RAnadolu Tarim Bilimleri Dergisi,
Anadolu Journal of Agricultural Sciences

R

S
—
“Mays ONNE

e-ISSN: 1308-8769, ANAJAS Haziran 2025, 40(2): 221-238

Evaluation of Wheat Landrace Germplasm for Agronomic
Disease Susceptibility and Quality Traits Using
Kompetitive Allele-Specific PCR (KASP) Markers

Rekabetci Alel-Spesifik PCR (KASP) isaretleyicileri Kullanilarak
Bugday Yerel Bitki Germ-Plazmasinin Tarimsal Hastaliklara
Duyarlilik ve Kalite Ozellikleri Agisindan Deg@erlendirilmesi

Sumaira Salahuddin LODHI', Alvina GUL, Peter JOHN', Rabia AMIR', Faiza MUNIR',
Muhammad JAMIL?, Hadi ALIPOUR?, Bengu TURKYILMAZ UNAL*, Munir OZTURK?®

'Atta-ur-Rahman School of Applied Biosciences (ASAB), National University of Sciences and Technology (NUST), Islamabad

- sumaira.bch@gmail.com - > 0000-0002-3423-5604
- alvina_gul@yahoo.com - > 0000-0002-7323-1905
- pjohn@asab.nust.edu.pk - > 0000-0003-1361-7635
- rabi.amir@hotmail.com - > 0000-0002-5150-8280
- faiza.munir@asab.nust.edu.pk - > 0000-0002-7114-6475

°Department of Botany, University of Sargodha, Sargodha, Pakistan
- muhammadjamil@iub.edu.pk - > 0000-0002-2889-6676

*Department of Plant Breeding and Biotechnology, Urmia University, Iran
- alipourhadi64@gmail.com - > 0000-0003-0086-002X

“Department of Biotechnology, Faculty of Science, Nigde Omer Halisdemir University, Nigde, Turkiye
- bturkyilmaz@ohu.edu.tr - > 0000-0003-4003-5200

°*Botany Department & Centre for Environmental Studies, Ege University, Izmir, Turkiye
- munirozturk@gmail.com - > 0000-0002-8687-92401

Makale Bilgisi/Article Information

Makale Tiridi/Article Types: Arastirma Makalesi/Research Article
Gelig Tarihi/Received: 18 Ekim/October 2024
Kabul Tarihi/Accepted: 13 Mart/March 2025
Yil/Year: 2025 | Cilt-Volume: 40 | Sayi-Issue: 2 | Sayfa/Pages: 221-238

Atif/Cite as: Lodhi, S. S, Gul, A, John, P, Amir, R, Munir, F, Jamil, M., Alipour, H., Turkyilmaz Unal, B, Ozturk, M. "Evaluation of
Wheat Landrace Germplasm for Agronomic Disease Susceptibility and Quality Traits Using Kompetitive Allele-Specific PCR
(KASP) Markers" Anadolu Journal of Agricultural Sciences, 40(2), June 2025: 221-238.

Sorumlu Yazar/Corresponding Author: Bengu TURKYILMAZ UNAL, Alvina GUL

https://doi.org/10.7161/omuanajas.1561421 d



S.S. Lodhi, A. Gul, P. John, R. Amir, F. Munir, M. Jamil, H. Alipour, B. Turkyilmaz Unal, M. Ozturk

EVALUATION OF WHERT LANDRACE GERMPLASM FOR
AGRONOMIC DISEASE SUSCEPTIBILITY AND QUALITY TRAITS
USING KOMPETITIVE ALLELE-SPECIFIC PCR (KASP) MARKERS

ABSTRACT

In the study, the genetic variation in agronomic, disease resistance and qua-
lity traits of seventy-three wheat landraces from Pakistan was analyzed by using
65 Kompetitive Allele-Specific PCR (KASP) assays. This research was intended to
underpin the alleles for economically important genes in wheat landraces. Alleles,
Rht-Bla and Rht-B1b were found in 64% and 30% of the population; while Rht-
Dla and Rht-D1b were identified in 90% and 10% of the population respectively.
Alleles responsible for flowering time Ppd-BI were detected as sensitive in 46%,
and insensitive in 44% of the population while 56 % and 39% insertion and deleti-
ons spanning 2Kb distance were observed in Ppd-D1. Similarly, 8, 15 and 2 assays
were performed to study the genetic variation in vernalization, yield and drought
tolerance. About 18% of the landraces were found with TaDREB_B]Ia allele which
is drought tolerant. Unfortunately, more than eighty percent of wheat landraces
were found to be susceptible to leaf rust confirmed with six assays. In addition,
more than 90% of landraces were susceptible to stripe rust, stem rust and Fusarium
head blight. Identified novel alleles from the current panel of wheat landraces can
be used for marker-assisted as well genomic selection by breeding programs.

Keywords: Agronomic Traits, Disease Resistance, Drought Tolerance, Triticum spp.

e

REKABETCI ALEL-SPESIFIK PCR (KASP) ISARETLEYICILERI
KULLANILARAK BUGDAY YEREL BITKi GERM-PLAZMASININ
TARIMSAL HASTALIKLARA DUYARLILIK VE KALITE OZELLIKLERI
ACISINDAN DEGERLENDIRILMESI

Oz

Calismada, Pakistan'daki yetmis ii¢ yerel bugday cesidinin agronomik, hasta-
lik direnci ve kalite 6zelliklerindeki genetik varyasyon, 65 Rekabetci Alel Spesifik
PCR (KASP) tahlili kullanilarak analiz edilmistir. Bu arastirmanin amaci, yerel
bugday cesitlerinde ekonomik agidan 6nemli genlere iligkin alelleri belirlemektir.
Aleller, Rht-Bla ve Rht-B1b popiilasyonun %64 ve %30'unda bulunmustur; Rht-
D1a ve Rht-D1b sirasiyla popiilasyonun %90 ve %10'unda tanimlanmistir. Cigek-
lenme zamanindan sorumlu olan aleller Ppd-B1 popiilasyonun %46'sinda duyarl,
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%44'tinde duyarsiz olarak tespit edilirken, Ppd-D1'de 2kb mesafeyi kapsayan %56
ve %39'luk insersiyon ve delesyonlar gozlenmistir. Benzer sekilde vernalizasyon,
verim ve kuraklik toleransindaki genetik ¢esitliligi incelemek i¢in 8, 15 ve 2 tah-
lilleri yapilmistir. Yerel gesitlerde yaklasik %18'i kurakliga dayanikli TaDREB_Bla
aleli ile bulunmugtur. Ne yazik ki, yerel bugday tiirlerinin yiizde sekseninden fazla-
sinin yaprak pasina duyarli oldugu alti testle dogrulanmustir. Ek olarak, yerel tiirle-
rin %90'mndan fazlasi serit pasi, gévde pasi ve Fusarium bas yanikligina kars: hassas
oldugu tespit edilmistir. Mevcut yerel bugday cesitleri panelinden tanimlanan yeni

aleller, 1slah programlariyla genomik se¢cimin yani sira isaretleyici destekli olarak
da kullanilabilir.

Anahtar Kelimeler: Tarimsal Ozellikler, Hastalik Direnci, Kurakliga Tolerans,
Triticum spp.

ek

1. INTRODUCTION

DNA marker-assisted selection (MAS) has a significant role in designing the
strategy for improving wheat breeding. DNA markers are generally derived from
small DNA regions exhibiting sequence polymorphism among in-species individ-
uals. Most of the random DNA markers (RDMs) are independent of phenotype
and can be developed for any species. Such markers were successfully used for
genetic diversity studies and to map particular traits. In the beginning, the genetic
markers were used for gene mapping to find their order along the chromosomes.
These markers were used in plant breeding for germplasm characterization, gene
isolation, desirable alleles introgression and variety protection. In the past few dec-
ades, numerous important genes in wheat have been found by molecular markers
like amplified fragment length polymorphism (AFLP), restriction fragment length
polymorphism (RFLP), simple sequence repeats (SSR) and diversity array technol-
ogy markers (DArT) (Liu et al., 2012; Ozturk and Gul., 2020). The main restriction
to use the RDM as a diagnostic tool is the linkage between specific RDM and target
locus allele which can be broken by genetic recombination. Additionally, these mo-
lecular markers were designed for a specific population and were parent-related.

Recent research on structural and functional genomics resulted in the develop-
ment of functional markers (FM) as these FMs are the basis for developing the di-
agnostic markers for MAS and gene introgressions (Rasheed and Xia, 2019). FMs
are PCR- based markers designed from polymorphic regions within the functional
genes which are directly related to the phenotypic variations. Functional markers
are considered ideal for precisely diagnosing the allelic variation at on locus all
along with the MAS in plant breeding (Boopathi, 2020). FMs can be used in wheat
breeding for various reasons such as; 1) for authenticating a cultivar identity, 2)
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selection of the parental material for the construction of a segregating population
and 3) following the selection of desirable lines. These molecular markers can ap-
ply to any type of population without validating the marker and QTL relationship
and regardless of the genetic background of the population. Currently, in wheat,
there are about one hundred and fifty-seven FMS been documented for more than
100 loci that are involved in adaptability, agronomic characters, disease resistance,
grain yield and processing quality (Rasheed and Xia, 2019). The use of FMs will
be increased in the future because of the increased identification of genes related
to economic traits. Adaptation of wheat to different environments is largely influ-
enced by three groups of genes, viz, growth rate genes, vernalization genes (Vrn)
and photoperiod genes (Ppd) determine the growth habit. The two semi-dwarf
genes Rht-B1b (Rht1) and Rht-D1b (Rht1) are responsible for reduced plant height,
enhanced harvest index, improved lodging resistance and a consequent rise in
grain size. Functional markers for these two genes have been developed to discrim-
inate between wild-type and semi-dwarf alleles of much importance. The function-
al markers for genes sucrose synthase2 (Sus2), cell-wall invertase (CWI) and grain
width (GW2) which are related to TKW had been developed (Ma et al., 2012). The
processing quality of bread wheat is greatly influenced by high and low molecular
weight glutenins (HMWs and LMWs), gliadins (Gli-1), lipoxygenase (LOX) ac-
tivity, phytoene synthase (PSY), polyphenol oxidase (PPO) activity, zeta-carotene
desaturase (ZDS) and granule bound starch synthase I (GBSSI). These genes were
cloned and functional markers were developed to be used in marker-assisted breed-
ing strategies (Liu et al., 2012). Despite all the advantages, screening a large sample
size requires a lot of time, cost and skills to optimize functional markers by using
routine PCR and gel electrophoresis. To overcome the insufficiencies these FMs for
important economic traits in bread wheat are developed into the Kompetitive al-
lele-specific PCR (KASP) which is a high throughput and breeder friendly (Semagn
et al., 2014). These KASP assays proved to be forty-five times faster in speed than
conventional gel-based PCR markers (Rasheed et al., 2016a). KASP is a uniplex
fluorescence-based SNP genotyping technology, which utilizes allele-specific oligo
extension and fluorescence resonance energy transfer (FRET) for signal generation
(Kumpatla et al., 2012). Because of its low cost, high efficiency, higher specificity
and sensitivity it has been extensively used for SNP genotyping studies such as
marker-assisted breeding (MAB) for disease tolerance in like leaf and stem rust re-
sistance (Neelam et al., 2013), wheat streak mosaic virus resistance (Tan et al., 2017),
pre-harvest sprouting resistance (Cabral et al., 2014), Fhb1 (Steiner et al., 2017; Su
et al,, 2018; Singh et al., 2019) and many agronomic traits (Rasheed et al., 2016a).

Modern bread wheat and other food crops had lost their genetic diversity by
selective breeding. Therefore the identification and utilization of new genetic re-
sources are needed for developing genetically diverse crops (Rasheed et al., 2018;
Kutlu and Sirel, 2019). Different genetic resources like landraces are the most sig-
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nificant means of improving genetic diversity and introgression of beneficial alleles
in wheat (Mujeeb-Kazi et al., 2013). A great level of genetic diversity was observed
in A. E. Watkins collections (Wingen et al., 2014). A series of useful genes have
been identified in this collection as Lr52 (Hiebert et al., 2005) and Yr47 (Bansal et
al., 2011). Using wheat landraces for crossing and introgression of useful traits is an
attractive option in comparison with the complex approaches.

The main objectives of this study were to recognize (1) allelic variations at im-
portant loci regarding yield, processing quality and adaptability in wheat landraces
of Pakistan and (2) identification of genotypes with desirable haplotype for favora-
ble alleles.

2. MATERIALS AND METHODS

Seventy-three wheat landraces belonging to different areas of Pakistan were
obtained from the gene bank of Plant Genetic Resource Institute (PGRI), National
Agriculture Research Center (NARC), Islamabad. DNA extraction was done by
using a modified CTAB method (Rasheed et al., 2016a). Sixty-five KASP markers
utilized by Rasheed et al. (2016a) were used for exploring important economic loci
related to adaptability, quality and various agronomic traits. The primer sequenc-
es and amplification conditions of each gene are described in the table S1. Each
KASP marker is composed of two allele-specific forward primers and a common
reverse primer. Allele-specific primers contain the FAM (5'GAAGGTGACCAA-
GTTCATGCT 3') and HEX (5" GAAGGTCGGAGTCAACGGATT 3') tails and
along with the targeted SNP at the 3’ end. The 3l reaction mixture was composed
of 10-20 ng/pl of dry DNA, 3pl of 1X KASP master mix and 0.056 ul of primer
mixture (containing 100 uM each primer).

The following cyclic conditions were used: hot start for 15min at 94°C, 10
touchdown cycles of the 20s at 95°C, for 25s at touch down 65 °C (decreasing -1
per cycle), 30 additional cycles of annealing (for 10s at 95 °C; for 60s at 57°C). The
extension step was excluded as the amplicon size is lesser than 120bp. Fluorescence
detection of reactions was used to take readings at 40°C for the 30s.

Genotypes with the corresponding alleles were statistically analyzed with re-
spect to their phenotypic traits using pair-wise t-test at five percent level of signif-
icance.
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Table S1. A supplementary table of trait and markers with primer sequence
used in this study

Trait Marker Primer sequence (5’-3) Expected
fragment
size

cssfrl L34DINT9F: TTGATGAAACCAGTTTTTTTTCTA 517
L34PLUSR: GCCATTTAACATAATCATGATGGA

cssfr2 L34DINT9F: TTGATGAAACCAGTTTTTTTTCTA 523
L34MINUSR: TATGCCATTTAACATAATCATGAA

cssfr3 Lr34DINTOF: TTGATGAAACCAGTTTTTTTTCTA
Lr34PLUSR: GCCATTTAACATAATCATGATGGA 5174150

229
csLV34F: GTTGGTTAAGACTGGTGATGG

sLV34R: TGCTTGCTATTGCTGAATAGT

cssfrd Lr34DINTOF: TTGATGAAACCAGTTTTTTTTCTA
Leaf rust, Lr34MINUSR: TATGCCATTTAACATAATCATGAA ;2(3’”29
stripe rust ¢sLV34F: GTTGGTTAAGACTGGTGATGG

¢sLV34R: TGCTTGCTATTGCTGAATAGT
cssfr5 Lr34DINTOF: TTGATGAAACCAGTTTTTTTTCTA 51
Lr34MINUSR: TATGCCATTTAACATAATCATGAA 523
Lr34SPF: GGGAGCATTATTTTTTTCCATCATG
Lr34DINTI3R2: ACTTTCCTGAAAATAATACAAGCA

cssfr6 cssfré_f: CTGAGGCACTCTTTCCTGTACAAAG 652
cssfré_r: GCATTCAATGAGCAATGGTTATC 649
cssfr7 cssfr7_f: GCGTATTGTAATGTATCGTGAGAG 247
cssfr7_r: CATAGGAATTTGTGTGCTGTCC 214
Sus2-SNP Sus2-SNP-185: TAAGCGATGAATTATGGC 423
-185/589H2 Sus2-SNP-589H2: GGTGTCCTTGAGCTTCTGG
Sus2-SNP Sus2-SNP-227: CTATAGTATGAGCTGGATCAATGGC 381
-227/589L2 Sus2-SNP-589L2: GGTGTCCTTGAGCTTCTGA
Hap-6A-P1 Forward: CGTTACCTCTGGTTTGGGTGTCGTG 949
Reverse: CACCTCTCGAAAATCTTCCCAATTA
Kernel weight
Hap-6A-P2 Forward: GAGAAAGGGCTGGTGCTATGGA 418
Reverse: GTAACGCTTGATAAACATAGGTAAT
CWI22 Forward: GGTGATGAGTTCATGGTTAAT 402
Reverse: AGAAGCCCAACATTAAATCAAC
CWI21 Forward: GTGGTGATGAGTTCATGGTTAAG 404
Reverse: AGAAGCCCAACATTAAATCAAC
Abiotic stress X P18F: CCCAACCCAAGTGATAATAATCT
tolerance P18R: TTGTGCTCCTCATGGGTACTT 717
Pin-a Forward: TCAACATTCGTGCATCATCA
Reverse: CTTCATTCGTCAGAGTTCCAT 436
Grain hardness
Pin-b Forward: ATGAAGACCTTATTCCTCCTA 250
Reverse: CTCATGCTCACAGCCGCC
Forward: ATGAAGACCTTATTCCTCCTA 250

Reverse: CTCATGCTCACAGCCGCT

Starch property | Wx-BI Forward: CTGGCCTGCTACCTCAAGAGCAACT 425
Reverse: CTGACGTCCATGCCGTTGACGA
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BDEL: CTGGCCTGCTACCTCAAGAGCAACT 778
BRCI: GGTTGCGGTTGGGGTCGATGAC
BEC: CGTAGTAAGGTGCAAAAAAGTGCCACG 668
BRC2: ACAGCCTTATTGTACCAAGACCCATGTGTG
Bread and gluA3aF AAACAGAATTATTAAAGCCGG 529
g‘:l‘;cllilfymakmg gluA3aR GGTTGTTGTTGTTGCAGCA
gluA3bF TTCAGATGCAGCCAAACAA 894
gluA3bR GCTGTGCTTGGATGATACTCTA
GluA3CF AAACAGAATTATTAAAGCCGG 573
guA3R GTGGCTGTTGTGAAAACGA
gluA3dF TTCAGATGCAGCCAAACAA 967
gluA3dR TGGGGTTGGGAGACACATA
gluA3eF AAACAGAATTATTAAAGCCGG 158
gluA3eR GGCACAGACGAGGAAGGTT
GuA3fE AAACAGAATTATTAAAGCCGG 552
gluA3R GCTGCTGCTGCTGTGTAAA
gluA3gE AAACAGAATTATTAAAGCCGG 1345
gluA3gR AAACAACGGTGATCCAACTAA
gluB3aF CACAAGCATCAAAACCAAGA 1095
gluB3aR TGGCACACTAGTGGTGGTC
GluB3bE ATCAGGTGTAAAAGTGATAG 1570
gluB3bR TGCTACATCGACATATCCA
gluB3cF CAAATGTTGCAGCAGAGA a7
gluB3cR CATATCCATCGACTAAACAAA
gluB3dE CACCATGAAGACCTTCCTCA 662
gluB3dR GTTGTTGCAGTAGAACTGGA
gluB3eF GACCTTCCTCATCTTCGCA 669
gluB3eR GCAAGACTTTGTGGCATT
GluB3fF TATAGCTAGTGCAACCTACCAT 812
gluB3fR CAACTACTCTGCCACAACG
luB3gF CCAAGAAATACTAGTTAACACTAGTC 853
gluB3gR GTTGGGGTTGGGAAACA
GluB3hE CCACCACAACAAACATTAA 1022
gluB3hR GTGGTGGTTCTATACAACGA
luB3iF TATAGCTAGTGCAACCTACCAT 621
gluB3iR TGGTTGTTGCGGTATAATTT
gluB3befF GCATCAACAACAAATAGTACTAGAA 750
gluB3befR GGCGGGTCACACATGACA
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3. RESULTS

Total sixty-five KASP markers were used to describe the allelic variation in the
diversity panel of seventy-three wheat landraces from Pakistan. The results are de-
scribed for three groups of genes; genes responsible for desirable agronomic traits,
disease resistance and good quality. These loci underpin the agronomic traits like
plant stature, flowering time, drought adaptability, end-use quality, grain size and
weight, grain color and disease resistance.

3.1. Allelic Variation in Genes for Agronomic Traits

Two KASP related to Rkt the green revolution gene identified four haplotypes
related to two Rht loci i.e. Rht-BI and Rht-DI. The wild-type Rht-Bla allele was
found in 64.2% and RhAt-B1b associated with short stature was found in 30% of
the population. Similarly, Rht-D1a which is associated with tall stature was found
predominant with a frequency of 89.6% and Rht-D1b was found in 10% of the
population. This allele is associated with short stature. Details of all FMs related to
various agronomic traits are given in Table 1.

Table 1. Allele frequency of functional genes related to the various agronomic
trait in diversity panel derived from wheat landraces.

Trait Assay Gene Alleles Frequency%
Plant height Rht-B1_SNP Rht-B1 Rht-Bla *64%
Rht-BIb 30%
Rht-D1_SNP Rht-D1 Rht-Dla ***89%
Rht-D1b 6.5%
Flowering time TaPpdBJ003 Ppd-Bl1 Sensitive 46%
Insensitive 44%
TaSNPppdB1-10 Ppd-Bl1 insensitive-(CS) ***94%
Sensitive 1%
TaSNPppdB1-4 Ppd-B1 Paragon-type ***98%
Chayenne type 1%
TaSNPppdB1-5 Ppd-B1 Paragon-type *%94%
Chayenne type 1%
TaPpdDD002 Ppd-DI Sensitive ***95%
Loss of function  0.47%
TaPpdDD001 Ppd-DI 2kb Ins 56%
TaELF3-B1 TaELF3-B1 cadenza type %90
wild type 1%
TaELF3-D1 TaBradi2g14790 A(insertion) 58%
T(Deletion) 24%
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TaELF3-D1 TaELF3-D1-1 Wild type *71%
Savanah type 2.8%
TaELF3-D1-2 TaELF3-D1 Wild type ***95%
Savanah type 1.8%
PRR73A1-9IND TaPRR73-A1 Hap-IT *77%
Hapl 18.8%
PRR73B1-4558 TaPRR73-B1 Hapl **83%
Hap-II 14%
Short vernalisation 42%
Vrn-D1-Dla_A Vrn-D1 Winter *62%
Spring 37%
VrnD3_SNP751 Vrn-D3 Jagger-type ***96%
2174-type 1%
Yield TaSus2-2B_SNP TaSus2 Hap-L 54%
Hap-H 37%
TaGS-D1_SNP TaGS-D1 TaGS-Dla **82%
TaGS-D1b 16.9%
TaCKX-D1-IND TaCKX-D1 TaCKX-Dla ***83%
TaCKX-D1b 0.75%
TaGASR-IND TaGASR-A1 Hlg **%83%
HIc 10%
TaCwi-Al CWI-CIMMYT TaCwi-Ala 54%
TaCwi-Alb 45%
TaCwi-4A CWI4A_SNP Hap-4A-C ***80%
Hap-4A-T 11%
TaMoc-2433 TaMoc-7A Hap-L ***94%
Hap-H 0.019%
TaGW2-6A GW2-CIMMYT TaTGW2-Alb *%92%
GW2-6B
TaTGW2-Ala 0.94%
Sus2-2A-20SNP TaSus2-2A Hap-G *73%
Hap-A 18%
Sus1-7B-2932IND TaSus1-7B Hap-T *69%
Hap-C 24%
TGW6-1050-AL1 TaTGW6-Al TaTGW6-Ala *%95%
TaTGW6-Alb 4.7%
TEF7A_547 TEF-7A Hap-7A-1, 2 ***93%
Hap-7A-3 10%
TEF7A1_606 TEF-7A C *67%
A 2.8%
GS5-2334-SNP TaGS5-Al TaGS5-Ala 58%
TaGS5-Alb 39%
TGW6-4A TGW6-4A TaTGW6-b **%99%
TaTGWé6-a 1%
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Drought tolerance  TaDreb_SNP TaDreb_B1 TaDREB_BI1b **749%
TaDREB_Bla 18%
fehw3_SNP Ifehw3 Westonia-type 54%
Kauz type 45%

*, **, and *** indicate significant differences between the phenotypes of the two alleles for the respective trait, with
p-values < .05, <.01, and < .001, as determined by a t-test comparing the phenotypes of the two alleles.

KASP assay was used to validate allelic variation for photoperiod response
genes; Ppd-1 loci i.e. Ppd-Bl and Ppd-D1. Six KASP assays were used at this lo-
cus two for Ppd-D1 and four for Ppd-BI. At Ppd-BI locus two assays identified a
paragon type insensitive allele in 98% of the population. The other two identified
an insensitive-CS type allele in 94% and a paragon type insensitive in 98% of the
population. At PpD-1 KASP assays had identified 5bpInDel and a wild type allele
with a sensitive phenotype associated.

Eleven KASP assays were utilized to distinguish at VRN-DI loci. This includes
six representing polymorphism at Vrn-Al, three at Vrn-Bl and two at Vrn-DI
locus. Vrn-Al separates between the winter and spring type allele. Assays Vrn-
A1_9K0001, Vrn-Alb-Marq and vrn_5Aprom.K.38 each identified winter type
allele as predominant one. Vrnl_new and Vrn-A1.Y.14418 identified jagger (short
vernalization) and 2147-type allele (long vernalization) at thislocus. These identified
2147-type allele and jagger type as predominate alleles respectively. Exon7_C/T_
Vrn-Al distinguishes between Claire type (early flowering) and Hereward type
allele. It was witnessed that Claire-type allele was predominant. Three KASP assays
used for Vrn-B1 locus i.e. Vrn-BI_A, Vrn-B1_B and Vrn-BI1_C, all distinguishing
between winter and spring type habit. Vrn-B1_B and Vrn-BI_C both identified
winter allele as a predominant one whereas for Vrn-B1_A the spring type allele was
predominant with a frequency of 96%. At Vrn-D1I the assays Vrn-D1-Dla_A iden-
tified winter type allele as predominant with a frequency of 66%. At the same locus,
VrnD3_SNP751 distinguished jagger type allele as a predominant one at this locus.

Nineteen KASP assays related to TKW which is an important yield-related trait
was developed. Alleles with low TKW were found predominant for KASP markers
like TaSus2-2B_SNP (58%), TaCKX-D1(83%), TAGASR (89%), TaGW2-6A (98%),
Sus2-2A-20SNP (78%), TEF7A1_606 (95%), GS5-2334-SNP (62%) and TGW6-
4A (99%). Whereas few markers like TaGS-D1 (77%), TaCwi (58%), Susl-7B-
2932IND, TGW6-1050-AL1 (95%) and TEF7A1_606 (71%) have alleles with high
TKW as predominant one. A favorable allele was present in high frequency (85%)
for CWI_4A_1523. KASP assay for TaMoc-A1 gene related with spike number has
low spike number allele (Hap L) as most predominant one (94%).

Two KASP assays for drought-tolerant genes TaDreb-B1 and I-feh-w3 were
used. The former has a drought-tolerant allele (74%) and later has westonia type
(54%) as a predominant.
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3.2. Allelic Variation in Genes for Disease Resistance

In this category, six KASP assays were utilized for the presence of leaf rust re-
sistance genes e.g. Lr9, Lr14, Lr34, Lr9, Lr67 and Lr68 (Table 2). KASP markers
have identified the susceptible alleles in the frequency of 99%, 66%, 88%, 99%, 89%
and 89% respectively. Results indicated that these landraces were very much sus-
ceptible to leaf rust as a wide majority of the landraces were susceptible. Two KASP
Sr36/Pm6_8085 and Sr2_ger9 3p assays were applied for the determination of Sr2
genes and one for Sr36 genes. Both of these assays identified 94% and 86% sus-
ceptible alleles respectively. KASP assay snp3BS-8 identified fusarium head blight
susceptible allele in 96% frequency.

Table 2. Allele frequency of genes related to various diseases trait in diversity
panel derived from wheat landraces.

Trait Assay Gene Alleles Frequency
%
Leaf rust Lr9_SNP Lr9 Susceptible ***99%
Resistant 1%
ubwl4 Lri4 Susceptible *67%
Resistant 33%
Lr34_TCCIND Lr34 Susceptible ***88%
Resistant 5%
Lr9_SNP Lr9 Susceptible *%99%
Resistant 1%
CSTM4_67G Lr67- Susceptible **89%
Resistant 10%
Lr68-2 Lr68 Susceptible ***89%
Resistant 10%
Stripe rust Yr15-R5 Yrl5 Susceptible ***99%
Resistant 1%
Yr15-R8 Yrl5 Susceptible ***89%
Resistant 9%
Stem rust Sr36/Pm6_8085 Sr36 Susceptible **%94%
Resistant 6%
Sr2_ger9 3p Sr2 Susceptible ***86%
Resistant 13%
Fusarium Head blight snp3BS-8 Fhb1 Susceptible ***96%
Resistant 3%

*, **, and *** indicate significant differences between the phenotypes of the two alleles for the respective trait, with
p-values < .05, < .01, and < .001, as determined by a t-test comparing the phenotypes of the two alleles.
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3.3. Allelic Variation in Genes for Quality

Forty-five KASP assays were used to analyze allelic variations in loci that affect-
ing end-use quality, including grain color, grain hardness, grain protein, waxiness,
polyphenol oxidase, phytoene synthase, zeta-carotene, lipoxygenase and avenin
like protein. Three KASP assays PPO-D1, PPOB2c_827 and PPOD2_98IND_R
have low polyphenol oxidase allele as predominant ones with the frequencies of
50%, 99% and 94%. The remaining two assays showed PPoAl (25%) and A2a
(95%) related to high PPO content were predominant. Four KASP assays were
done for four yellow pigment content (YPC) related genes, two for phytoene syn-
thase gene (PSY) and two for the zeta-carotene gene (Zds). For phytoene synthase,
KASP assay PsyA1-IND and PsyBlc identified Psy-Ala (high YPC) and Psy-Bla
or b (low YPC) as predominant genes. For Zds genes related KASP assays, two al-
leles TaZds-A1b (66%) and TaZds-D1b (95%) were predominant. For lipoxygenase
activity, the predominant allele Lox-Bla (96%) showed high lipoxygenase activity.
KASP marker for phytoene desaturase enzyme activity identified Tapds-Bla al-
lele in higher frequency (96%) related with high enzyme activity. KASP assay for
enzyme lycopene cyclase identified TuLYC-B1b as a predominant allele showing
lower YPC (Table 3).

Table 3. Allele frequency of functional genes related to various quality attrib-
utes trait in diversity panel derived from wheat landraces.

Trait Assay Gene Alleles Frequency%
Polyphenol Oxidase PPOA1_1569 Ppo-Al Ppo-Ala 25%
Ppo-Alb 9%
PPO-D1_SNP PPO-DI Ppo-Dla 47%
Ppo-D1b 46%
PPOA2b_230 PPO2A-2A A2a ***95%
A2c 2.8%
PPOB2c_827 PPO2-2B B2c **%93%
B2a, b 3.7%
PPOD2_98IND_R  PPO2-2D D2b ***949%
D2a 0.94%
Phytoene synthase PsyAl1-IND Psy-Al Psy-Ala **81%
Psy-Alb 15%
Psy-Blc-SNP Psy-B1 Psy-Bla or b ***96%
Psy-Blc 3.7%
Zeta carotene gene Zds-A1-SNP Zds-Al TaZds-Ala **66%
TaZds-Alb 21%
ZDS-D1_SNP ZDS-D1 TaZDs-1b ***95%
TaZDs-Dla 0.94%
Lipoxygenase Activity ~LoxB1_SNP LoxBI Lox-Bla ***96%
Lox-BIb 0.94%
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Phytoene desaturase Pds-B1_2002 PDS-B1 TaPds-Bla ***90%
TaPds-B1b 1.8%
Lycopene LYCB1_3765 Lyce-B1 TaLyc-B1b 45%
TaLyc-Bla 38%
Grain hardness Pina-D1_INS Pina-D1 Pina-DI1b 55%
Pina-Dla 36%
Pinb-D1_INS Pinb-D1 Pinb-D1b *64%
Pinb-Dla 30%
Pinb2-IND Pinb2-v2 Pinb-B2a ***89%
Pinb-B2b 8.4%

*, %, and *** indicate significant differences between the phenotypes of the two alleles for the respective trait, with
p-values < .05, <.01, and < .001, as determined by a t-test comparing the phenotypes of the two alleles.

For characterizing grain hardness three KASP assays were used Pina-D1_INS,
Pinb-D1_INS and Pinb2-v2-3. At Pina-D1 and Pinb-D1 locus, the predominant
alleles were Pinb-D1b associated with hard grain texture in the frequencies of 51%
and 64% respectively. KASP marker for Wx-B1 had identified Wx-B1a allele as the
predominant one with a frequency of 62%.

4. DISCUSSION

The genetic architecture of the Pakistani wheat landraces was studied by using
HTP KASP markers for the functional genes of agronomic traits, good quality and
disease resistance. The present study is helpful to identify the alleles responsible
for favorable breeding traits which will be subjected to selection sweep and the
selected traits will be integrated in wheat by future breeding programs. Although
there is a lot of investigation made for finding the functional genes in wheat yet it
has been challenging to apply molecular breeding in wheat (Liu et al., 2012). The
main reason is the lack of HTP genotyping platform that can integrate with the
wheat breeding for large-sized population without tailoring the flexibility (Rash-
eed et al., 2018; Rasheed and Xia, 2019). This can be done by HTP genotyping assay
such as KASP for genotyping the large population at many loci (Rasheed et al.,
2016a). Recently, many studies have been practicing the KASP assay to detect the
allelic differences for many functional genes in bread wheat cultivars from Cana-
da (Perez-Lara et al.,, 2017), China (Rasheed et al.,, 2016a) and US (Grogan et al.,
2016). It has been reported earlier that the desirable introgressions from the wheat
wild relatives greatly improve the adaptability, resistance, grain yield and end-use
quality (Rasheed et al., 2018).

Plant height is a substantial agronomic trait controlled by Rht-BI1(Rht1) and
Rht-DI1(Rht2) genes. Both of these were widely identified in bread wheat cultivars
as these genes cause reduced height (14-17%), increased resistance to lodging, im-
proved Harvest Index which ultimately leads to higher grain yield (Rasheed et al.,
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2016a). The wild-type Rht-Bla was found in higher frequencies in this germplasm
than Rht-B1b which is associated with short stature in this germplasm. Rht-Dla
which is associated with tall stature was also predominant with the frequencies of
89.6%. This was expected as landraces are not commercially improved cultivars
so that those were lacking the genes for short stature. Whereas the modern semi-
dwarf wheat cultivars with short height have Rht-B1b and Rht-D1b genes respon-
sible for not only the decreased height but also provide resistance against lodging
and increases the harvest index resulted in increased grain yield (Rasheed et al.,
20164a). Previous findings revealed the association of Rht1 genes with many impor-
tant traits like heading date, grain yield, plant height, relative water contents, spike
length, grains per spike and thousand-grain yield (Wiirschum et al., 2018). Hence,
governing the plant height by selecting proper Rht alleles which confer the intend-
ed environment will remarkably affect the pure-line breeding but also the wheat
hybrid development programs as male tallness is desirable for efficient production
of hybrid (Khalid et al., 2019).

The adaptability of wheat to multi environments is mainly affected by three
genes group; 1) growth rate genes, 2) vernalization genes (Vrn) and 3) photoperiod
response genes (Ppd). Vin-1 and Ppd-1 have a significant effect the development
of floral and the determination of adaptation traits for optimum yield (Boden et
al,, 2015). Genes that are responsible for Ppd-1 were located on chromosome 2A
(Ppd-Al), 2B (Ppd-B1) and 2D (Ppd-D1). Wheat is classified into two groups de-
pending upon its response to the daylight i.e. ‘photoperiod sensitive’ and ‘pho-
toperiod insensitive’ (Zhou et al., 2016). Photoperiod sensitivity is influenced by
Ppd-D1I and Ppd-B1 and Ppd-Al has less effect on it (Grogan et al., 2016). Out of
six KASP assays used for Ppd-B1, three identified insensitive type alleles as major
alleles in the population. At PpD-1I locus KASP assays have identified alleles asso-
ciated with the sensitive phenotype. Winter wheat cultivars in the United States,
Germany and France were photoperiods sensitive than countries from Southern
latitudes were insensitive. In Europe up to 35% of yield advantages are the result
of photoperiod insensitivity in bread wheat. The Ppd-1 was also associated with
various other economical features like grain yield, thousand kernel yield and spike
length and hence can play role in grain yield determination (Khalid et al., 2019).
Vernalization in wheat is controlled majorly by Vrn-1 genes. The dominant allele
at any of Vrn-Al, Vrn-BI and Vrn-DI confers a spring growth habit. Among these
Vrn-Al has the greatest effect of inhibiting vernalization, followed by Vrn-DI and
Vrn-B1 which have the lowest effect. The growth habit of wheat landraces is spring
same as Pakistani bread wheat cultivars. Vernalization is a major flowering signal
which remains repressed until cold-induced. Afghan wheat landraces collected by
Dr. Kihara also revealed the presence of winter-type alleles in higher percentages
(Manickavelu et al., 2014). The previously frequent spring-type habit was reported
at Vrn-B1 in 64% and Vrn-D1 in 61% (Igbal et al., 2011).
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The genetic architecture of grain yield is poorly understood as it is a complex
quantitative with low heritability and is significantly affected by the environment.
This makes it difficult to be manipulated and incorporated into breeding programs.
Previously reported KASP markers developed for functional genes related to grain
yield were based on grain size and weight as it is significantly influenced by these
two components (Rasheed et al., 2016a). Most of the KASP assays identified alleles
related to low TKW and few of them have identified alleles related to high TKW.
Cell wall invertase (CWI) enzyme is also associated with crop yield especially in
the stressed environment. Functional markers for this gene were developed by
(Hou et al., 2014). A favorable allele for this locus was present in higher frequencies
in our germplasm. Previous screenings of landraces and cultivars from Pakistan
have highlighted their potentials for using many yield-related genes to increase
grain yield (Rasheed et al., 2016b). KASP markers have also identified alleles relat-
ed to low spike numbers as the predominant ones. A favorable allele for this locus
was identified in low frequencies in the cultivar panel by (Rasheed et al., 2016a).

Two assays for drought tolerance have indicated two drought-tolerant alleles as
predominant alleles in these landraces. One of these alleles is Westonia type which
was found to be related to higher TKW under drought (Zhang et al,, 2015). So
these landraces can be used for improving the drought tolerance in bread wheat by
breeding programs aligns with the molecular approach.

Polyphenol oxidase (PPO) is an enzyme responsible for an undesirable brown
color of the wheat end products, especially Asian noodles. That is the reason for its
low PPO activity is desirable (Liu et al., 2012). Molecular markers have been devel-
oped for PPO genes on chromosomes 2A and 2D to screen varieties with low PPO
activity. Allelic variations at Ppo-A1 and Ppo-Dlare associated with PPO activity.
Similarly, Ppo-D1I is classified into Ppo-DIa and Ppo-D1b alleles associated with
low and high PPO activity (Hystad et al., 2015). Ppo-Ala and Ppo-A1b are related
to high and low PPO activity respectively. In this germplasm, three KASP assays
had shown Ppo-DIa, B2c and D2a as predominant alleles associated with low PPO
activity. The remaining two had shown PPoA1l and A2a in higher frequencies re-
lated to high PPO activity. FMs have previously been used to select wheat varieties
with low PPO activity.

The yellow color of wheat is due to carotenoids. Phytoene synthase (PsyI) and
zeta-carotene desaturase (ZdsI) are major enzymes in the biosynthesis of carotenes
(Dong et al., 2012). Three groups of phytoene synthase located on chromosomes 7
and 5 are Psyl, Psy2 and Psy3. The Psy-Ala and Psy-A1b are associated with high
and low grain carotenoid contents respectively. Four allelic variations for Psy-BI
gene have been reported i.e. a, b, ¢, and d. Low grain carotenoid content is asso-
ciated with Psy-Bla and Psy-B1b. While high grain carotenoid is associated with
Psy-Blc (He et al. 2009). Psy-Bla or b (low YPC) was present in higher percent-
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ages in this germplasm. For Zds a large percentage of germplasm have TaZds-D1b
associated with low YPC. Lipoxygenase (LOX) activity also has a great influence
on the color and processing qualities of wheat-based products. FMs have revealed
Lox-Bla as the main allele in the germplasm associated with high LOX activity. For
phytoene desaturase, the enzyme allele identified in higher frequencies was related
to higher yellow color.

Grain hardness has a noticeable effect on end-use quality and milling. This is
mostly determined by Pina-DI and Pinb-D1, which encode puroindoline a and
puroindoline b proteins, respectively. Hard texture generates coarse flour in which
more water is absorbed while the soft endosperm results in small particles and
smaller particles. Hard grains are suitable for bread making whereas cookies and
biscuits are made from soft grains. Chromosome 5D contains the genes for Pi-
na-DI and Pinb-D1. These genes may be wild-type and mutated ones. Wild type
allele includes @ which is associated with hard texture while the alleles ‘b, c and
d’ are mutated ones related with soft texture (Mohammadi et al., 2013). This ger-
mplasm contained higher frequencies of Pinb-D1b associated with hard textured
grains. Pinb-D1b is associated with higher flour yield, good crumb grain scores,
increased loaf volume and decreased ash (Hogg et al., 2005). Characterization of
Watkin’s collections revealed that Pinb-D1b was present in lesser percentages than
Pina-D1b (Qamar et al., 2014). Waxy protein also called granule bound starch syn-
thase 1 (GBSS) is an important quality protein. This enzyme has an important role
in amylose synthesis in the endosperm tissue. Noodle quality is determined by
amylose content. Wild type waxy protein is called Wx-BIb and one which carries
deletion is called Wx-Bla. The germplasm contains Wx-B1a in the majority. It has
been reported earlier that this Waxy gene in wheat had a direct association with
wheat flour quality and the property of its starches (Vafin et al., 2018).

Yield losses are expected when crops are susceptible to biotic and abiotic stress-
es. Biotic stress includes leaf rust (causative agent Puccinia triticina), stripe rust
(causative agent P, striiformis) and stem rust (causative agent P. graminis) is the
most damaging one (Pretorius et al., 2000). Landraces were screened Lr14, Lr34,
Lr9, Lr67 and Lr68 by using KASP markers. Our study indicated that the majority
of landraces were susceptible to all of these genes. Similarly, landraces were also
found to be susceptible to stem rust when screened for Sr2 genes and Sr36. Sr2
is one of the identified durable, race non-specific adult plant stem rust resistance
genes in wheat. It was transferred from tetraploid emmer wheat (Triticum dicoc-
cum Schronk) into common wheat (T. aestivum L.) ‘Marquis’ in 1920 (McFadden
1930) and is still found to be effective against all stem rust pathotypes of wheat. Sr2
response is described as partial resistance and is only expressed at the adult plant
stage. Functional makers for Lr34/Yr18/Pm38 were used to screen 151 Chinese
wheat landraces. Results identified that one-quarter of these landraces were very
sensitive to stripe rust in the field (Wu et al., 2010).
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KASP markers has gained considerable attention in agricultural genomics,
study by Steele et al. (2025) developed thousands KASP markers for diverse breed-
ing applications in rice. For Fusarium head blight resistance in wheat (Li et al.
2024), validating quantitative trait loci (QTLs) and streamlining marker-assisted
selection (MAS). In relation to climate resilience, KASP markers were deployed
to identify drought-tolerant alleles in maize, aiding breeding programs (Rauf et al.
2024). Cost effectiveness of these KASP markers along with their robot-aided mul-
tiplexing has improved the functionality as well as accuracy for the future demands.

5. CONCLUSIONS

Our research exploited the allelic variations in 73 bread wheat landraces from
Pakistan for stress tolerance (biotic and abiotic), quality and agronomic traits
by sixty-five using KASP markers. The economically important alleles for all the
above-mentioned traits in the bread wheat landraces were identified. Unluckily the
selected wheat landraces were susceptible to all kinds of rusts and fusarium head
blight. The novel alleles identified for drought stress tolerance, quality and agro-
nomic traits will be helpful in MAS by breeding programs to improve its quality
and productivity to reach the targeted wheat production.
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