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Abstract 

Zymoseptoria tritici, the causal agent of Septoria tritici blotch (STB), poses a major threat to wheat production in tem-
perate regions worldwide. This study aimed to determine the distribution of 15 known Stb resistance genes in 60 
bread wheat cultivars from Serbia, Croatia, France, Italy, Romania, Hungary, and Mexico using validated gene-specific 
simple sequence repeat (SSR) markers. Genomic DNA was extracted from 35-day-old seedlings and subjected to PCR 
amplification using 15 Stb-linked SSR markers. The presence of target alleles was confirmed via 2% agarose gel 
electrophoresis. Results showed that Stb1 was present in all genotypes (60/60 = 100%), highlighting its widespread 
use. The 44.1% (60/136) gene detection rate was recorded for Stb1; in contrast, Stb9 and Stb16 were not amplified 
in any sample, suggesting their absence within the evaluated germplasm. Other frequently detected genes included 
Stb12 (33.3%), Stb14 (23.3%), and Stb4 (15%). Genes like Stb2, Stb3, and Stb6 were identified in only 5%, 5%, and 3.3% 
of genotypes, respectively. The French cultivar ‘Falado’ possessed the highest number of resistance genes (7), followed 
by ‘Cellule’, ‘Solindo’, ‘Sofolk’, and Serbian cultivars ‘NS Epoha’ and ‘NS Grivna’ with five genes each. These results support 
gene pyramiding as a strategy for durable resistance. In conclusion, while Stb1 remains predominant, the lack of diver-
sity increases vulnerability to resistance breakdown. Underutilized genes such as Stb6, Stb8, and Stb17 offer potential 
for future resistance breeding. The study emphasizes integrating SSR-based screening with advanced tools like GWAS 
and functional genomics to enhance marker-assisted selection and promote sustainable wheat improvement.
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Background
The optimal temperature for wheat growth and devel-
opment ranges between 10°C and 24°C. Tempera-
ture requirements vary across different developmental 
phases, from germination and early growth to heading 
and flowering (Wang et  al. 2022). Porter and Gawith 
(1999) reviewed approximately 65 studies to determine 
the mean minimum and maximum lethal temperatures, 
as well as the base and optimal temperatures for leaf ini-
tiation, shoot growth, and various phenological phases. 
Wheat exhibits a lethal low temperature of −17.2°C and 
a lethal high temperature of 47.5°C. The optimal tem-
perature during the vegetative stage ranges from 17°C to 
23°C, with a minimum of 0°C and a maximum of 37°C, 
beyond which growth ceases. Favorable temperatures 
for leaf initiation, shoot growth, and root development 
are 22°C, 20.3°C, and below 16.3°C, respectively. As a C3 
plant, wheat has a notable ability to adjust its photosyn-
thetic capacity in response to rising temperatures. How-
ever, despite this adaptive potential, high temperatures 
can still negatively impact wheat growth and develop-
ment by altering metabolic processes (Cai et al. 2020; Yan 
et al. 2025). Wheat water requirements depend on several 
factors, including soil type, water table depth, geographi-
cal location, cultivar, and planting date. Generally, wheat 
needs 300–450 mm of water to complete its life cycle (Ali 
and Akmal 2022). To achieve maximum grain yield under 
full irrigation, the evapotranspiration requirement ranges 
from 700 to 950 mm (You et al. 2022). Under water-def-
icit conditions, photosynthetic activity is significantly 
reduced, often leading to irreversible tissue damage 
(Asseng et al. 2011).

Cereal pathogens play a pivotal role in agroecosystems 
by impairing wheat health and significantly reducing crop 
yield (Šućur et al. 2025; Yao et al. 2025). The development 
and spread of wheat diseases are intricately linked to a 
range of environmental variables, including temperature, 
relative humidity, atmospheric CO₂ levels, wind dynam-
ics, and their complex interactions (Shang et  al. 2018; 
Wang et  al. 2022; Yao et  al. 2025; Tatar et  al. 2025). Z. 
tritici, the causal agent of Septoria tritici blotch (STB), 
thrives under moderate thermal conditions coupled with 
alternating wet and dry periods, which promote its spor-
ulation. The onset and intensity of epidemics, particularly 
during late spring and early summer, are largely driven by 
the production of pycnidiospores on infected wheat tis-
sues (Cordo et al. 2005, 2017; Duvivier et al. 2013). Mois-
ture is a critical requirement for the successful infection 
process of Z. tritici (Shaw et  al. 2008). According to 
Gafencu et  al. (2020), rainfall events exceeding 10  mm 
within 24  h, or cumulative precipitation surpassing 
10  mm over three consecutive days, markedly enhance 
the likelihood of disease outbreaks.

STB, a foliar disease induced by the ascomycete fungus 
Z. tritici (formerly Mycosphaerella graminicola, anamo-
rph Septoria tritici), poses a substantial threat to wheat 
grain yields by compromising photosynthetic capacity 
and accelerating leaf senescence. The disease is char-
acterized by small chlorotic spots on young leaves that, 
over time, become larger and necrotic, containing black 
or brown pycnidia. Because of pycnidiospores’ tendency 
to splash-disperse, the disease spreads easily, infecting 
the plant and developing STB (Suarez‐Fernandez and De 
Francesco 2024; Patial et al. 2024). The pathogen under-
goes a biphasic life cycle, initiating with an asymptomatic 
latent phase followed by a necrotrophic phase character-
ized by host tissue degradation and visible disease symp-
toms (Kokhmetova et al. 2024). As a direct consequence 
of chlorotic and necrotic blotches, there is a reduction in 
photosynthesis, which leads to a decrease in the wheat 
grain yield up to 50%. In addition to the quantitative loss, 
a significant decrease in bread-making quality has also 
been observed (Patial et al. 2024; Thauvin et al. 2024).

As a leading foliar disease of wheat, Z. tritici pre-
dominantly proliferates in temperate climates, posing 
a significant challenge across European wheat-growing 
areas. It favors humid conditions, which in Europe often 
occur in northern France, Germany, and the United 
Kingdom (Fones and Gurr 2015). Serbia is located in 
the southeastern part of the Pannonian Basin, where a 
semiarid climate prevails. This area experiences a wide 
range of climatic conditions within and between grow-
ing seasons, spatially and temporally (Mladenov et  al. 
2012). There is limited information available on the sta-
tus of STB in Serbian wheat genotypes and, more gen-
erally, on the importance of this disease in the Balkans. 
Jevtić et  al. (2017) reported that the durum wheat vari-
ety Durumko showed increased susceptibility to Septo-
ria tritici blotch under the agroecological conditions of 
Serbia, with average yield losses of 10%. They consider 
that the yield loss is due to low disease pressure and the 
occurrence of STB, with an average disease index of 17%. 
During 2006, the disease index reached 51% and caused 
a loss of 20%. There are two types of resistance to Z. 
tritici: qualitative (specific for the isolate) and quantita-
tive (non-specific for the isolate). The number of genes 
responsible for pathogen resistance varies by source. 
Kumar et  al. (2025) reported that 24 resistance genes 
have been identified in wheat for STB resistance to date, 
including 12 non-isolate-specific and 12 isolate-specific 
genes. Recent studies have identified a substantial num-
ber of qualitative resistance genes conferring defense 
against Z. tritici, with Kokhmetova et  al. (2024) report-
ing 21 major genes (Stb1 to Stb18, StbSm3, StbWW, and 
TmStb1) distributed across 14 chromosomes in the wheat 
genome. In contrast, Patial et al. (2024) expanded this list 
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to 23 resistance loci, encompassing Stb1-Stb20, StbSm3, 
StbWW, and TmStb1. Notably, two of these genes, Stb6 
and Stb18q, have been successfully cloned and character-
ized, encoding a wall-associated kinase-like receptor and 
a plasma membrane-localized cysteine-rich receptor-like 
kinase, respectively. Although these genes play significant 
roles in cultivar-specific resistance, their effectiveness 
remains isolate-dependent, with no single gene offer-
ing universal protection against all virulent strains of the 
pathogen. While some genes have been present in com-
mercial varieties (Stb6), others were introduced recently, 
across a limited range of wheat genotypes (Suffert et al. 
2024). Stb6 is one of the better-described genes in wheat 
towards STB. Stb6-based resistance fits the gene-for-gene 
hypothesis, in which avirulent Z. tritici isolates carry the 
AvrStb6 gene (Goodwin et al. 2011). In the USA, the Stb1 
gene provides long-term resistance to Z. tritici, while 
Stb4 was effective for about 15 years, and then started to 
lose the resistance (Jackson et  al. 2000). Another inter-
esting gene is Stb16q because it provides wide-spectrum 
resistance at the seedling stage, with no resistance-break-
ing Z. tritici isolates found so far. This gene originated in 
the diploid wild wheat species Aegilops tauschii, which 
was introduced into synthetic hexaploid wheat during 
hybridization (Tabib Ghaffary et  al. 2012; Kettles and 
Kanyuka 2016).

Current strategies for managing STB involve chemi-
cal fungicides, genetically resistant wheat varieties, and 
various cultural practices from both traditional and inno-
vative farming systems. Genetically resistant wheat culti-
vars have been developed, with several resistance genes 
identified, paving the way for breeding STB-resistant 
varieties. Field trials with cultivar mixtures have shown 
reduced disease severity compared to monoculture 
crops. However, resistance alone is insufficient for long-
term control, as Z. tritici can overcome wheat resistance 
due to its genomic plasticity and mobility. Integrated 
disease management, combining multiple resistance 
sources and control measures, is essential. Fungicide 
use adds costs, but strategies, such as cultivating resist-
ant varieties and crop rotation, offer more sustainable, 
cost-effective alternatives. Identifying sources of minor-
to-moderate resistance genes can help develop durable 
wheat varieties. Traditional breeding is slow, but marker-
assisted selection (MAS) speeds up the process, enhanc-
ing accuracy in developing resistant cultivars, especially 
wheat (Mladenov et  al. 2019; Suarez‐Fernandez and De 
Francesco 2024; Kokhmetova et al. 2024; Altaf et al. 2024; 
Kristoffersen et al. 2022; Yang et al. 2022; Mortazavi et al. 
2025).

Considering that there are not many studies on STB in 
Serbian wheat varieties, and that in the last decades the 
disease has become more prevalent in fields in the Balkan 

region, we conducted a study on the Stb gene status in 
Serbian and other European wheat genotypes (commonly 
used in wheat production in Serbia). This study will help 
breeders and researchers select wheat material that car-
ries desirable resistance genes and use it for the selection 
and creation of new resistant varieties.

Results
For the detection of fifteen Septoria tritici blotch (Stb) 
resistance genes (Stb1, Stb2, Stb3, Stb4, Stb5, Stb6, Stb7, 
Stb8, Stb9, Stb11, Stb12, Stb13, Stb14, Stb16, and Stb17), 
we employed fifteen gene-specific SSR markers across 60 
bread wheat cultivars originating from 7 different coun-
tries. The target genes were identified by analyzing PCR 
products on 2% agarose gel, yielding fragment sizes of 
175, 117, 160, 206, 178, 184, 197, 204, 174, 139, 260, 146, 
192, 218, and 259 bp, respectively.

Genotype‑wise detection of resistance genes
Among the 136 successfully amplified gene fragments, 
the French cultivar Falado exhibited the highest resist-
ance potential, harboring seven of the fifteen Stb genes. 
Five cultivars, three French (Cellule, Sofolk, Solindo), and 
two Serbian (NS Epoha and NS Grivna), each carried 
five resistance genes. Fifteen genotypes contained three 
resistance genes, while twenty and nineteen cultivars 
possessed two and one Stb gene(s), respectively. Among 
all screened genes, Stb1 showed the highest frequency, 
with a detection rate of 44.1% across all genotypes 
(Fig. 1). The occurrence of other Stb genes was consider-
ably lower (Fig. 2): Stb2 and Stb3 (2.2%), Stb4 (6.6%), Stb5 
(5.1%), Stb6 (1.5%), Stb7 (4.4%), Stb8 (0.7%), Stb9 (0%), 
Stb11 (4.4%), Stb12 (14.7%), Stb13 (2.2%), Stb14 (10.3%), 
Stb16 (0%), and Stb17 (1.5%). These results indicate that 
Stb1 is the most prevalent resistance gene within the 
studied germplasm, while the remaining genes occur at 
much lower frequencies, reflecting the uneven distribu-
tion of Stb loci among European bread wheat cultivars.

The detection rate of the Stb genes ranged from 0 
to 100%. The most prevalent gene was Stb1, which 
was successfully amplified in all analyzed genotypes 
(60/60 = 100%). The 44.1% (60/136) gene detection rate 
was recorded for Stb1; in contrast, Stb9 and Stb16 were 
not amplified in any sample, suggesting their absence 
within the evaluated germplasm. The second most fre-
quently detected gene was Stb12, present in 20 culti-
vars (33.3%), followed by Stb14 (23.3%), Stb4 (15%), Stb5 
(11.6%), Stb7 (10%), and Stb11 (10%). The remaining 
genes were occurred at relatively low frequencies: Stb2, 
Stb3, Stb13 (5% each), Stb6 and Stb17 (3.3% each), and 
Stb8 (1.6%).
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PCR amplification results for Stb genes
Using the barc74 marker, all sixty analyzed cultivars 
exhibited successful amplification, confirming the pres-
ence of the Stb1 gene across the entire panel. PCR-based 

screening for Stb2 revealed that only three showed a pos-
itive band at 117 bp (Table 1, Fig. 3). Similarly, the Stb3 
gene was detected in three genotypes (Sofolk, Solindo, 
and NS Epoha). In contrast, Stb4 was more common, 
identified in nine cultivars (Cellule, Sofolk, Solindo, 
Eswyt, Sawyt 47, Quattrona, NS Lenija, NS Epoha, and 
PKB Pahuljica). Stb5 was present in two French cultivars 
(Sofolk, Solveig) and five Serbian cultivars (NS Epoha, 
NS Grivna, BG Ikona, BG Logika, and Bisenija). A very 
low amplification rate was observed for Stb6, detected in 
only two genotypes (BG Converta and BG Flexa). Screen-
ing for Stb7 using the gwm313 primer showed positive 
amplification in six cultivars (Falado, Cellule, KWS Mar-
vel, Sonahine, KWS Criterium, and KWS Feria), repre-
senting 4.4% of the analyzed population.

Only one genotype, the French cultivar Falado, carried 
the Stb8 gene. Screening for Stb11 using the gene-specific 
marker barc137 yielded positive amplification in six cul-
tivars, predominantly of French and Serbian origin. Fol-
lowing Stb1, which was ubiquitous across all genotypes, 
Stb12 was the second most frequent gene, detected in 20 
of the 60 cultivars. The Stb13 gene was identified exclu-
sively in three Italian cultivars (Katou, Apsov Katon, 
and Marinello). The wmc623 marker detected Stb14 in 
14 wheat genotypes, yielding a detection rate of 10.3%. 
Finally, Stb17 was amplified in only two Serbian cultivars 

Fig. 1  Results display of all 15 Stb resistance genes

Fig. 2  Percentage share of 136 detected genes in bread wheat 
genotypes
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Table 1  Results of molecular analysis of 60 bread wheat genotypes for Stb resistance, where ˈ + ̍  indicates positive amplification while 
ˈ−ˈindicates absence of the Stb gene

Genotype Stb1 Stb2 Stb3 Stb4 Stb5 Stb6 Stb7 Stb8 Stb9 Stb
11

Stb
12

Stb
13

Stb
14

Stb
16

Stb
17

1 Falado  +   +  − − − −  +   +  −  +   +  −  +  − −

2 Cellule  +  − −  +  − −  +  − − −  +  −  +  − −

3 KWS Marvel  +  − − − − −  +  − −  +  − − − − −

4 Osmose  +  − − − − − − − − − − − − − −

5 Sonahine  +  − − − − −  +  − − − − − − − −

6 KWS Criterium  +  − − − − −  +  − −  +  − − − − −

7 KWS Feria  +   +  − − − −  +  − − − − − − − −

8 Sofolk  +   +   +   +   +  − − − − − − − − − −

9 Solveig  +  − − −  +  − − − − −  +  − − − −

10 Solindo  +  −  +   +  − − − − − −  +  −  +  − −

11 Centurion  +  − − − − − − − − − − −  +  − −

12 Sofru  +  − − − − − − − − −  +  − − − −

13 Sothys  +  − − − − − − − − − − − − − −

14 LG Aigle  +  − − − − − − − − − − − − − −

15 Sosthene  +  − − − − − − − − − − − − − −

16 Solenzara CS  +  − − − − − − − − − − − − − −

17 Providence  +  − − − − − − − − − − − − − −−

18 LG Airbus  +  − − − − − − − − − − − − − −

19 Presnatce  +  − − − − − − − − − − −  +  − −

20 LG Anapurna  +  − − − − − − − − − − −  +  − −

21 Nogal  +  − − − − − − − − − − − − − −

22 Alhambra  +  − − −− − − − − − − − − − − −

23 LG Alcantara  +  − − − − − − − − − − − − − −

24 Winner  +  − − − − − − − − − − − − − −

25 KWS Modern  +  − − − − − − − − − − − − − −

26 BC Lorena  +  − − − − − − − − −  +  − − − −

27 Renan  +  − − − − − − − − − − − − − −

28 BC Bernarda  +  − − − − − − − − −  +  −  +  − −

29 BC Anica  +  − − − − − − − − − − −  +  − −

30 BC Darija  +  − − − − − − − − −  +  −  +  − −

31 BC Opsesija  +  − − − − − − − − − − − − − −

32 BC Ljepotica  +  − − − − − − − − − − − − − −

33 Katou  +  − − − − − − − − −  +   +  − − −

34 Apsov Katon  +  − − − − − − − − −  +   +  − − −

35 Marinello  +  − − − − − − − − − −  +  − − −

36 Algeri  +  − − − − − − − − − − −  +  − −

37 Eswyt  +  − −  +  − − − − −  +  − − − − −

38 Sawyt 47  +  − −  +  − − − − − − − − − − −

39 BG Converta  +  − − − −  +  − − −  +  − − − − −

40 Quattrona  +  − −  +  − − − − − − − − − − −

41 BG Flexa  +  − − − −  +  − − −  +  − − − − −

42 NS Igra  +  − − − − − − − − − − −  +  − −

43 NS Modena  +  − − − − − − − − − − −  +  − −

44 Nataša  +  − − − − − − − − − − − − − −

45 Mohikana  +  − − − − − − − − −  +  − − − −

46 NS Lenija  +  − −  +  − − − − − −  +  − − − −

47 Simonida  +  − − − − − − − − −  +  − − − −

48 NS Epoha  +  −  +   +   +  − − − − −  +  − − − −
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Table 1  (continued)

Genotype Stb1 Stb2 Stb3 Stb4 Stb5 Stb6 Stb7 Stb8 Stb9 Stb
11

Stb
12

Stb
13

Stb
14

Stb
16

Stb
17

49 NS Grivna  +  − − −  +  − − − − −  +  −  +  −  + 
50 PKB Pahuljica  +  − −  +  − − − − − − − −  +  − −

51 Zvezdana  +  − − − − − − − − − − − − − −

52 PKB Ratarica  +  − − − − − − − − −  +  − − − −

53 PKB Talas  +  − − − − − − − − −  +  − − − −

54 BG Klimatika  +  − − − − − − − − −  +  − − − −

55 BG Ikona  +  − − −  +  − − − − −  +  − − − −

56 BG Logika  +  − − −  +  − − − − −  +  − − − −

57 Bisenija  +  − − −−  +  − − − − − − − − − −

58 BG Elastika  +  − − − − − − − − − − − − −  + 
59 GK Koros  +  − − − − − − − − − − − − − −

60 Amicus  +  − − − − − − − − − − − − − −

Fig. 3  Representation of the number of samples where the desired genes were identified
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(NS Grivna and BG Elastika), indicating its rare occur-
rence within the evaluated wheat collection.

For Stb1, a single 175  bp band was observed in all 60 
cultivars, indicating its universal presence. The Stb2 and 
Stb3 genes produced clear bands of 117 bp and 160 bp, 
respectively, but were amplified in only three genotypes 
(Fig. 4). The first lane in each gel represented the 100 bp 
molecular marker, while lanes 1–60 corresponded to 
individual wheat samples.

Similarly, amplification of Stb4, Stb5, and Stb6 yielded 
fragments of 206, 178, and 184 bp, respectively. The Stb4 
gene was detected in nine genotypes, while Stb5 and Stb6 
were identified in seven and two genotypes, respectively 
(Fig. 5).

Using the gwm313 primer, Stb7 produced a 197  bp 
band and was detected in six cultivars (Fig. 6). The Stb8 
and Stb9 markers produced expected fragment sizes of 
174  bp and 139  bp; however, Stb8 was detected in only 
one genotype (Falado), and Stb9 was absent in all tested 
cultivars.

Further electrophoretic analysis showed amplifica-
tion of Stb11, Stb12, and Stb13, at 260, 204, and 146 bp, 

respectively (Fig. 7). The Stb11 gene appeared in six culti-
vars, Stb12 in 20, and Stb13 in three.

Likewise, Stb14, Stb16, and Stb17 produced bands at 
192, 218, and 259  bp, respectively (Fig.  8). While Stb14 
was amplified in 14 cultivars, Stb16 was not detected in 
any sample, and Stb17 appeared in only two genotypes 
(NS Grivna and BG Elastika). The clarity and reproduc-
ibility of banding patterns across gels confirm the reli-
ability of the selected SSR markers for detecting the Stb 
gene. The results also highlight significant genetic varia-
tion among cultivars with respect to the presence of indi-
vidual Stb resistance loci.

Results of analysis of molecular variance (AMOVA)
The Analysis of the Molecular Variance (AMOVA) 
revealed that the majority of genetic variation among 
the analyzed wheat genotypes was distributed within 
populations rather than among populations. Specifically, 
93% of the total genetic variation was attributed to dif-
ferences among individual genotypes within each coun-
try, while only 7% was explained by variation between 
countries (Table  2, Fig.  9). This result indicates that the 

Fig. 4  The amplification results for the Stb genes were validated using 2% agarose gel electrophoresis. Distinct, well-defined bands corresponding 
to the expected fragment sizes confirmed successful amplification of each target gene (Stb1, Stb2, and Stb3)
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genetic structure of the evaluated panel is largely shaped 
by within-country diversity rather than by geographic 
differentiation.

The calculated Φ_PT value of 0.067 (p = 0.048) indi-
cates a low but statistically significant level of genetic dif-
ferentiation among populations. The standardized Φ′_PT 
value of 0.077 further supports this observation, suggest-
ing limited yet meaningful partitioning of allelic varia-
tion between countries. Overall, these results highlight 
that most of the genetic diversity for Stb resistance genes 
resides within the national wheat gene pools, emphasiz-
ing the availability of valuable allelic variation for selec-
tion and breeding within countries rather than between 
them.

Principal Coordinates Analysis (PCoA) was conducted 
to visualize the genetic relationships among the sixty 
wheat cultivars based on the distribution of Stb resistance 
genes (Fig. 10). Each point in the plot represents an indi-
vidual genotype, while colors correspond to their country 
of origin. The analysis revealed that genotypes from Ser-
bia, France, and Romania are widely dispersed along both 
coordinate axes, indicating high genetic diversity within 
these populations. In contrast, genotypes from other 
countries (Croatia, Italy, Mexico and Hungary) cluster 

more closely together, suggesting a more similar or nar-
row genetic makeup among these populations. Over-
all, the PCoA confirms that the most significant genetic 
variation exists within the Serbia, France, and Romania 
populations, while other populations are genetically less 
differentiated. This pattern demonstrates that substantial 
allelic diversity exists within regional breeding programs, 
providing ample opportunities for gene pyramiding and 
the development of cultivars with enhanced and durable 
resistance to Zymoseptoria tritici.

Discussion
The development of wheat cultivars resistant to Zymosep-
toria tritici remains one of the most sustainable and 
effective strategies for disease management (Kristoffer-
sen et al. 2022; Patial et al. 2024). The present study pro-
vides insight into the allelic diversity and distribution of 
Stb resistance genes across 60 bread wheat cultivars from 
Europe and Mexico, offering valuable guidance for future 
resistance breeding.

Most of the analyzed cultivars originated in France 
and Serbia, two regions where Z. tritici poses a major 
constraint on wheat production. In France, annual 
losses caused by STB are estimated at €350–700 million, 

Fig. 5  The agarose 2% gel used to check the PCR amplification results of Stb4, Stb5, and Stb6 genes
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prompting long-term breeding efforts by INRAE and 
other institutions to develop resistant cultivars as sus-
tainable alternatives to fungicide use (www.​news.​agrop​
ages.​com). In Serbia, systematic national data on yield 
losses are limited, yet regional monitoring by the Fore-
cast-Intelligence Plant Protection Service indicates that 
Z. tritici infections occur regularly in northern cereal-
growing areas, with incidence levels reaching up to 60% 
of plants in severe seasons (www.​pisvo​jvodi​na.​com). 
However, disease pressure varies considerably across 
years and locations, as reported by Bajagić et al. (2022), 
who detected Z. tritici at only one of 10 surveyed sites 
in western Serbia. These observations highlight the con-
trasting but significant epidemiological importance of 
STB in both countries and justify the inclusion of their 
germplasm in this study. The frequent presence of Stb1 
across all tested genotypes confirms its extensive uti-
lization in global breeding programs (Tidd 2024; Tidd 
et  al. 2023). This gene has historically conferred effec-
tive seedling resistance and was one of the first Stb loci 
deployed in commercial varieties. However, such wide-
spread use also signals a narrowing of the resistance base, 
which can lead to rapid pathogen adaptation. Z. tritici 
populations exhibit high genetic plasticity and frequent 

recombination, allowing them to overcome single-gene 
resistance within a few growing cycles (Hulst et al. 2022; 
Suffert et  al. 2024). Therefore, reliance on Stb1 alone is 
not sustainable for long-term control.

In contrast, Stb9 and Stb16 were completely absent 
from the analyzed germplasm. The absence of Stb9 likely 
reflects its limited use in breeding, as it was identified in 
limited donor material and has not been widely intro-
gressed into elite European cultivars (Kokhmetova et al. 
2024). Stb16, derived from the wild relative Aegilops 
tauschii and introduced through synthetic hexaploid 
wheat, provides broad-spectrum and still-effective resist-
ance (Tabib Ghaffary et  al. 2012; Kettles and Kanyuka 
2016). Its lack of detection in this study suggests that syn-
thetic hexaploid derivatives carrying this locus are still 
underutilized in European breeding pipelines. Given its 
durability and absence of known virulent isolates (Thau-
vin et al. 2024), incorporating Stb16 into elite germplasm 
should be prioritized to broaden resistance diversity.

The heterogeneous frequencies of other Stb genes, 
such as the moderate occurrence of Stb12, Stb14, and 
Stb4, and the low presence of Stb2, Stb3, and Stb6, can 
be attributed to several interacting factors. First, differ-
ences in germplasm origin and breeding history have 

Fig. 6  The agarose 2% gel used to check the PCR amplification results of Stb7, Stb8, and Stb9 genes

http://www.news.agropages.com
http://www.news.agropages.com
http://www.pisvojvodina.com
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shaped gene distribution. For instance, French cultivars 
like ‘Falado’, ‘Cellule’, and ‘Solindo’ have benefited from 
decades of targeted selection against STB (Fones and 
Gurr 2015), whereas Balkan breeding programs have 
historically emphasized tolerance to abiotic stress rather 
than disease resistance (Mladenov et  al. 2012). Second, 
regional pathogen pressures strongly influence the selec-
tion of specific genes; populations of Z. tritici vary geo-
graphically in virulence composition (Suffert et al. 2024), 
prompting different resistance strategies across coun-
tries. Third, marker-based variation may also contribute, 
as some SSR loci exhibit polymorphism loss or reduced 
amplification efficiency depending on allelic diversity 
(Mekonnen et al. 2019; Ölmez 2025).

The absence or low frequency of certain genes, particu-
larly Stb2, Stb3, and Stb6, does not necessarily indicate a 
lack of resistance potential. On the contrary, these genes 
may remain underexploited resources. Stb6, for example, 
encodes a wall-associated kinase-like receptor and has 
been shown to confer isolate-specific but strong resist-
ance when combined with other loci (Goodwin et  al. 
2011; Kokhmetova et  al. 2024). Introducing such rare 
alleles into modern cultivars through marker-assisted 
selection could substantially enhance resistance diversity 
and delay the breakdown of existing resistance.

The AMOVA results revealed that most genetic varia-
tion resides within populations rather than among coun-
tries, a trend consistent with earlier molecular diversity 
studies in wheat (Ali et al. 2025; Ölmez 2025). This find-
ing indicates that local breeding programs still harbor 
valuable within-country variation for Stb loci, which 
can be exploited to improve resistance. The wide intra-
population diversity observed among Serbian and French 
cultivars suggests that regional breeding efforts have suc-
cessfully maintained heterogeneous resistance sources, 
providing ample material for gene pyramiding. Stacking 
multiple Stb genes, such as Stb1, Stb4, and Stb12, has 
been demonstrated to enhance resistance durability by 
reducing the likelihood of concurrent pathogen adapta-
tion (Hulst et al. 2022; Patial et al. 2024).

From a methodological perspective, using validated 
SSR markers proved highly reliable for Stb gene detection, 
as also noted by Mekonnen et al. (2019) and Kokhmetova 
et al. (2024). Marker-assisted screening enables rapid and 
accurate identification of resistance alleles, facilitating the 
efficient selection of parental lines in breeding programs. 
However, to ensure long-term resilience against Z. tritici, 
combining molecular tools with quantitative resistance 
mapping, GWAS, and genomic selection approaches will 
be crucial (Altaf et al. 2024; Yang et al. 2022).

Fig. 7  The agarose 2% gel used to check the PCR amplification results of Stb11, Stb12, and Stb13 genes
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Overall, the current findings show that while Stb1 
remains the main resistance source in European bread 
wheat, the lack of key loci such as Stb9 and Stb16q and 
the uneven distribution of other Stb genes reveal a con-
cerning narrow genetic base. Differences in gene fre-
quencies likely reflect the combined effects of breeding 
history, pathogen diversity, and selection focus. The 
incorporation of novel resistance genes from exotic 
germplasm, coupled with strategic pyramiding of com-
plementary Stb loci, will be vital to developing wheat 
cultivars with durable, broad-spectrum resistance to 
STB and ensuring sustainable wheat production across 
Europe.

Conclusions
This study highlights the crucial role of SSR markers in 
precisely identifying and characterizing Stb resistance 
genes across diverse bread wheat cultivars from multiple 
countries. The consistent detection of Stb1 in all tested 
genotypes highlights its crucial role in current breeding 

Fig. 8  The agarose 2% gel was used to check the PCR amplification results of Stb14, Stb16, and Stb17 genes

Table 2  AMOVA results summary for wheat septoria resistance 
genes data

Source df SS MS Est. Var %

Among Pops 6 8.940 1.490 0.070 7%

Within Pops 55 53.609 0.975 0.975 93%

Total 61 62.548 1.045 100%

Fig. 9  Graphical representation of genetic variation 
within and among populations based on AMOVA results
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programs, but the limited presence of other important 
resistance genes, such as Stb6, Stb8, and Stb17, indicates 
a concerning narrow genetic base. The varied distribu-
tion of Stb genes among the evaluated germplasm, par-
ticularly in cultivars like ‘Falado’ and select Serbian lines, 
demonstrates the potential of gene pyramiding to achieve 
durable resistance against Septoria tritici blotch. By lev-
eraging SSR marker technology, breeders can effectively 
screen and combine multiple resistance loci, thereby 
enhancing genetic diversity and resilience. Integrating 
these molecular tools with advanced genomic approaches 
will accelerate marker-assisted selection, ensuring sus-
tainable wheat improvement. Overall, this research offers 
a valuable genetic resource framework to protect global 
wheat production from STB through the strategic use of 
underutilized resistance genes.

Methods
Plant materials
To carry out the investigation, 60 bread wheat cultivars 
(59 commercial varieties and 1 breeding line) were col-
lected from several prominent European research insti-
tutes, specifically the University of Novi Sad, Faculty of 
Agriculture (UNSFA) and the Institute of Field and Veg-
etable Crops in Novi Sad, Serbia, where they are used 
in breeding programs. These cultivars were deliberately 
selected to evaluate their resistance to Powdery mildew 
and Stripe rust by screening for the presence of resist-
ance genes associated with these diseases. Table  3 pre-
sents a detailed list of the 60 bread wheat samples used 
in this research, along with their respective collection 

regions. Among them, 20 are Serbian genotypes, while 
the remaining 40 come from various countries: 25 from 
France, 7 from Croatia, 4 from Italy, 2 from Mexico, and 
1 each from Hungary and Romania.

DNA isolation from fresh wheat leaf samples
For genomic DNA isolation, bread wheat cultivars were 
cultivated for 35  days in a controlled greenhouse envi-
ronment at the Department of Plant Protection, Sivas 
University of Science and Technology. Fresh leaf tissue 
was harvested, and DNA was extracted using the Cetyl-
trimethylammonium Bromide (CTAB) method, follow-
ing the protocol established by Doyle and Doyle (1990) 
and adapted according to the recommendations of Diver-
sity Arrays Technology (Baloch et al. 2024). The extracted 
DNA was assessed for both quantity and quality using a 
highly sensitive Nanodrop spectrophotometer (DS11 FX, 
DeNovix, Wilmington, DE, USA), providing an accurate 
and reliable estimation of DNA concentration and purity.

Primer optimization and PCR amplification
To optimize wheat leaf DNA, 15 septoria gene-specific 
primers were carefully selected. Optimal primer condi-
tions were determined using gradient PCR; details are 
provided in Table  4. For PCR amplification, the highly 
reliable Vazyme 2 × Phanta Max Master Mix (Dye Plus) 
P525 (Nanjing, China) was chosen due to its exceptional 
fidelity, rapid amplification speed, and broad adaptabil-
ity. The PCR mixture, prepared to a total volume of 10 
µL, included 5 µL of 2 × Phanta Max Master Mix, 0.5 
µL of each forward and reverse primer (10  pmol), 3  µL 

Fig. 10  The PCoA results divided all countries-wise genotypes into two coordinates
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Table 3  Plant material used in the study

No.Sr Genotypes Year Country Institution

1 Falado – France1 Syngenta

2 Cellule 2011 France2 Florimond Desprez

3 KWS Marvel 2019 France3 KWS

4 Osmose 2015 France4 Caussade

5 Sonahine 2020 France5 Caussade

6 KWS Criterium 1995 France6 Hybritech

7 KWS Feria 2009 France7 KWS

8 Sofolk 2014 France8 Caussade

9 Solveig 2011 France9 Caussade

10 Solindo 2016 France10 Caussade

11 Centurion 2014 France11 Saaten Unıon

12 Sofru 2009 France12 Caussade

13 Sothys 2014 France13 Caussade

14 LG Aigle 2012 France14 LG

15 Sosthene 2012 France15 Caussade

16 Solenzara CS 2014 France16 Caussade

17 Providence 2018 France17 Florimond Desprez

18 LG Airbus 2014 France18 LG

19 Presnatce 2020 France19 Florimond Desprez

20 LG Anapurna 2013 France20 LG

21 Nogal 2010 France21 Florımond Desprez

22 Alhambra 2010 France22 LG

23 LG Alcantara 2013 France23 LG

24 Winner 2018 France24 Florimond Desprez

25 KWS Modern 2012 France25 KWS

26 BC Lorena 2011 Croatia1 Bc Institut d.d. Zagreb

27 Renan 2012 Croatia2 GRI OBTENTIONS

28 BC Bernarda 2012 Croatia3 Bc Institut d.d. Zagreb

29 BC Anica 2009 Croatia4 Bc Institut d.d. Zagreb

30 BC Darija 2011 Croatia5 Bc Institut d.d. Zagreb

31 BC Opsesija 2015 Croatia6 Bc Institut d.d. Zagreb

32 BC Ljepotica 2015 Croatia7 Bc Institut d.d. Zagreb

33 Katou 2014 Italy1 Apsovsementi

34 Apsov Katon 2014 Italy2 Apsovsementi

35 Marinello 2008 Italy3 KWS Momont

36 Algeri 2020 Italy4 Apsovsementi

37 Eswyt 50 1992 Mexico1 CIMMYT Line

38 Sawyt 47 1992 Mexico2 CIMMYT Line

39 BG Converta 2020 Serbia1 Biogranum

40 Quattrona 2021 Serbia2 AgroSava

41 BG Flexa 2020 Serbia3 Biogranum

42 NS Igra Serbia4 Institute of Field and Vegetable Crops, Novi Sad

43 NS Modena Serbia5 Institute of Field and Vegetable Crops, Novi Sad

44 Nataša 2003 Serbia6 Institute of Field and Vegetable Crops, Novi Sad

45 Mohikana (line) Serbia7 Line, still not recognized

46 NS Lenija Serbia8 Institute of Field and Vegetable Crops, Novi Sad

47 Simonida 2003 Serbia9 Institute of Field and Vegetable Crops, Novi Sad

48 NS Epoha Serbia10 Institute of Field and Vegetable Crops, Novi Sad

49 NS Grivna Serbia11 Institute of Field and Vegetable Crops, Novi Sad
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of nuclease-free water sourced from BioLabs, and 1 µL 
of template DNA standardized to 100 ng/µL. Stb ampli-
fication was conducted using a series of thermal cycles, 
beginning with an initial denaturation at 95°C for 4 min. 

The second step consisted of 35 cycles of denaturation 
at 95°C for 15  s, annealing at 56°C–61°C for 15  s, and 
extension at 72°C for 20  s. The process concluded with 
a final extension at 72°C for 8 min. To confirm successful 

Table 3  (continued)

No.Sr Genotypes Year Country Institution

50 PKB Pahuljica Serbia12 Institut PKB Agroekonomik

51 Zvezdana 2006 Serbia13 Institute of Field and Vegetable Crops, Novi Sad

52 PKB Ratarica Serbia14 Institut PKB Agroekonomik

53 PKB Talas Serbia15 Institut PKB Agroekonomik

54 BG Klimatika 2020 Serbia16 Biogranum

55 BG Ikona 2019 Serbia17 Biogranum

56 BG Logika 2020 Serbia18 Biogranum

57 Bisenija 2021 Serbia19 Agrosava

58 BG Elastika 2020 Serbia20 Biogranum

59 GK Koros 2010 Hungary1 GK

60 Amicus 2016 Romania1 Saatzucht Donau

Table 4  List of 15 SSR molecular markers used during the present study (Mekonnen et al. 2019)

The given table delineates the Stb1–17 loci associated with resistance to Z. tritici blotch in wheat, specifically targeting the pathogen STB. Notably, the wheat 
genotypes are attributed to the A, B, and D genomes, with reference to the short (S) and long (L) arms of respective chromosomes

Stb genes and marker Chr Forward Primer Reverse Primer Annealing (Tm) Linkage Amplicon 
size (bp)

Stb1
barc74 F/R

5BL F: 5′gcgcttgccccttcaggcgag3′, R:5′cgcgggagaaccaccagtgacagagc3′ 58°C 2.7 cM prox 175

Stb2
gwm389 F/R

1BS F: 5′atcatgtcgatctccttgacg3′ R: 5′tgccatgcacattagcagat3′ 58°C 5 cM 117

Stb3
wmc83 F/R

7A F: 5′tggaggaaacacaatggatgcc3′ R: 5′gagtatcgccgacgaaagggaa3′ 58°C 3 cM 160

Stb4
gwm111 F/R

7DS F: 5′tctgtaggctctctccgactg3′ R: 5′acctgatcagatcccactcg3′ 58°C 0.7 cM 206

Stb5
gwm44 F/R

7DS F: 5′gttgagcttttcagttcggc3′ R: 5′actggcatccactgagctg3′ 56°C 6–7 cM 178

Stb6
gwm369 F/R

3AS F: 5′ctgcaggccatgatgatg3′ R: 5′accgtgggtgttgtgagc3′ 58°C Flanking 184

Stb7
gwm313 F/R

4AL F: 5′gcagtctaattatctgctggcg3′ R: 5′gggtccttgtctactcatgtct3′ 58°C 0.3 cM distal 197

Stb12
wmc219 F/R

4AL F: 5′tgctagtttgtcatccgggcga3′ R: 5′caatcccgttctacaagttcca3′ 59°C 0.8 cM distal 204

Stb8
gwm146 F/R

7BL F: 5′ccaaaaaaactgcctgcatg3′ R: 5′ctctggcattgctccttgg3′ 58°C 3.5 cM 174

Stb9
wmc317 F/R

6AS F: 5′tgctagcaatgctccgggtaac3′ R: 5′tcacgaaaccttttcctcctcc3′ 58°C 7 cM 139

Stb11
barc137 F/R

1BS F: 5′ggcccatttcccactttcca3′ R: 5′ccagcccctctacacatttt3′ 58°C Flanking 260

Stb13
wmc396 F/R

7B F: 5′tgcactgttttaccttcacgga3′ R: 5′caaagcaagaaccagagccact3′ 58°C 7–9 cM 146

Stb14
wmc623 F/R

3B F: 5′acgattggccacagaggag3′ R: 5′cagtgaccaatagtggaggtca3′ 60°C 5 cM 192

Stb16
wmc494 F/R

3D F: 5′ggatcgagtctcaagtctacaa3′ R: 5′agaaggaacaagcaacatcata3′ 60°C 1–5 cM 218

Stb17
hbg247 F/R

5A F: 5′acatgcggggatgatgattt3′ R: 5′gcggacccatgataaaatgtct3′ 60°C 1–5 cM 259
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amplification, the PCR products were analyzed via gel 
electrophoresis on a 2% agarose gel, where a band cor-
responding to the expected size was detected.

Data analysis
The amplified bands for each resistance gene were 
recorded in a binary format, with ‘1’ indicating presence 
and ‘0’ indicating absence, and then compiled in Micro-
soft Excel. Ambiguous or faint bands were carefully 
evaluated for consistency across replicates; only clear 
and reproducible bands of the expected size were scored, 
while non-reproducible or faint bands were excluded 
from analysis. To evaluate genetic differentiation, Analy-
sis of Molecular Variance (AMOVA) was employed to 
partition genetic variation both among and within wheat 
genotypes from different countries, based on the dis-
tribution of Stb resistance genes. Principal Coordinate 
Analysis (PCoA) was further conducted using TASSEL 
to visualize genetic relationships. A binary data matrix 
was constructed from the scored banding patterns, and 
genotypes were categorized by country of origin (France, 
Croatia, Italy, Mexico, Serbia, Hungary, and Romania). 
AMOVA analyses were performed using the GenAlEx 6.5 
add-in for Microsoft Excel.
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