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Abstract. Tan spot is one of the most economically significant diseases of wheat (7riticum aestivum)
in southeastern Kazakhstan, where infection levels can reach up to 70% in epiphytotic years due to the com-
bined effects of favorable factors such as high humidity, crop residues, and monoculture. 60 wheat lines were
evaluated for resistance under field conditions at the adult plant stage. Disease severity was assessed using
Saari and Prescott’s (1975) scale modified by Kremeneva (2007), and disease dynamics were quantified using
the AUDPC index (Wilcoxson et al., 1974). PCR amplification was performed following Faris et al. (2010)
to identify Tsnl/tsnl alleles. The genotypes exhibited substantial variability in plant height (80—126 cm) and
NDVI (0.51-0.65), reflecting differences in physiological status and productivity. Field evaluation revealed
clear differentiation: 33 accessions showed complete resistance (AUDPC = 0), whereas susceptible genotypes
had AUDPC values ranging from 88 to 455. Molecular screening identified a high frequency (70%) of the
recessive tsnl allele associated with insensitivity to the PtrToxA toxin of PTR. Carriers of tsn/ showed lower
disease severity and reduced AUDPC values, while genotypes carrying 7sn1 exhibited more pronounced dis-
ease development. Integration of molecular and field data demonstrated strong concordance and confirmed the
reliability of the Xfcp623 marker. The practical significance lies in identifying promising resistance donors,
including 25-ICARDA-IPBB-2013 x D.588 ma F7 Bermet x RWKLDNO9, D.22-ICARDA-IPBB-2013, 1060
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D555 [(CWAKIN) Super KAUZ X D.IOT/ F/7 (Yrl5 X Yuzhnaya-12)|, Morocco x Steklovidnaya 24, 1138
D.906 F5 (Almalyx29266)xD.5357 Pastor, and D.1055 (DIAMONDBIRD/GALLYA-ARAL1/TAM200/
KAUZ) x D.305 Roughrider, combining tsn/ allele with adaptability and productivity.

Keywords: tan spot, wheat, phenotyping, biomass index, AUDPC, molecular screening, resistance,
markers
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AnHotanus. KanbeipakTeiH capbl 1ak aypysl (tan spot) Oxtycrik-Lbirbic KazakcTan >xarnaiibiaaa
ounaiasiH (Triticum aestivum) €H SKOHOMHUKAJBIK MaHBI3bl aypylTapbIHBIH Oipi OOJbIT TaObLIABI.
OnudUTOTUAIBIK KBUIAAPHl 3aKbIMJIAHy JEHTeli KOFaphbl bUIFANABUIBIK, OCIMAIK KaJJbIKTAPHIHBIH OOIYybI
KOHE MOHOKYIBTYpa CHSIKTHI KONaiibl (akTopimapislH yiiecyine OaimanbicThl 70 %-Fa meiliH xeTyi
MyMKiH. 3eprreyae 60 Ougail TUHUSCHI epeceKk OCIMIIK Ke3eHIHAe ManalblK Karjaaiiia Te3iMILTIKKe
OaranaHnbel. AypyablH Aamy JeHreii Saari skone Prescott (1975), Kpemenéra (2007) monubukanusiaHFan
[IKananapbIMeH aHbIKTa’dabl, an aypy auHamukackl AUDPC kepcertkimimen (Wilcoxson et al., 1974)
oarananael. [ITP-ammmudukanus Faris et al. (2010) omicimen xxyprizinin, Tsnl/tsnl amrensaepi aHBIKTaIBL.
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I'enoruntep eciMaik OuikTirt (80—126 cm) xkone NDVI (0,51-0,65) OoubIHIIa auTapiabIKTau ©3reprillTiK
KOpCETTi, OYJI oJapAblH (PU3HOJIOTHSIIBIK JKaFAaibl MEH OHIMJIUIITIHIACTI albIpMAaIIbUIBIKTAp/Ibl KOPCETE/].
Jananslk Oaranay HoTHKeciH e 33 yiuri ToaslK Te3iMainik kepcerti (AUDPC = 0), an cezimran ¢popmanapaa
AUDPC monpaepi 88—455 apansirsinga 0onasl. MosekynaiablK CKpUHUHT HOTHKeciHae PtrToxA TokcuHiHe
Ce3IMTaIBIKTRIH O0JIMaybIMEeH OaillaHbICThI tsnl pereccuBTi ayuieiHiH KoFapbl KULTIT1 (70 %) aHBIKTANIBL.
tsnl TaceIManmaymbUiapbl TOMEH 3aKbIMaHy jaeHreiiMex skone TomeH AUDPC monzaepiMeH cumarramiibl,
an Tsnl amneni 6ap reHOTHNTEPAE aypy allKbIHBIPAK JAaMbLAbl. MOJEKyIalbIK dKOHE JajallblK AepeKTepaiH
WHTETPAIMSICHI HOTHXKEICP/IIH )KOFaphl COMKECTIT1H KOPCEeTT1 )koHe X fcp623 MapkepiHiH CEHIMIUIITIH pacTaIbl.
[TpakTUKaIbIK MaHBI3bI 3epTTEY OApbICHIHIA AHBIKTAIFAH JIMHUSIAP/BIH CENEKIUUIBIK MPOIEcTe OacTalKbl
MaTrepuas peTiHJIe KOFaphl KYHIBUIBIFBIHA XaThIp. ATan aitkanaa, 25-ICARDA-IPBB-2013 x D.588 ma
F7 Bermet x RWKLDN9, D.22-ICARDA-IPBB-2013, 1060 D.5353 [(CWARTN) Super KAUZ x D.1017
F7 (Yr15 x Yuzhnaya-12)], Morocco x Steklovidnaya 24, 1138 D.906 F5 (Almalyx29266) xD.5357 Pastor
xone D.1055 (DIAMONDBIRD/GALLYA-ARAL1/TAM200/KAUZ) x D.305 Roughrider nunusiiapsl
tsnl amneniniy OonysiMeH cunartansi, Pyrenophora tritici-repentis Ko3abIpFIIBIHBIH PtrToXA TokcuHiHE
Te3iMaunik kepceteni. COHbIMEH Karap, OV TC€HOTHINTED JKOFAphl OCHIMACHTIMTIKIICH JKOHE OHIMJIUIIK
KOPCETKIMTEPIMEH epeKIeICHE/].
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AnHoTanus. ITupeHodopo3 (kénrtas MATHUCTOCTDH) SBIAETCS OAHUM M3 Haubojee HKOHOMHUYECKU
3HaYuUMBIX 3a0osneBaHuil mmeHursl (Triticum aestivum) B FOro-Boctounom Kasaxcrane, rioe B anuduro-
TUIHBIE TO/IbI YPOBEHb MOPaKeHHUsI MOXeET aocTurarb 70% BclenCcTBUE COYETaHUs OIaronpUATHBIX (haKkTo-
POB, BKJIIOYasl MOBBIIIEHHYIO BJIQXKHOCTb, HAJMUUE PACTUTEIbHBIX OCTAaTKOB MU MOHOKYJIBTYPY. B nccieno-
BaHUM M3y4eHO 60 JTUHMI MIIEHUIIBI C OLEHKOM YCTOMUMBOCTH B MOJIEBBIX YCIOBHSX Ha CTaJUH B3pPOCIOTO
pactenus. CreneHb MOpaXKeHUs Omperensuid no mkane Saari U Prescott (1975) B monudukanuu Kpeme-
HeBoit (2007), nunamuky G6oneznn — mo nokazatento AUDPC (Wilcoxson et al., 1974). TILP-ammnudu-
Kauus npoBoamwitack mo Mmeroauke Faris et al. (2010) ¢ uaentuduxanmeii anneneit Tsnl/tsnl. 'enoTumbl
MIPOJIEMOHCTPHUPOBAIH 3HAUYUTEIbHYIO BapuabeNbHOCTh MO BbicoTe pacTenuii (80—126 cm) u NDVI (0,51—
0,65), oTpakarollyo pazauuus B (PU3HOIOTMYECKOM COCTOSHUM U HPOXYKTHUBHOCTH. lloseBble OIEeHKH
BBISIBIIIM 4€TKYI0 Tuddepenimanuio: 33 obpasua nposBuin noiHyto ycroiuuocts (AUDPC = 0), Torga
KaK BOCHPUUMYKBBIE POpMbI XapakTepuzoBanuch 3HaueHUsIMU AUDPC 88-455. MosexkyaspHblii CKpUHUHT
BBISIBMJI BBICOKYIO 4acTOTy perieccuBHoro amiens tsnl (70 %), accOMMpPOBaHHOTO C HEYYBCTBUTEIHHO-
cThio K TokcuHy PtrToxA Bo3Oymurens Pyrenophora tritici-repentis. Hocurenu tsnl xapakrepuzoBaiuch
CHIDKEHHOH CTeneHblo nopaxenus u 6osnee HuzkuMu 3HaueHussMu AUDPC, Toraa kak reHOTUIIBI € ajlieseM
Tsnl nemoHcTpupoBanu 6ojee BIpakeHHOE pa3BUTHE 3a00s1eBaHus. VIHTerpamus MOJIeKyISIpHBIX U MOJEBBIX
JIAHHBIX MTOKa3aJla BEICOKYIO COIVIACOBAHHOCTh PE3YJIbTaTOB M MOATBEpANIIA HAAEKHOCTh Mapkepa Xfcp623.
[TpakTHyeckast 3HaYMMOCTb 3aKJIFOYAETCSl B BBIIEJICHUHU MEPCIIEKTUBHBIX TOHOPOB YCTOHYMBOCTH, BKIIIOUYAs
25-ICARDA-IPBB-2013 x D.588 ma F7 Bermet x RWKLDN9, D.22-ICARDA-IPBB-2013, 1060 D.5353
[(CWARTN) Super KAUZ x D.1017 F7 (Yr15 x Yuzhnaya-12)], Morocco xSteklovidnaya 24, 1138 D.906 F5
(Almaly=29266)xD.5357 Pastor, D.1055 (DIAMONDBIRD/GALLYA-ARAL1/TAM200/KAUZ) x D.305
Roughrider u npyrue, kotopsie codeTaroT HaIM4Me auiens tsnl ¢ afanTUBHOCTBIO M MPOJYKTUBHOCTHIO. VX
HCIIOJIb30BAHUE MTO3BOJIUT YCKOPUTH CO3/aHNE YCTONUYMBBIX COPTOB MILEHHIIBI.

KawueBble cioBa: XEnTas MNATHUCTOCTh MIIEHUIBI, (EHOTUMMPOBAHUE, HWHAEKC OMOMACCHI,
AUDPC, MonexyJIsspHbIi CKPUHHUHT, YCTOMUYNBOCTD, MapKEPhI

Jas umtupoBanus: Xapimkanosa A.l., bonatoexosa A.A., Kymap6aeBa M.T., KoxmeTtoBa A.M.,
3eneneBa H0.B. (2026). IloneBoil U MoneKyIspHbI CKpUHHMHT ycToHuMBocTH muieHuisl kK PTR B FOro-
BoctouHoM Kazaxcrane // Research, results — I3nenicrep, Hotmxkenep — Mccnenosanus, pesyasratsl. T. 28. Is.
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KoH(pIMKT HHTepecoB: aBTOPHI 3asBISIOT 00 OTCYTCTBUU KOH(MDIMKTA HHTEPECOB.

Introduction.

Wheat ranks among the world’s most critical staple food crops, however, its production faces persistent
limitations from both biological and environmental stresses, with fungal diseases like tan spot caused by
Pyrenophora tritici-repentis being particularly problematic [Andersen et al., 2021]. These fungal pathogens
not only cause immediate reductions in grain yield and quality but also compromise the plant’s resistance
mechanisms, making wheat crops increasingly vulnerable to additional biological and environmental stress-
ors, thereby amplifying total production losses [Robles-Zazueta et al., 2024].

The ability of the pathogen to evolve and overcome host resistance genes complicates disease control,
highlighting the need for continuous field evaluation and the identification of resistant germplasm [Taylor et
al., 2023]. Across major wheat-growing regions of Europe, the Americas, and Central Asia, tan spot causes
average yield losses of 10-20 %, which may increase to 30-50 % under epiphytotic conditions depending on
climate, pathogen virulence, and host susceptibility [Duveiller et al., 2007; Kader et al., 2022].

Recent field surveys in Kazakhstan have revealed strong regional and genotype-dependent variation
in tan spot development. In 2024, high disease incidence and severity were recorded in the Akmola region,
whereas several resistant lines were identified in the Kostanay region. Moderate disease pressure was recorded
in the Turkestan region of southern Kazakhstan, while several districts within the Almaty region experienced
extensive pathogen spread and elevated disease severity [Keishilov et al., 2025]. These findings emphasize
the importance of accurate field-based assessment of disease progression using integrative metrics such as
the Area Under the Disease Progress Curve (AUDPC), which summarizes disease development over time by
combining incidence and severity [Laribi et al., 2023]. These findings are important for the detection of re-
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sistant wheat germplasm and for improving strategies aimed at reducing disease impact | Phuke et al., 2020].

Traditional approaches for evaluating plant vigor and disease resistance are often labor-intensive,
prompting increased adoption of advanced phenotyping technologies to accelerate breeding efforts [Maulana
et al.,2020]. High-throughput phenotyping and remote sensing tools, including spectral reflectance indices
such as the NDVI, provide rapid and non-destructive evaluation of crop growth, biomass, and productivity, fa-
cilitating efficient identification of resistant genotypes [ Volpato et al., 2021; Beres et al., 2020; Rahman et al.,
2021]. These advanced phenomics technologies are engineered to capture comprehensive information about
plant development, biomass accumulation, structural characteristics, and photosynthetic performance across
numerous plants on a daily basis, delivering enhanced precision and minimized manual effort via automated
and remotely operated systems (John et al., 2023).

The effectiveness of QTL mapping and genome-wide association studies can be further enhanced by
integrating advanced statistical methods to identify stable resistance loci [Jin et al., 2020; Nguyen et al., 2025].
Molecular markers such as Xfcp623 and XBE444541 have proven effective in detecting allelic variants of the
Tsnl and Tsc2 genes associated with wheat responses to PtrToxA and PtrToxB toxins, confirming their role
in tan spot resistance [Kokhmetova et al., 2020; Kumarbayeva et al.,2022]. Overall, combining agronomic,
phytopathological, and molecular genetic evaluations provides a robust framework for identifying promising
wheat genotypes for breeding programs [Kumarbayeva et al.,2025].

The objective of this study was to conduct a comprehensive phytopathological assessment of tan spot
development and to perform a molecular analysis of wheat resistance to Pyrenophora tritici-repentis under the
conditions of South-East Kazakhstan.

Material and methods

The research methodology was based on an integrated approach that combined breeding, disease-as-
sessment, and molecular techniques. The study focused on promising wheat lines that are either currently
cultivated or proposed as candidate varieties for the agro-ecological conditions of South-Eastern Kazakhstan.

Field experiments were conducted in 2024 under the conditions of the Almaty region. The growing
season was characterized by a continental climate with alternating dry and moderately humid periods. The
spring period (April-May) was marked by elevated temperatures and limited precipitation, whereas at the
beginning of the summer period (June), episodic rainfall events were observed, creating favorable conditions
for the development of foliar diseases, including tan spot. The experiment was established under rainfed field
conditions (without artificial irrigation), ensuring a natural infection background. The experimental design
included plots with a row spacing of 30 cm; the area of each plot was 1 m?. The experiment was conducted
with three replications.

Field phytopathological assessments of Pyrenophora tritici-repentis (tan spot) were conducted by esti-
mating the percentage of leaf area affected by the disease. Disease severity was evaluated using the Saari and
Prescott scale (1975) [Saari et al.,1975], initially developed for septoria, with later modifications proposed by
O.Yu. Kremneva (2007) [Kremneva et al., 2007]. According to this scale, wheat genotypes were categorized
into the following resistance classes: 0 %—very high resistance; 1-5 %—high resistance; 620 %—resistant;
21-30 %—susceptible; 31-50 %—moderately susceptible; 51-80 %—highly susceptible; and 81-100 %—
very highly susceptible.

Disease development over time was quantified using the area under the disease progress curve (AUD-
PC), calculated according to the method described by Wilcoxson et al. (1974). This metric provides a robust
quantitative measure of disease dynamics and allows for a comprehensive comparison of resistance levels
among wheat genotypes.

n-1
AUDPC = Z % X (tisg — t)
i=1

where y; represents the mean infection coefficient at the i-th assessment, yi+1 is the mean infection
coefficient at the (i+1)-th assessment, (#+1 — #) denotes the time interval in days between two consecutive as-
sessments, and 7z corresponds to the total number of observations.

The PCR reaction was performed in a total volume of 25 pl, containing 2.5 pl of genomic DNA, 1 pl
of each primer (1 pM/ul) (SigmaAldrich, USA), 2.5 ul of ANTP mixture (2.5 mM each of dCTP, dGTP, dTTP,
and dATP) (ZAO Sileks, Russia), 2.5 pul of MgCl: (25 mM), 0.2 ul of Tag DNA polymerase (5 U/ul) (ZAO
Sileks, Russia), 2.5 pl of 10x PCR buffer, and 12.8 pl of double-distilled water (ddH-0O). PCR amplification
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was conducted using a Mastercycler thermal cycler (Eppendort, Germany). Amplitied products were resolved
by electrophoresis on a 2% agarose gel prepared in TBE buffer (45 mM Tris-borate, 1 mM EDTA, pH 8) with
the addition of ethidium bromide [Chen et al., 1998]. Fragment sizes were estimated using a 100-bp DNA
ladder (Fermentas, Lithuania). Visualization and documentation of PCR products were carried out using a Gel
Doc XR+ imaging system (BIO-RAD, Hercules, USA). Leaf tissue samples from all tested entries, including
two reference cultivars, were genotyped using the SSR marker Xfcp623, which is specific for identifying al-
lelic variants of the 7sn/ gene. Primer sequences and PCR cycling conditions were applied according to the
protocol described by Faris et al. (2010) [Faris et al., 2010]. This marker discriminates two allelic forms: a
380-bp amplicon corresponding to the dominant 7sn/ allele associated with sensitivity, and the absence of
amplification, corresponding to the recessive #sn/ allele associated with insensitivity to PtrToxA [Zhang et al.,
2009]. The primer sequences used for the Xfcp623 marker (5'-3") were: F — CTATTCGTAATCGTGCCTTC-
CG and R — CCTTCTCTCTCACCGCTATCTCATC.

The plant biomass index (NDVI, Normalized Difference Vegetation Index) was measured using a
portable GreenSeeker sensor (Trimble Navigation Limited, USA). NDVI values range from 0.00 to 1.00,
where higher readings reflect greater plant vigor and enhanced resistance to diseases [Chu et al., 2007]. The
GreenSeeker device functions by emitting short pulses of red and near-infrared light toward the crop canopy
and recording the reflected signals. Elevated NDVI values are typically associated with higher productivity,
improved disease tolerance, and lower nitrogen demand.

Statistical analysis was performed using Microsoft Excel. Mean values (Mean) and standard devia-
tion (SD) were calculated for all traits. Pearson’s correlation coefficient (r) was used to assess relationships
between NDVI, PTR, and AUDPC. Statistical significance was determined using p-values, with p < 0.05
considered significant.

Results.

Phytopathological screening and phenological observations of a wheat collection were carried out at
the adult plant stage under field conditions in the Almaty region. Phenological observations and evaluation
of wheat lines were performed based on the main yield components. Plant height showed a wide range of
variation, from 80 to 126 cm. Nineteen wheat accessions were classified as tall-growing, with plant heights
ranging from 115 to 126 cm. For the preliminary assessment of promising wheat lines, the plant biomass index
(NDVI) was measured. NDVI evaluation was conducted for 60 wheat lines. Significant variation in NDVI
values was observed depending on genotype origin as well as plant growth and developmental stages. NDVI
values among the 60 wheat samples ranged from 0.51 to 0.65 (Table 1).

The results of the field evaluation of resistance of different wheat lines to P. tritici-repentis were based
on three disease severity assessments and the calculation of the area under the disease progress curve (AUD-
PC). Of'the 60 tested samples, 33 lines exhibited complete resistance, showing immune reactions with AUDPC
values equal to 0, indicating the absence of pathogen infection. The remaining samples demonstrated varying
levels of susceptibility, with AUDPC values ranging from 88 to 455, reflecting the presence of both resistant
and susceptible genotypes. The promising line GF_20 CP showed the highest level of disease development,
with an AUDPC value of 455, indicating severe plant infection. Lines 634 SP2 (AUDPC = 368), GF 18 CP,
and GF_21 CP (AUDPC =350) also exhibited high susceptibility. Several lines, including 603 SP2 (AUDPC
=298), GF_5 CP (AUDPC = 315), 606_SP2, and GF 23 CP (AUDPC = 333), showed moderate levels of
infection, which may require attention in breeding programs. In contrast, promising lines such as 605 SP2,
633 SP2, GF 22 CP (AUDPC = 228), 612 _SP2, and 629 SP2 (AUDPC = 245) demonstrated low levels of
disease severity, indicating a certain degree of resistance. Overall, the results reveal a wide range of resistance
responses among the tested wheat lines to PTR, with some genotypes exhibiting high resistance and others
showing pronounced susceptibility (Table 1).

Correlation analysis revealed a moderate negative relationship between NDVI and PTR (r = -0.36, p
<0.01), suggesting that higher vegetation index values are associated with lower disease severity. In contrast,
a very strong positive correlation was observed between PTR and AUDPC (r = 0.998, p < 0.001), indicating
that both parameters consistently reflect disease progression (Table 1).

Table 1 — Genetic characterization and breeding evaluation of selected wheat lines in southeastern
Kazakhstan
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Sample name

Agronomic parameters

Field-based assessment

Daysto | Plant
heading | height

NDVI-1

NDVI-2

NDVI
avg.

SD

PTR-1 [PTR-2 PTR-3

PTR
avg.

SD

Presence
of a gene

F1d.1049 D.767 F5

(Naz x GF55) x Arap x
Arap, No.43/No.1107,
23-ICARDA-IPBB-2013
(Yr5)

221 108 0,81

0,67

0,74

0,0

0,0

tsnl

F4 (F1D.1302 D.95.SIL-
VERSTAR/4/338-K1-1//
ANB/BUC/3/GS50A/5/
TAM200/KAUZ x Naz)
x Naz, No.40/No.35,
Moro (Yr10)

214 105 0,77

0,61

0,69

0,0

0,0

Tsnl

1. F4 (F1D.1347
D.141.NGDA146/4/
YMH/TOB//MCD/3/
LIRA/5/F130L1.12/6/
GALLYA-ARALI1/7/
TAM200/KAUZ) x
Mereke, No.70/No.1103,
19-ICARDA-IPBB-2013

(Yr17)

217 106 0,77

0,56

0,67

10 20 35

21,7

12,6

298

tsnl

282/SP-2-2012 F7 (Naz
x GF66) x Ulugbek,
No.276, Triticum spelta
(Japan-2013), (Y75)

212 110 0,72

0,51

0, 62

0,0

0,0

tsnl

1677 D.1051 D.783 F5
(Naz x Immun78) x
Arap x Arap, No.290,
Clement (W; Yr9 + Yr2)

219 110 0,78

0,48

0,63

0,21

10 15 25

7,6

228

tsnl

F6 (D.1030 D.620 F4
Ulugbek x Yr4) x Mer-
eke, No.41, Bezostaya 1
(Yri8)

212 115 0,72

0,46

0,59

20 30 15

21,7

7,6

333

Tsnl

F4 (D.1008 (D.90 F3
(Almaly (225) x 5353
Super Kraws)) x Naz),
No.1103, ICAR-
DA-IPBB-2013 (Yr17)

213 126 0,71

0,52

0,62

10 15 20

5,0

210

Tsnl

F4 (D.1051 D.783 F5
(Naz x Immun78) x
Arap) x Arap, No.53,
Mereke (Yr10)

215 88 0,77

0,45

0,61

0,23

11,7

7,6

158

tsnl

F4(D.1010 (D.93 F3
(N23 x Kupava)) x
Mereke), No.293, Moro
(W; Yr10)

212 90 0,7

0,47

0,59

5,0

158

tsnl

10

D.1777 Darya x No.1724
F11581 x (D.807 F4
(Naz x Umanka) x Alm-
aly) X Zimorodok,
No.78 x D.42 Almaly/
No.29 Almaly

213 104 0,78

0,53

0,66

0,0

0,0

tsnl

D. Sabina x D.74 Palla-
da, No.57 Pallada

216 100 0,71

0,58

0, 65

0,0

Tsnl

12

D.1777 Darya x No.72
Tungysh x D.133 Darya,
No.68 Darya

219 115 0,72

0,47

0,6

10 15 30

10,4

245

tsnl

13

D.1286 D.79 (ARDEAL/
BOEMA//F135U2-1/5/
TX69A5092//BBY2/
FOX/3/PKL70/LIRA/4/
YMH/TOB//MCD/3/
LIRA x Naz) x D.367
Lapochkina 113/DO-4
DS (Sr46), No.379
Pavon 76 (Sr2, Ug99
complex)

216 95 0,74

0,49

0,62

10,0

210

tsnl
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14 |D.1300 D.93 (AUS 214 85 0,73 0,47 0,6 0 0 0 0
4930.7/2PAS-
TOR/4/338-K1-1//
ANB/BUC/3/GS50A/5/
TAM200/KAUZ x Naz)* 0,18 0,0 0,0 tsnl
x D.367 Lapochkina
113/DO-4 DS (Sr46),
No.366 RL 6099 (1995)
Dyck (Sr35, Ug99)

15 | D.No.23 x Kupava x 223 116 0,77 0,68 0,73 0 5 15 88
1774, D.23-ICARDA- 0,06 6,7 7,6 tsnl
IPBB-2013
16 | D.F5No.20 x Umanka |216 113 0,75 0,52 0, 64 5 10 20 158
x 1773, D.22-ICARDA- 0,16 11,7 |76 Tsnl
IPBB-2013
17 |D. No.23 x Kupava x 219 118 0,75 0,52 0,64 5 10 15 140
1773, D.22-ICARDA- 0,16 10,0 |50 Tonl
IPBB-2013
18 | D.179-KV-IPBBR-2012 |218 115 0,74 0,6 0,67 0 0 0 0
x D.1760, 9-ICAR- 0,10 0,0 0,0 tsnl
DA-IPBB-2013
19 | D.179-KV-IPBBR-2012 |216 122 0,77 0,58 0,68 10 20 30 280
x D.586 MA F7 Bermet 0,13 20,0 10,0 tsnl
x RWKLDN9
20 |1.D.1770 Ramin x 220 117 0,69 0,48 0,59 0 0 0 0
No.1736, F11594 (F1
D.1013 (D.97 F3 (N20
x Umanka) x Egemen)
x Brundage 96 x D.23
Brundage 96, APR)

21 | D.1777 Darya x No. 219 95 0,79 0,63 0,71 0 0 0 0
1724, F11581 x (D.807
F4 (Naz x Umanka) x 0,11 0,0 0,0 tsnl
Almaly) x Zimorodok,
No.78 x D.42 Almaly
22 | D.1777 Darya x No. 219 107 0,78 0,65 0,72 0 0 0 0
1737,F1 D.1014 (D.99
F3 (No.25 Madsen

x Cm.24) x Arap) x 0,09 0,0 0,0 tsnl
Brundage 96 (APR)
x D.23 Brundage 96
(APR)

23 | D.1772 Viza x No.42 213 112 0,78 0,63 0,71 0 0 0 0
Almaly x D.131 Viza 0,11 0.0 10.0 tsnl
24 | D.35-ICARDA- 213 103 0,84 0,61 0,73 0 0 0 0
IPBB-2013 x DYr9 0.16 00|00 sl
25 | D.845 F5 No.23 x Kupa- | 212 93 0,71 0,67 0,69 0 0 0 0
va x No.1659,
D.1030 D.620 F4 (Ulug- 0,03 0,0 0,0 tsnl
bek x Yr4 x Mereke x
197) (Yr15)

26 |D.1320 (D.113.338-K1 |212 118 0,7 0,58 0,64 10 15 30 245
1//ANB/BUC/3/
GS50A/4/TREGO/JGR
8W/5/TX69A5092//
BBY2/FOX/3/PKL70/ 0,08 18,3 1104 tsnl
LIRA/4/YMH/TOB//
MCD/3/LIRA) %
Tungushx D.323 (Sr27),
Coorong (Triticale)

27 | D.867 F5No.23/Kupa- |217 125 0,79 0,63 0,71 0 0 0 0
ve/22 x .74 Pallads 0.1 0.0 100 tsnl
28 | D.89 E-99 x No.270 215 110 0,78 0,61 0,7 0 0 0 0
RL 6088 (Sr40) x D.74 0,12 0,0 0,0 tsnl
Pallada
9 |F1d.1049 D.767 F5 221 108 0,81 0,67 0,74 0 0 0 0
(Naz x GF55) x Arap %
Arap, No.43/No.1107, 0,10 0,0 0,0 tsnl
23-ICARDA-IPBB-2013
(Yr5)

10 |F4 (F1D.1302 D.95.SIL- | 214 105 0,77 0,61 0,69 0 0 0 0
VERSTAR/4/338-K1-1//
ANB/BUC/3/GS50A/5/
TAM200/KAUZ x Naz)
x Naz, No.40/No.35,
Moro (Yr10)

0,15 0,0 0,0 tsnl

0,11 0,0 0,0 Tsnl




1. F4 (F1D.1347
D.141.NGDA146/4/
YMH/TOB//MCD/3/
LIRA/5/F130L1.12/6/
GALLYA-ARALI1/7/
TAM200/KAUZ) x
Mereke, No.70/No.1103,
19-ICARDA-IPBB-2013

(Yr17)

217

106

0,77

0,56

0,67

10

20

35

21,7

12,6

298

tsnl

12

282/SP-2-2012 F7 (Naz
x GF66) x Ulugbek,
No.276, Triticum spelta
(Japan-2013), (Y75)

212

110

0,72

0,51

0, 62

0,0

0,0

tsnl

13

1677 D.1051 D.783 F5
(Naz x Immun78) x
Arap x Arap, No.290,
Clement (W; Yr9 + Yr2)

219

110

0,78

0,48

0,63

0,21

10

25

7,6

228

tsnl

14

F6 (D.1030 D.620 F4
Ulugbek x Yr4) x Mer-
eke, No.41, Bezostaya 1
(Yr18)

212

115

0,72

0,46

0,59

20

30

15

21,7

7,6

333

Tsnl

15

F4 (D.1008 (D.90 F3
(Almaly (225) x 5353
Super Kraws)) x Naz),
No.1103, ICAR-
DA-IPBB-2013 (Yr17)

213

126

0,71

0,52

0,62

0,13

10

20

15,0

5,0

210

Tsnl

16

F4 (D.1051 D.783 F5
(Naz x Immun78) x
Arap) x Arap, No.53,
Mereke (Yr10)

215

88

0,77

0,45

0,61

0,23

20

11,7

7,6

158

tsnl

17

F4 (D.1010 (D.93 F3
(N23 x Kupava)) x
Mereke), No.293, Moro
(W; Yr10)

212

90

0,7

0,47

0,59

5,0

158

tsnl

D.1777 Darya x No.1724
F11581 x (D.807 F4
(Naz x Umanka) x Alm-
aly) x Zimorodok,
No.78 x D.42 Almaly/
No.29 Almaly

213

104

0,78

0,53

0,66

0,0

0,0

tsnl

19

D. Sabina x D.74 Palla-
da, No.57 Pallada

216

100

0,71

0,58

0, 65

0,09

0,0

0,0

Tsnl

20

D.1777 Darya x No.72
Tungysh x D.133 Darya,
No.68 Darya

219

115

0,72

0,47

0,6

0,18

10

30

18,3

10,4

245

tsnl

21

D.1286 D.79 (ARDEAL/
BOEMA//F135U2-1/5/
TX69A5092//BBY2/
FOX/3/PKL70/LIRA/4/
YMH/TOB//MCD/3/
LIRA x Naz) x D.367
Lapochkina 113/DO-4
DS (Sr46), No.379
Pavon 76 (Sr2, Ug99
complex)

216

95

0,74

0,49

0,62

25

10,0

210

tsnl

22

D.1300 D.93 (AUS
4930.7/2PAS-
TOR/4/338-K1-1//
ANB/BUC/3/GS50A/5/
TAM200/KAUZ x Naz)*
x D.367 Lapochkina
113/DO-4 DS (Sr46),
No.366 RL 6099 (1995)
Dyck (Sr35, Ug99)

214

85

0,73

0,47

0,6

0,0

0,0

tsnl

23

D.No.23 x Kupava %
1774, D.23-ICARDA-
IPBB-2013

223

116

0,77

0,68

0,73

15

6,7

7,6

88

tsnl

24

D. F5 No.20 x Umanka
% 1773, D.22-ICARDA-
IPBB-2013

216

113

0,75

0,52

0, 64

20

11,7

7,6

158

Tsnl

25

D. No.23 x Kupava x
1773, D.22-ICARDA-
IPBB-2013

219

118

0,75

0,52

0,64

15

5,0

140

Tsnl

26

D.179-KV-IPBBR-2012
x D.1760, 9-ICAR-
DA-IPBB-2013

218

115

0,74

0,6

0,67

0,0

tsnl




27 | D.179-KV-IPBBR-2012 |[216 122 0,77 0,58 0,68 10 20 30 280
x D.586 MA F7 Bermet 0,13 20,0 |10,0 tsnl
x RWKLDN9

28 | 1.D.1770 Ramin x 220 117 0,69 0,48 0,59 0 0 0 0
No.1736, F11594 (F1
D.1013 (D.97 F3 (N20
x Umanka) x Egemen)
x Brundage 96 x D.23
Brundage 96, APR)

29 | D.1134(TAM200)3| 216 123 0,77 0,62 0,7 5 20 35 280
F60314.76 MRL||C

NO79/4/84.40 (Turkey)x 0.11 200 15,0 Tl
Tungush x D.72 Tungysh
30 |D.1320 213 113 0,67 0,64 0,66 10 15 25 228
(D.113.338-K11//ANB/
BUC/3/GS50A/4/
TREGO/JGR 8W/5/
TX69A5092//BBY2/ 0,02 16,7 17,6 Tsnl
FOX/3/PKL70/LIRA/4/
YMH/TOB//MCD/3/
LIRA) x Tungushx D.72
Tungysh

31 |D.1214 217 112 0,78 0,56 0,67 15 25 40 368
D.5(MV102000/4/AGRI/
NAC//KAUZ/3/1D13.1/ 0,16 26,7 12,6 Tsnl
MLT) x Tungush x D.71
Egemen

32 | D.11 Fielder x No.269 212 100 0,71 0,48 0,56 0 0 0 0
RL6082 (Sr39) x D.88 0,16 0,0 0,0 Tsnl
E-60
33 | D.867 x No.1657, 212 124 0,73 0,57 0,65 0 0 0 0
D.1027 x Egemen X 0,11 0,0 0,0 tsnl
D.71 Egemen
34 |F1D.1302 D.95 (SIL- 214 122 0,75 0,54 0,65 0 0 0 0
VERSTAR/4/338-K1-1//
ANB/BUC/3/GS50A/5/
TAM200/KAUZ) x Naz
x Naz No.40 x D.345
T.mono.deriv.

35 |D(1231D.22 213 90 0,73 0,38 0,56 0 0 0 0
(KALYOZ-18//8229/
OK81306/4/AGRI/
NAC//KAUZ/3/1D13.1/
MLT x Egemen)

0,15 0,0 0,0 tsnl

0,15 0,0 0,0 tsnl

0,25 0,0 0,0 Tsnl

x D.271 W2691*2/
Khapstein

36 |D.1055 (DIA- 213 124 0,77 0,58 0,68 0 0 0 0
MONDBIRD/GAL-
LYA-ARALI1//TAM200/ 0,13 0,0 0,0 tsnl
KAUZ) x D.305
Roughrider

37 | D.1046(DALNITS- 219 85 0,79 0,66 0,73 0 0 0 0
KAYA/4/AGRI/NAC//
KAUZ/3/1D13.1/MLT/5/
F10S-1//ATAY/GAL-
VEZ87) x No.1740, F1
D.1017 D.103 F3 (N91

x 5353) x Buck Buck
(Lrl16, slow rust.); <Sr
according to Rsaliev),
No.234 x D.306 Sisson
38 | D.No.23 x Kupava x 219 83 0,82 0,67 0,75 0 0 0 0
1773, D.22-ICARDA- 0,11 00 |00 tsnl
IPBB-2013

39 I;r.][;llAGEC-UXD. 215 105 0,79 0,53 0,66 0.18 0 0 0 0.0 0.0 0 Tanl

40 |D.1768 Opgx-70 x 217 115 0,83 0,7 0,77 0.09 10 20 30 200 [10.0 280 wsnl
D.307 Fleming

41 |D.897 F5 (No. 25 Mad- | 222 90 0,81 0,47 0,64 10 30 20 315
sen x Almaly) x No.254
GENARO 81 (Lr26, + 0,24 20,0 10,0 tsnl
slow rusting) x D.42
Almaly

0,09 0,0 0,0 tsnl




42 | F5D.1046 (DALNITS- |223 115 0,82 0,72 0,77 0 0 0 0
KAYA/4/AGRI/NAC//
KAUZ/3/1D13.1/MLT/5/ 0,07 0,0 0,0 tsnl
F10S-1//ATAY/GAL-
VEZ87) x D.303 Amigo
43 | F1(D.845 F5 No.23 x 216 126 0,78 0,72 0,75 0 0 0 0
Kupava x No.1654,
D.1022 (D.108 F3
(Babakh 1 (5351) x 133-
3-2006) x Arap) x D.40
Arap), No.43 Arap
44 |D.F1D.1286 D.79 227 80 0,78 0,5 0,64 0 0 0 0
(ARDEAL/BOE-
MA//F135U2-1/5/
TX69A5092//BBY2/
FOX/3/PKL70/LIRA/4/ 0,20 0,0 0,0 tsnl
YMH/TOB//MCD/3/
LIRA x Naz) x Naz,
No.40 x 296 W2691
SrTt-1 C1 17385
45 |F1D.1031 D.628 F4 216 105 0,77 0,63 0,7 0 0 0 0
(Naz x Obriy) Kupava
x Kalyansona (¥72), 0,10 0,0 0,0 tsnl
No.171 x D.48 Ulugbek
600
46 | D.72 Tungysh x D.23 216 111 0,79 0,54 0,67 0 0 0 0
Brundage 96 (APR) 0,18 0,0 0,0 tsnl
47 | D.23 Brundage 96 214 126 0,76 0,6 0,68 0 0 0 0
(APR) x No0.40 Naz x 0,11 0,0 0,0 tsnl
D.70 Mereke
48 | F3587 Morocco x No.41 [218 96 0,79 0,61 0,7 0 0 0 0
Oktyabrina x D.46 0,13 0,0 0,0 Tsnl
Knyazhna
49 |25-ICARDA-IPBB-2013 | 213 105 0,78 0,56 0,67 0 0 0 0
x D.588 MA F7 Bermet 0,16 0,0 0,0 tsnl
x RWKLDN9
50 |UITAGEC-10 x D.46 219 110 0,77 0,62 0,7 10 25 15 262,5
Knyazhna

51 |D.1770 Ramin x No.42 |219 101 0,76 0,55 0,66 0.15 0 0 0 0.0 0.0 0 Tnl
Almaly

52 | D.36 Toma x 57 Akmola | 213 117 0,74 0,47 0,61 0,19 |10 20 30 20,0 |10,0]0 Tsnl
53 | F6 Sanzar X Arap 215 101 0,72 0,47 0,6 0,18 |10 25 40 25,0 |15,0]280 Tsnl

54 | 1060 D.5353 215 104 0,65 0,44 0,55 20 40 30 350
[(CWARTN) Super
KAUZ (Lr26, Lr34)] 0,15 30,0 10,0 tsnl
x D.1017 F7 (Yr15 %
Yuzhnaya-12)

55 |587 Mo?occoXNo.Bl 215 108 0,67 0,35 0,51 023 10 30 30 233 |15 0 sl
Steklovidnaya 24

56 | 1138 D.906 F5 (Almaly |215 107 [0.68 0,41 0,55 10 15 25 455
X 29266) x D.5357

(CWARTN) Pastor (L3, 0,19 16,7176 tsnl
Lr10, Lr23 +S1.Rust.)

57 | F8 Bermet x MK 3797 |214 108 0,74 0,49 0,62 0,18 |10 25 35 233 12,6350 tsnl

58 |FS5 Almaly x Umanka/l | 215 112 [o71 0,48 0,6 0 0 0 227,5
(Lr29 — 900 bp; Lr29 0,16 00 |00 Tnl
FI8/R18)

59 z;gggula5355x293 221 112 0,79 0,6 0,7 0.13 10 15 15 133 |29 332,5

60 |D.1034 D.659 F4 Arap x | 221 107 0,8 0,63 0,72 0.12 10 25 15 167 |7.6 0 sl
Yr26 x Yrym

P-value r=-0.36, p < 0.01 =0,9976, p < 0,001

Figure 1 shows PCR amplification profiles of wheat genotypes generated with the Xfcp623 marker
associated with the Tsnl/tsnl locus governing sensitivity or insensitivity to the PtrToxA toxin produced by P,
tritici-repentis. The diagnostic amplicon is approximately 380 base pairs (bp).

Under the adopted scoring scheme, the presence of the 380 bp fragment indicates the dominant 7sn/
allele (PtrToxA-sensitive), whereas the absence of the diagnostic band indicates the recessive #sn/ allele (Ptr-
ToxA-insensitive). Accordingly, the recessive #sn/ allele (no band) was identified in samples 2, 5, 9, 10, 11,
12,15, 16, and 17, while samples 1, 3,4, 6, 7, 8, 13, and 14 displayed the 380 bp fragment and were classified
as carriers of the 7sn/ allele.

The susceptible check Glenlea (lane 18) produced the expected 380 bp (7sn/), whereas the resistant/

0,04 0,0 0,0 tsnl

Tsnl

Tsnl
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msensitive check dalamount (lane 19) showed no amplitication product (fsn/), supporting the reliability of
allele calling. Lane M contains the molecular weight marker (GeneRuler 100 bp DNA Ladder).

350 mH

1 — F3587 MoroccoxNo.41 OktyabrinaxD.46 Knyazhna; 2 — 25-icarda-ipbb-2013xd.588 ma f7 bermetxrwkldn9; 3 — UI1AGEC-
10xD.46 Knyazhna; 4 — D.1770 RaminxNo.42 Almaly; 5 — D.No. 23xKupavax1773, D.22-ICARDA-IPBB-2013; 6 — D.36 Tomax57 Akmola;
7 —F6 SanzarxArap; 8 — D. UI1TAGEC-17xD. Yr18; 9 — 1060 D.5353 [(CWARTN) Super KAUZ (Lr26, Lr34)]xD.1017 F7 (Yrl5xYuzhnaya-12);
10 — 587 MoroccoxNo.31 Steklovidnaya 24; 11 — 1138 D.906 F5 (Almalyx29266)xD.5357 (CWARTN) Pastor (Lr3, Lr10, Lr23 +S1.Rust.); 12
—F8 BermetxMK 3797; 13 — F5 AlmalyxUmanka/1 (Lr29 — 900 bp; Lr29F18/R18); 14 — F5 Parula 5355%293 a.2006; 15 — D.1034 D.659 F4 Ara-
pxYr26xYrym;16-D.1055 (DIAMONDBIRD/GALLYA-ARAL1//TAM200/KAUZ)xD.305Roughrider; 17 D.1046 (DALNITSKAYA/4/AGRI/
NAC//KAUZ/3/1D13.1/MLT/5/F10S-1//ATAY/GALVEZ87)*No.1740,F1D.1017D.103F3 (N91x5353)xBuckBuck(Lr/6,slowrust.); <Sraccord-
ingto Rsaliev), No0.234xD.306 Sisson; 18 - Glenlea (negative control); 19 - Salamouni (positive control); M -molecular weight marker (Gene
Ruler 100bp DNA Ladder)

Fig. 1. PCR amplification profiles of wheat genotypes using the Xfcp623 marker for detection of the zsn/ allele associated with Ptr-
ToxA insensitivity

Results of molecular screening using the Xfcp623 marker revealed a high frequency of the zsn/ allele
among the analyzed wheat genotypes (Table 1). Of the 60 genotypes evaluated, 41 lines carried the recessive
tsnl allele associated with insensitivity to the PtrToxA toxin, accounting for 70.0 % of the studied material.
These genotypes were predominantly characterized by low disease severity scores across three field assess-
ments (PTR-1-PTR-3) and low AUDPC values, indicating reduced disease development and enhanced field
resistance to P. tritici-repentis. In contrast, genotypes carrying the dominant 7sn/ allele generally exhibited
higher disease severity and increased AUDPC values.

The distribution histograms of the biomass index (NDVI), mean field value of Pyrenophora tritici
(PTR), plant height, and area under the disease development curve (AUDPC) are shown in Figure 2. The
histograms reflect the variability of key agronomic traits and resistance indicators among the studied wheat
genotypes. NDVI and plant height values are characterized by a relatively normal distribution, while PTR and
AUDPC indicators exhibit an asymmetric distribution with a predominance of genotypes with low and mod-
erate infestation, indicating the presence of forms with increased resistance to P. tritici-repentis.
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Fig. 2. Distribution of agronomic traits and resistance indicators of wheat genotypes

A comprehensive field study was conducted in South-East Kazakhstan to evaluate wheat genotypes at
the adult plant stage through phytopathological screening, phenological observations, and molecular analysis.
Sixty wheat lines and lines were assessed for key agronomic traits, including plant height and biomass index
(NDVI), as well as for resistance to P. tritici-repentis using multiple field evaluations and AUDPC calcula-
tions. Disease responses ranged from complete resistance to high susceptibility, allowing the identification of
contrasting genotypes. In parallel, molecular screening with the Xfcp623 marker was used to detect the Tsn1/
tsnl alleles associated with sensitivity or insensitivity to the PtrToxA toxin, revealing a high frequency of the
resistant ¢sn/ allele. Integration of phenotypic, phytopathological, and molecular data demonstrated substan-
tial variability among genotypes and enabled the identification of wheat lines with enhanced resistance and
favorable agronomic performance.

Discussion.

Screening using the Xfcp623F/Xfcp623R primers demonstrated that race 3, producing the PtrToxC
toxin, predominates in the Pyrenophora tritici-repentis population in the Tambov region, whereas races pro-
ducing PtrToxA occur less frequently. At the same time, the studied winter bread wheat cultivars carrying the
recessive tsnl allele exhibited high resistance to the PtrToxA toxin and can serve as a valuable source material
for breeding resistant forms (Kovalenko et al., 2023). Our studies conducted under the agroclimatic conditions
of South-Eastern Kazakhstan are consistent with these findings and confirm the high efficiency of the molecu-
lar marker Xfcp623 in identifying allelic variants of the 7snl/tsnl locus, which controls the response of wheat
plants to the phytotoxin PtrToxA produced by P. tritici-repentis.

Assessment of resistance in winter and spring bread wheat (7riticum aestivum L.) cultivars and the
identification of dominant (7sn/) and recessive (tsnl) alleles in plants cultivated in the Lower Volga region
showed that a considerable proportion of genotypes exhibited resistance to Pyrenophora tritici-repentis,
whereas only 15 % demonstrated moderate resistance to Bipolaris sorokiniana. At the same time, genotypes
carrying the recessive tsn/ allele, which confers insensitivity to the PtrToxA toxin, were identified and repre-
sent valuable material for breeding programs (Konkova et al., 2023). In agreement with our results, 70 % of
the studied wheat genotypes were carriers of the recessive zsn/ allele associated with resistance to PtrToxA.

Field experiments conducted in 20162017 across two climatic zones of south-eastern Australia
demonstrated that increased severity of tan spot (Pyrenophora tritici-repentis) in wheat cultivars leads to
reduced yield and deterioration of grain quality. Disease severity parameters (%LAA and AUDPC) showed a
negative correlation with yield and grain output (Cook et al., 2024).

However, in our data, genotypes carrying the tsn/ allele consistently exhibited lower disease severity
and reduced AUDPC values. Disease-related parameters (PTR and AUDPC) displayed a skewed distribution
toward lower values, indicating a high frequency of resistant genotypes within the studied collection.



Conclusion.

This comprehensive study successfully integrated molecular marker analysis with extensive field eval-
uations to characterize wheat genotype responses to Pyrenophora tritici-repentis infection in South-East Ka-
zakhstan. The molecular screening using the Xfcp623 marker proved highly effective in identifying allelic
variants at the 7sni/tsnl locus, with clear discrimination between PtrToxA-sensitive (7sn/) and insensitive
(tsnl) genotypes based on the presence or absence of the diagnostic 380 bp amplicon.

The results revealed a promising genetic landscape for tan spot resistance, with 70 % of the evaluated
wheat genotypes carrying the recessive tsn/ allele associated with PtrTox A insensitivity. This high frequency
of resistance alleles suggests favorable genetic potential within the studied germplasm for developing tan
spot-resistant varieties. The strong correlation between molecular marker profiles and field resistance pheno-
types validates the reliability of marker-assisted selection approaches for this trait, as evidenced by the concor-
dant results between susceptible check Glenlea (75n1-positive) and resistant check Salamouni (zsn/-positive).

Field evaluation data demonstrated clear phenotypic differentiation among genotypes, with #sn/ carri-
ers consistently exhibiting lower disease severity scores and reduced AUDPC values across multiple assess-
ment periods. The distribution patterns observed in agronomic traits (NDVI and plant height) showed rela-
tively normal distributions, while disease-related parameters (PTR scores and AUDPC) displayed asymmetric
distributions skewed toward lower values, further confirming the predominance of resistant genotypes within
the collection.
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