with agronomic traits. The wheat 
cultivars released prior to 1965 had an average flowering duration of 82 
days, whereas the cultivars released between 1965 and 2000 had an average 
flowering time of 79 days and 81 days, respectively. Kompetitive allele-
specific PCR (KASP) markers were used to genotype all these cultivars for 
TaElf3-B1, TaElf3-D1, and TaMOT1-D1 genes. For the gene TaElf3-B1, allele 
Cadenza-type had a frequency of 61.71%. For the gene TaElf3-D1, the 
proportion of its respective major alleles was recorded, i.e., deletion had a 
frequency of 72.94%, and Savannah-type was 86.04%. For the gene TaMOT1-
D1, the allele Wild-type was found in 55.88% accessions. The gene Elf3-B1 
had a significant allelic effect for grain yield (GY), TaElf3-D1 for grain length, 
and TaMOT1-D1 for GY. Among the wheat cultivars, high percentage 
(56.89%) of the Savanah-type allele was associated with early flowering. 
However, the Wild-type alleles (43.1%) were observed to have low allelic 
frequency, and they were associated with late flowering. This study may 
allow wheat breeders to make genetic selection of wheat cultivars that are 
most suited to target environment, ensuring better yield and adaptability. 
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Introduction 

The amount of time the plants spend in the blossoming stage is referred to as ‘flowering time’. It 
starts when the lights are set to a 12/12 cycle and concludes when the buds are ready to be harvested. 
Plants undergo significant physiological changes as they advance from vegetative to reproductive 
development (Jung and Müller, 2009). This transformation occurs as a result of the combination of 
several endogenous and exogenous cues that result in flowering. Extensive studies in model species have 
shown a complex network of regulatory links between proteins that transduce and integrate 
developmental and environmental variables to promote or prevent flowering (Amasino et al. 2005; 
Baumann et al., 2015; Bao, et al., 2019; Chávez-Hernández et al., 2020).  
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Flowering is controlled by five different pathways that are genetically determined (Amasino et al. 
2005). The vernalization pathway describes how a plant's flowering is accelerated after being exposed to 
cold for a long time (Kamran et al. 2014). Flowering is controlled by the photoperiod pathway (Borthwick 
and Hendricks, 1960), which responds to the length of the day and the quality of the light received. The 
gibberellin pathway suggests that gibberellic acid is required for normal flowering (Bao et al., 2019). 
Endogenous regulators that are unaffected by photoperiod and gibberellin pathways are referred to as 
independent pathways (Boss et al., 2004). A thorough investigation has been undertaken in Arabidopsis 
thaliana and other flowering plants to elucidate the molecular processes of these pathways (Srikanth and 
Schmid, 2011; Baumann et al., 2015; Chávez-Hernández et al., 2020). These pathways come together to 
control a group of genes known as 'floral integrators’ (Moon et al., 2005; van Dijk and Molenaar, 2017) 
These genes aggregate the outputs of many pathways, and given the right circumstances, directly 
activate floral meristem identity genes. 

Flowering in plants is controlled by vernalization, photoperiod, and the less well-defined Eps genes 
(Kamran et al. 2014; Zhao et al., 2023). Recent studies have suggested that even before the genes are 
cloned, marker assisted selection (MAS) of Eps effects is sufficient and helpful (Bapela et al., 2022). This 
means Eps genes can be characterized and cloned positionally in the same way as photoperiod and 
vernalization genes can. This validation investigation is the initial step toward detailed mapping, and 
eventually direct cloning of the genes in hexaploid wheat (Zikhali et al., 2014; Li et al., 2024). Thus, the 
objectives of the current study were: a) to identify alleles of major genes that underpin earliness per se in 
wheat, b) to narrow down wheat cultivars having characteristic of early maturity to ensure maximum 
productivity under projected heat stress environments, and c) to validate the phenotypic effect of genes 
controlling flowering time and drought tolerance in the historical wheat panel. 

Materials and Methods 

Germplasm 

The germplasm of 174 historical wheat cultivars, obtained from Pakistan, contained traditional 
cultivars, modern cultivars and landraces. These cultivars are under cultivation since 1911 to 2018.  

Field trials and phenotyping 

  During the 2019-2020 cropping season, field experiments were conducted at the National 
Agricultural Research Centre (NARC) in Islamabad (33.6701° N, 73.1261° E). All cultivar seeds were 
planted under long-day photoperiod (16 h light) and non-vernalizing temperatures (20-25 °C). Each entry 
was planted in a plot of 200 cm long row with a 30 cm distance between each of two rows and 12 cm 
between neighboring plants. Standard agronomic practices were used during the experimentation. Each 
plot was investigated for the data collection at the following growth stages of wheat i.e., heading, 
anthesis and maturity before harvesting.  

Days to heading (DH) were documented as the number of days between 5th of December and the 
heading date. The heading date was documented for each entry according to the Zadoks scale (Zadoks et 
al., 1974) at stage 59 twice a week when nearly 50% of the plants in the plot showed full emergence of a 
spike from the flag leaf sheath. Also, the plants in the plots were monitored for the data for anthesis 
(stage 65) and maturity (stage 87). Grain yield (GY), thousand grain weight (TGW), plant height (PH), grain 
width (GW), grain diameter (GD), and grain length (GL) were other phenotypic traits documented.  

Grains were separated from the husk, after harvesting. Insect-infested, diseased and physically 
damaged grains were discarded, and 200 healthy grains of each variety were taken for measuring kernel 
weight. Grain weight was measured in grams (g) using an electric balance.  

DNA extraction and genotyping 

DNA was extracted following the protocol described in the CIMMYT genotyping manual 
(Dreisigacker et al. 2013). DNA was visualized on 1 percent agarose gel and visualized on iBright TM CL 
1000 gel doc. DNA was quantified using NanoDrop spectrophotometer. Genotypes for TaElf3-B1, TaElf3-
D1, and TaMOT-D1 were assessed using Kompetitive allele-specific PCR (KASP) assays described 
elsewhere (Zikhali et al. 2016; 2017). The KASP genotyping was conducted based on the fluorescence 
resonance energy transfer (FRET) method (Rasheed et al. 2016). The primers used for genotyping are 
given in Table 1. For a 5 µl of total reaction volume, an aliquot of 2.2 µl of the DNA sample was dispensed 
into 384-well microtiter plates. After that, DNA was dried for 50 minutes at 50 °C in an incubator. An 
aliquot of 2.5 µl of KASP mix (2x) and 2x KASP assay mix (including allele-specific and common primers) 
were dispensed into the DNA samples. Finally, 0.08 µl MgCl2 and 2.4 µl PCR water were added.  

Thermocycling conditions used were 94 °C for 15 min activation time, followed by 20 cycles at 94 °C 
for 10 sec, at 57 °C for 5 sec and 72 °C for 10 sec (temperature was dropped 0.6 °C per cycle), after that 
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18 cycles were run 94 ◦C for 10 s, 57 ◦C for 20 s and 72 ◦C for 40 s (Royo et al., 2020). Fluorescence was 
read at the end of the reaction mixture. KASP was conducted in a Bio-Rad CFX384TM Real-Time System 
using BioRad hard shell PCR plates (384-well). Kluster Caller was used to visualize and comprehend the 
results of the Real Time PCR reaction. 

 
Table 1. List of genes with their primer sequences used to genotype historical wheat cultivars. 
Gene Marker Sequence 

TaELF3-D1 
TaBradi2g14790_AL1 gaaggtgaccaagttcatgctCCTTGTCTCCGTCCCTG 
TaBradi2g14790_AL2 gaaggtcggagtcaacggattGACAGCTCCTCCCGAG 
TaBradi2g14790_C TCGGTAATGTCTTCAGTGTTTTA 

TaELF3-B1 
TaELF3-B1_AL1 gaaggtgaccaagttcatgctCCCTTGCAGCTCGCT 
TaELF3-B1_AL2 gaaggtcggagtcaacggattCCCTTGCAGCTCGCC 
TaELF3-B1_C CGACCCAACACTCACG 

TaELF3-D1 
TaELF3-D1-1_ AL1 gaaggtgaccaagttcatgctTGGAGACATGACGGGAACA 
TaELF3-D1-1_ AL2 gaaggtcggagtcaacggattTGGAGACATGACGGGAACG 
TaELF3-D1-1_ C GGAAACCAGGCTTCACG 

TaELF3-D1 
TaELF3-D1-2_ AL1 gaaggtgaccaagttcatgctGCCTCAGAATCAGTGGCTT 
TaELF3-D1-2_ AL2 gaaggtcggagtcaacggattGCCTCAGAATCAGTGGCTC 
TaELF3-D1-2_ C GTAGACGAACCCTTCCGA 

TaMOT-D1 
TaMOT1-D1_AL1 gaaggtgaccaagttcatgctGGCACATATAATGTAAGGATCAATCAT 
TaMOT1-D1_AL2 gaaggtcggagtcaacggattGGCACATATAATGTAAGGATGAATCAT 
TaMOT1-D1_C AATATATAAGTTAACCATCTCATGAAAGTAAG 

Statistical analysis  

  Basic statistical analysis was done using Microsoft Excel 2010. To analyze the effects of the alleles 
of a single gene, Jamovi version 2.0 was used. Variations in different phenotypic traits were shown in 
boxplots. Coefficient of correlation between phenotypic traits was calculated and visualized by Jamovi 
version 2.0. Allelic effects for KASP markers on phenotypes were tested for statistical significance 
using Welch’s t test. 

Results 

In total, 174 historical wheat cultivars of Pakistan were included in this study released between 1911 
to 2019. A subset consisting of 62 of them was used for phenotypic data collection over two years in 
2019-20 and 2020-21. Based on the year of release, all 174 cultivars were grouped into three categories. 
The cultivars released before 1965 were 11, while cultivars released between 1965-2000 and post-2000 
were 74 and 89, respectively. All these cultivars were subjected to the genotyping for TaElf3-B1, TaElf3-
D1, and TaMOT1-D1 genes using KASP markers.  

Variation in phenological traits in wheat cultivars  

The basic statistics describing the means, standard deviations, and range for GY, DH, GL, GW, TGW, 
PH, and GD is presented as Table 2. The average DH for the cultivars released in pre-1965 era was 82 
days, ranging between 84 and 81 days. The average DH for the cultivars released during 1965-2000 era 
was 79.5 days, whereas the cultivars released after 2000 era had average DH of 81.7 days. 

The PH was observed to lie between 79.8 cm to 119 cm and the PH was minimum for the cultivars 
released during 1965-2000 era with the mean of 99.2 cm and it was maximum for those released during 
pre-1965 era with a mean of 112 cm. The TGW had a range of 28.3 g to 39.6 g, and the minimum TGW 
was found in the cultivars of 1965-2000 era with a mean 32.5 g, and was found maximum for the 
cultivars of post-2000 era with a mean of 34.4 g. The minimum GL and GW was recorded in the cultivars 
released in pre-1965 era, however, the GL was maximum (2.23 mm) in the cultivars of post-2000 era and 
the GW was maximum (2.73 mm) in the cultivars of 1965-2000 era. 

The phenotypic variation in GY, DH, PH, TGW, GL, GW and GD is shown in the boxplots in Figure 1 
and Figure 2, respectively. The plots showed the five-number overview of the 62 cultivars in the data set. 
The minimum, first quartile, median, third quartile, and maximum are the five numbers that make up the 
five-number summary. 
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Table 2. Descriptive statistics for key phenological traits in a set of historical Pakistani wheat cultivars released 
between 1911 and 2019. 
Traits Pre-1965 1965-2000 

    Mean + SD     Range       Mean+SD      Range 
GY 1.31±0.27 0.97-1.84 2.09±0.46 1.3-2.82 
DH 82.7±1.03 81-84 79.5±2.52 76-84 
PH 112±5.86 106-119 99.2±7.74 79.8-111 
TGW 35.3±2.17 32.3-38.4 32.5±2.29 28.3-37.2 
GL 1.25±0.08 1.11-1.36 1.45±0.2 1.16-2.04 
GW 2.11±0.16 1.97-2.44 2.33±0.15 2.03-2.73 
GD 6.16±0.28 5.86-6.65 6.34±0.21 5.89-6.65 
Traits Post-2000 Average 

      Mean+SD       Range      Mean+SD      Range 
GY 2.44±0.29 1.87-3.22 2.19±0.49 0.975-3.22 
DH 81.7±2.26 76-86 81.1±2.5 76-86 
PH 95.6±6.28 84.6-109 98.6±8.29 79.8-119 
TGW 34.4±2.61 28.9-39.6 33.9±2.61 28.3-39.6 
GL 1.38±0.21 1.16-2.23 1.39±0.20 1.11-2.23 
GW 2.25±0.13 2.02-2.52 2.26±0.15 1.97-2.73 
GD 6.36±0.24 5.77-6.8 6.33±0.24 5.77-6.8 
GY, Grain yield (t/ha); DH, Days to heading; PH, Plant height (cm); TGW, Thousand grain weight (g); GL, Grain length 
(mm); GW, Grain width (mm); GD, Grain diameter (mm). 

 

 

Figure 1. Box plot of 62 historical wheat cultivars of Pakistan showing (a) GY, (b) DH ,(c) PH and (d) TGW, (e) GL, 
(f) GW and (g) GD in three different breeding eras. 
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Coefficient of correlation between phenological traits in wheat cultivars 

The coefficient of correlation was calculated between all the traits. The results are shown in Figure 
3. The highest correlation was observed between GD and GY (r = 0.38), thus these traits were positively 
correlated. A positive correlation was also present between GW and GL (r = 0.37). The positive 
correlation was found between DH and TGW (r = 0.33), and between GD and TGW (r = 0.27). A negative 
correlation was found between DH and GL (r = ₋0.39), and between GW and TGW (r = -0.41) the 
correlation was observed to be negative. The correlation between TGW and PH was non-significant (r = 
0.1), and the same was true between GL and PH (r = 0.01). 
 

 
Figure 2. Coefficient of correlation between phenological traits in Pakistani historical wheat cultivars. 

Allelic variation and effects of Eps genes on different phonological traits  

To find out the allelic variations in wheat cultivars of Pakistan, KASP assays were used to genotype 
Elf3-B1 alleles in the wheat cultivars. The marker TaELF3-B1 was used to identify alleles Cadenza-type 
and Wild-type, which were associated with late and early flowering, respectively. The Cadenza-type allele 
was identified in 108 wheat cultivars (61.71%), while the Wild-type allele was identified in 67 (38.28%) 
cultivars. The cultivars with the Cadenza-type allele had an average DH of 80.9 days, while the cultivars 
with the Wild-type allele had an average DH of 81.4 days. For GY, the allele Cadenza-type had an average 
of 2.08 t/ha and the allele Wild-type had an average of 2.35 t/ha, and the allelic effect for this trait was 
significant (Table 3). 

An InDel in TaElf3-D1 using marker TaBradi2g14790 was identified. It was observed that 124 wheat 
cultivars (72.94%) had deletion, while insertion was identified in 46 (27.05%) cultivars. The cultivars with 
deletion had an average DH of 81.1 days, while the cultivars with insertion had an average DH of 80.3 
days.  

Two more markers, TaELF3-D1-1 and TaELF3-D1-2, were used to distinguish between Wild-type and 
Savanah-type alleles. Using first marker, the Savanah-type allele was identified in 148 wheat cultivars 
(86.04%), while the Wild-type allele was identified in 24 cultivars (13.95%). The cultivars with the 
Savanah-type allele had an average DH of 81.2 days, while the cultivars with the Wild-type allele had an 
average DH of 80.2 days. For GY, the allele Savanah-type had an average of 2.19 t/ha and the allele Wild-
type had an average of 2.09 t/ha.  

Using marker TaELF3-D1-2, two alleles were identified, i.e., Savanah-type and Wild-type. The 
Savanah-type allele was identified in 99 cultivars (56.89%), while the Wild-type allele was identified in 75 
cultivars (43.10%). The cultivars with the Savanah-type allele had an average DH of 81.4 days, while the 
cultivars with the Wild-type allele had an average DH of 80.7 days. For GY, the Savanah-type allele had an 
average of 2.26 t/ha and the Wild-type allele had an average of 2.08 t/ha.  

For gene TaMOT1-D1, two alleles were identified, i.e., Wild-type and Ria-type. The Wild-type allele 
was identified in 95 wheat cultivars (55.88%), while the Ria-type allele was identified in 75 (44.11%) 
cultivars. The cultivars with the Wild-type allele had an average DH of 80.8 days, while the cultivars with 
the Ria-type allele had an average DH of 81.5 days. For GY, the Wild-type allele had an average of 2.3 t/ha 
and the Ria-type allele had an average of 2 t/ha, and the allelic effect for this trait was significant (Table 3). 
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Figure 3. Allelic effect of genes on phenological traits in historical wheat cultivars of Pakistan, a) effect of TaElf3-
B1 on GY, (b) effect of TaElf3-D1 on GL, and (c) effect of TaMOT-D1 on GY.  

Discussion 

Heading time has a significant role in crop plants as it greatly affects the maturity of seed and 
adaptability of plants in target environments (Dubcovsky and Dvorak, 2008; Pin and Nilsson, 2012). 
Flowering time is of immense importance in wheat as it notably influences the grain yield. The timely 
switching from vegetative to reproductive stage, i.e., floral transition plays a vital role in reproductive 
success (Yamaguchi and Abe, 2012; Cheng et al., 2021). A continuous variation is exhibited by wheat due 
to different genetic systems controlling heading time (Kamran et al., 2014). 

Understanding the phenotypic variance in modern wheat cultivars requires insight into genetic loci 
that have been selected throughout modern wheat breeding. This will allow wheat breedings to evolve 
into a knowledge-based activity, ultimately improving the rate of wheat genetic progress (Li et al., 2018; 
Bapela et al., 2022). The current study for the first time revealed the genetic architecture in Pakistani 
wheats for the genes underpinning earliness per se. Heading time in wheat is the most important for its 
adaptability and yield in different environmental conditions and is affected by three genetic systems, i.e., 
vernalization, photoperiodism and Eps genes (Kato and Yamagata, 1988; Benaouda et al., 2022). 

In our study, wheat cultivars from Pakistan were evaluated for the variation in heading time. A 
negative correlation was found between the DH and GL, implying that the cultivars with early maturity 
are likely to have high GL. Also, a negative correlation was also observed between GW and TGW, 
indicating that the cultivars having high TGW, may have low GW. The cultivars released during the pre-
1965 era (landraces) showed early flowering phenotypes. Most of the cultivars released during pre-1965 
era had early DH ranging from 81-84 days. For these cultivars, the GY was lowest ranging from 0.97-1.84 
t/ha and the TGW had a range of 32.3-38.4 g. Most of the cultivars released during the 1965-2000 era 
had early DH ranging from 76 to 84 days. For these cultivars, the GY had average values ranging from 1.3 
to 2.82 t/ha and the TGW had a range of 28.3-37.2 g. Some cultivars released during post-2000 like Seher 
2006 had DH (77 days), GY (2.79 t/ha) and TGW (37.22 g); Mairaj-2008 had DH (76 days), GY (2.45 t/ha) 
and TGW (30.21 g), and Gold-2016 had DH (81 days), GY (2.67 t/ha) and TGW (31.87 g). Most of the 
cultivars released during the post-2000 era had early DH ranging from 76 to 86 days. For these cultivars, 
the GY had highest values ranging from 1.87 to 3.22 t/ha and the TGW had high values with a range of 
28.9-39.6 g. 

(a) t
Welch

(54.68)=-2.29, p=0.026 (b) t
Welch

(16.44)=2.27, p =0.037 

(c) t
Welch

(34.81)=2.14, p=0.040 
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The high-throughput KASP assay made it possible to genotype a large population with accuracy 
within a short period in comparison to the traditional genetic methods (Rasheed et al., 2016). Previously, 
allelic variation for flowering time and drought tolerance genes has been observed in a diversity panel of 
synthetic-derived wheats (Afzal et al., 2017; Ali et al., 2023). The study revealed the higher frequency of 
alleles deletion in TaEfl-D1 was least frequent (46.15%) than that in Wild-type (78.85%). At Elf3-B1, the 
Cadenza-type allele was associated with the ‘late flowering’ and the Wild-type allele was associated with 
‘early flowering’ in the wheat cultivars. The two alleles Cadenza-type and Wild-type for the marker Elf3-
B1 were found to be significantly associated with GY. 

The alleles that cause earlier flowering were found to be more common in the more recently 
discovered flowering time genes (TaFT3-B1, TaFT3-D1, TaTOE-B1, and Eps-D1). The Avalon-type allele had 
the highest allele frequency at TaTOE-B1, while the Spark-type allele had the lowest frequency at TaFT3-
B1. The lines with a deletion at wheat chromosome 1DL (e.g., identified in the winter wheat lines Spark 
or Cadenza) were less common in the Eps-D1 gene than the lines without the deletion. The lines carrying 
the Avalon-type allele at TaTOE-B1 had a 4.7–5.0 percent higher yield and a 3.3–8.0 percent higher 
harvest index than the lines carrying the Cadenza-type allele, whereas the averages for biomass and 
physiological maturity were not significantly different as stated elsewhere (Dreisigacker et al., 2021). 

The study conducted showed the high percentage of alleles (Savanah-type) that are associated with 
early flowering as compared to the alleles (Wild-type) associated with late flowering in the historical 
wheat cultivars of Pakistan. Wheat yield is expected to follow this trend in the next years as a result 
of global climate change. Due to the reduced danger of drought stress, early flowering wheat has a 
considerable advantage in conditions of impending terminal drought, and contemporary kinds are 
substantially more productive (Shavrukov et al., 2017). A quick vegetative stage may result in 
reduced plant biomass under favorable conditions due to the shorter time available for 
photosynthetic production and seed nutrient buildup. To conclude, early flowering is a viable strategy 
for improving grain yield in wheat cultivars. 

Conclusion 

The study showed a significant impact of Eps loci on DH and grain yield. Due to the continuously 
changing environment, there is a need for new allelic combinations that may be required for wheat 
adaptation. To develop new breeding strategies, it is important to continuously monitor the variation in 
flowering time and the genes affecting it. The findings will help imply our knowledge in wheat breeding 
and enable the plant breeders in genetic selection of cultivars that are well adapted in our region, 
ensuring a big step towards the goal of sustainable agriculture. The wheat adaptability can be improved 
using this information in targeted environments. Expedited research work should be done to understand 
gene pathways that can help future breeders to select such cultivars that can better adapt to target 
environments and produce high grain yield. 

Author(s), Editor(s) and Publisher’s declarations 

Acknowledgement 
The authors gratefully acknowledge the facilities provided by the National Agricultural Research Centre 
(NARC) Islamabad to conduct the field trial. 
 
Supplementary material 
No supplementary material is included with this manuscript. 
 
Conflict of interest 
The authors declare no conflict of interest. 
 
Source of funding 
None declared. 
 
Contribution of authors 
Conceived the idea and designed the experiment: AR, BI, HQ. KASP genotyping, BI, HQ, HMS. 
Phenotyping: HMS, AR, SuR. Data analysis: HK, KA, KT, MS, SZ. Drafting the paper: BI, SZ, AMK, AR.  
 
Ethical approval 
This study does not involve human/animal subjects, and thus no ethical approval is needed. 



INTERNATIONAL JOURNAL OF APPLIED AND EXPERIMENTAL BIOLOGY (2024): VOL. 3, NO. 2, 207-216 
 

 

215 

 
Handling of bio-hazardous materials 
The authors certify that all experimental materials were handled with care during collection and 
experimental procedures. After completion of the experiment, all materials were properly discarded to 
minimize/eliminate any types of bio-contamination(s). 
 
Availability of primary data and materials 
As per editorial policy, experimental materials, primary data, or software codes are not submitted to the 
publisher. These are available with the corresponding author and/or with other author(s) as declared by 
the corresponding author of this manuscript. 
 
Authors’ consent  
All contributors have critically read this manuscript and agreed for publishing in IJAaEB. 
 
Disclaimer/editors’/publisher’s declaration 
All claims/results/prototypes included in this manuscript are exclusively those of the authors and do not 
inevitably express those of their affiliated organizations/enterprises, those of the publisher/journal 
management, and the editors/reviewers. Any product mentioned in this manuscript, or claim rendered 
by its manufacturer, is not certified by the publisher/Journal management. The journal management 
disowns responsibility for any injury to organisms including humans, animals and plants or property 
resulting from any ideas/opinions, protocols/methods, guidelines or products included in the 
publication. 
 
Declaration of generative AI and AI-assisted technologies in the writing process 
It is declared that the authors did not use any AI tools or AI-assisted services in the preparation, analysis, 
or creation of this manuscript submitted for publication in the International Journal of Applied and 
Experimental Biology (IJAaEB). 

References 

Afzal, F., Reddy, B., Gul, A., Khalid, M., Subhani, A., Shazadi, K., Rasheed, A. (2017). Physiological, biochemical and 
agronomic traits associated with drought tolerance in a synthetic-derived wheat diversity panel. Crop and 
Pasture Science 68(3):213-224. 

Ali, I., Anwar, S., Ali, A., Ullah, Z., Binjawhar, D.N. et al. (2023). Biochemical and phenological characterization of 
diverse wheats and their association with drought tolerance genes. BMC Plant Biology 23(1):326. 
https://doi.org/10.1186/s12870-023-04278-9 

Amasino, R.M. (2005). Vernalization and flowering time. Current Opinion in Biotechnology 16(2):154-158. 
Bao, S., Hua, C., Shen, L., Yu, H. (2019). New insights into gibberellin signaling in regulating flowering in Arabidopsis. 

Journal of Integrative Plant Biology 62:118–131. doi: 10.1111/jipb.12892 
Bapela, T., Shimelis, H., Tsilo, T.J., Mathew, I. (2022). Genetic improvement of wheat for drought tolerance: 

Progress, challenges and opportunities. Plants 11(10):1331. https://doi.org/10.3390/plants11101331 
Baumann, K., Venail, J., Berbel, A., Domenech, M.J., Money, T. et al. (2015). Changing the spatial pattern of TFL1 

expression reveals its key role in the shoot meristem in controlling Arabidopsis flowering architecture. Journal 
of Experimental Botany 66:4769–4780. doi: 10.1093/jxb/erv247. 

Benaouda, S., Dadshani, S., Koua, P., Leon, J., Ballvora, A. (2022). Identification of QTLs for wheat heading time 
across multiple-environments. Theoretical and Applied Genetics 135:2833–2848. 
https://doi.org/10.1007/s00122-022-04152-6 

Borthwick, H.A., Hendricks, S.B. (1960). Photoperiodism in plants. Science 132(3435):1223-1228. 
Boss, P.K., Bastow, R.M., Mylne, J.S., Dean, C. (2004). Multiple pathways in the decision to flower: Enabling, 

promoting, and resetting. Plant Cell 16:S18–S31. 
Chávez-Hernández, E.C., Quiroz, S., García-Ponce, B., Álvarez-Buylla, E.R. (2020). The flowering transition pathways 

converge into a complex gene regulatory network that underlies the phase changes of the shoot apical 
meristem in Arabidopsis thaliana. Frontiers in Plant Science 13: DOI=10.3389/fpls.2022.852047 

Cheng, X., Li, G., Krom, N., Tang, Y., Wen, J. (2021). Genetic regulation of flowering time and inflorescence 
architecture by MtFDa and MtFTa1 in Medicago truncatula, Plant Physiology 185(1):161–178.  

Dreisigacker, S., Burgueño, J., Pacheco, A., Molero, G., Sukumaran, S. et al. (2021). Effect of flowering time-related 
genes on biomass, harvest index, and grain yield in CIMMYT elite spring bread wheat. Biology 10(9):855. 

Dreisigacker, S., Tiwari, R., Sheoran, S. (2013) “Laboratory Manual, ICAR-CIMMYT Molecular Breeding Course in 
Wheat”. Directorate of Wheat Research Karnal, India. 

Dubcovsky, J., Dvorak, J. (2007). Genome plasticity a key factor in the success of polyploid wheat under 
domestication. Science 316(5833):1862-1866. 

https://doi.org/10.3390/plants11101331


Iltaf et al 

 

216 

Jung, C., Müller, A.E. (2009). Flowering time control and applications in plant breeding. Trends in Plant 
Science 14(10):563-573. 

Kamran, A., Iqbal, M., Spaner, D. (2014). Flowering time in wheat (Triticum aestivum L.): a key factor for global 
adaptability. Euphytica 197(1):1-26. 

Kato, K., Yamagata, H. (1988). Method for evaluation of chilling requirement and narrow-sense earliness of wheat 
cultivars. Japanese Journal of Breeding 38(2):172-186. 

Li, H., Rasheed, A., Hickey, L.T., He, Z. (2018). Fast-forwarding genetic gain. Trends in Plant Science 23(3):184-186. 
Li, Y., Wei, Z.-Z., Sela, H., Govta, L., Klymiuk, V. et al. (2024). Dissection of a rapidly evolving wheat resistance gene 

cluster by long-read genome sequencing accelerated the cloning of Pm69. Plant Communications 5(1):100646. 
doi.org/10.1016/j.xplc.2023.100646. 

Moon, J., Lee, H., Kim, M., Lee, I. (2005). Analysis of flowering pathway integrators in Arabidopsis. Plant and Cell 
Physiology 46(2):292–299. https://doi.org/10.1093/pcp/pci024  

Pin, P.A., Nilsson, O. (2012). The multifaceted roles of FLOWERING LOCUS T in plant development. Plant, Cell & 
Environment 35(10):1742-1755. 

Rasheed, A., Wen, W., Gao, F.M., Zhai, S., Jin, H. et al. (2016). Development and validation of KASP assays for 
functional genes underpinning key economic traits in wheat. Theoretical and Applied Genetics 129:1843-1860. 

Shavrukov, Y., Kurishbayev, A., Jatayev, S., Shvidchenko, V., Zotova, L. et al. (2017). Early flowering as a drought 
escape mechanism in plants: How can it aid wheat production?. Frontiers in Plant Science 8:1950. 

Srikanth, A., Schmid, M. (2011). Regulation of flowering time: all roads lead to Rome. Cellular and Molecular Life 
Sciences 68(12):2013-2037. 

van Dijk, A.D.J., Molenaar, J. (2017). Floral pathway integrator gene expression mediates gradual transmission of 
environmental and endogenous cues to flowering time. PeerJ 5:e3197. https://doi.org/10.7717/peerj.3197 

Yamaguchi, A., Abe, M. (2012). Regulation of reproductive development by non-coding RNA in Arabidopsis: to 
flower or not to flower. Journal of Plant Research 125(6):693-704. 

Zadoks, J.C., Chang, T.T., Konzak, C.F. (1974). A decimal code for the growth stages of cereals. Weed Research 
14(6):415-421. 

Zhao, X., Liang, Q., Song, X., Zhang, Y. (2023). Whole genome sequence of Lactiplantibacillus plantarum MC5 and 
comparative analysis of eps gene clusters. Frontiers in Microbiology 14:DOI=10.3389/fmicb.2023.1146566 

Zikhali, M., Leverington-Waite, M., Fish, L., Simmonds, J., Orford, S. et al. (2014). Validation of a 1DL earliness per se 
(eps) flowering QTL in bread wheat (Triticum aestivum). Molecular Breeding 34(3):1023-1033. 

Zikhali, M., Wingen, L.U., Griffiths, S. (2016). Delimitation of the Earliness per se D1 (Eps-D1) flowering gene to a 
subtelomeric chromosomal deletion in bread wheat (Triticum aestivum). Journal of Experimental Botany 
67:287-299. 

Zikhali, M., Wingen, L.U., Leverington-Waite, M., Specel, S., Griffiths, S. (2017). The identification of new candidate 
genes Triticum aestivum FLOWERING LOCUS T3-B1 (TaFT3-B1) and TARGET OF EAT1 (TaTOE1-B1) controlling 
the short-day photoperiod response in bread wheat. Plant, Cell & Environment 40:2678-2690. 


