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Abstract
Apple scab instigated by Venturia inaequalis impels remarkable losses to apple fruit production. In an effort to comprehend 
the key mechanisms of evolutionary potential defining V. inaequalis population, 132 isolates of V. inaequalis from five 
commercial apple orchards were collected and assayed using 14 microsatellite markers. The average diversity was observed 
within the individuals of populations based on the Shannon-Wieners index (I) and observed heterozygosity (Ho) was average 
but considerably lower than expected heterozygosity (He). The genetic differentiation based on FST values was revealed 
as an average measure of divergence between populations and had varying proportions of gene flow and migration among 
themselves. Analysis of Molecular Variance (AMOVA) revealed that variance (94%) was dispersed across individuals with 
a significant (6%) variation between populations from different regions. To examine host specialization within the V. inae-
qualis population, the assignment approach based on K-means of clustering (an unsupervised machine learning approach), 
revealed that the clustering method supported three clusters at (K = 3) and three major clusters were also observed in Prin-
ciple Component Analysis (PCA). Additionally, Nei’s genetic distance values, pairwise estimates of genetic differentiation, 
dendrogram using the neighbor-joining and PCoA revealed the random distribution of V. Inaequalis isolates that depicted 
a high proportion of genotypic diversity within populations and population genetic structure.
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Introduction

Venturia is the most destructive genus responsible for the 
scab of many important fruit crops. The genus encom-
passes ascomycete fungi and has a haplontic life cycle 
(Zhang et al. 2015; Dar et al. 2022). It contains more than 
50 species that have been characterized based on morphol-
ogy and host specificity, with the majority being respon-
sible for plant diseases (Sivanesan 1977). The prominent 
species in the genus are V. inaequalis (Cooke) and G. Wint 
(anamorph Spilocaea), which cause substantial losses to 
the apple crop globally. In orchards with a severe infection, 
productivity losses might reach up to 70% (Gupta 1990). 
It is currently one of the most important diseases eco-
nomically, affecting yield and quality attributes in temper-
ate areas of countries with freezing and wetting periods. 
Apple scab infection occurs on a variety of plant parts such 
as bud scales, young shoots, sepals, petioles, and leaves, 
as well as on fruits (Vaillancourt and Hartman 2000). The 
direct losses are caused primarily due to severe infection 
on pedicel and fruits (Ogawa and English 1991; Dar et al. 
2020). The primary inoculum for disease dissemination 
sexually generated ascospores that are discharged from 
overwintered leaf litter and asexually generated conidia 
from overwintering on buds depending on the temperature 
and weather conditions (Holb et al. 2004a, b, 2005; Passey 
et al. 2017). The secondary infections from inoculum as 
a result of asexual conidia produced after primary infec-
tion can lead to enormous loss of quantities making fruits 
unmarketable and their frequent high occurrence can cause 
early leaf defoliation, diminished growth of the plant, and 
high yield penalty (MacHardy 1996). The best strategy to 
obtain high-grade scab-free fruit is through the usage of 
disease monitoring and forecasting systems, and several 
rounds of fungicide spray throughout the orchard (Nabi 
et al. 2023). But the issue, with the continuous use of 
fungicides, results in the evolution of fungicide-resistant 
strains. So environment-friendly and low-cost manage-
ment systems are developed and the evaluation of resistant 
cultivars for major resistance genes and their deployment 
through Spatio-temporal for economically sustainable 
strategy (Mir et al. 2022, 2019; Dar et al. 2022).

The pathosystem follows typical gene for gene interac-
tion and 17 R genes are identified within the Malus genus 
to impart resistance to apple scab caused by V. inaequalis. 
For instance, the presence of the Rvi6 resistance gene in 
apples led to the emergence of two populations of V. inae-
qualis: one virRvi6, which infects cultivars with this resist-
ance gene, and another, avrRvi6, which infects cultivars 
without it (Leroy et al. 2013; Michalecka et al. 2018; Papp 
et al. 2022). The population diversity and genetic struc-
ture between avrRvi1 and virRvi1 of Venturia nevertheless 

remain constant within an agro-ecological region even cul-
tivars are planted with Rvi1 and non-Rvi1 genes in the 
same orchards (Dar et al. 2020).

Different polymorphic markers systems like RAPDs 
(Tenzer and Gessler 1999), RFLPs, AFLPs, and microsatel-
lites also known as SSRs, are widely used to characterize the 
population diversity and structure of V. inaequalis popula-
tion. A number of studies on the V. inaequalis population in 
several nations that produce apples from around the world 
have also been carried out (Tenzer and Gessler 1997; Guerin 
and Le Cam 2004; Guerin et al. 2004; Gladieux et al. 2008, 
2010, 2011; Xu et al. 2013; Michalecka et al. 2018; Mansoor 
et al. 2019; Dar et al. 2020; Li et al. 2021; Papp et al. 2022; 
Sokolova et al. 2022; Lu et al. 2022). Delineating the genetic 
makeup of V. inaequalis populations sheds light on evolu-
tionary divergence and lineage histories and helps to predict 
the emergence of new pathogen races, effective population 
size, dispersal potential, the likelihood of host range expan-
sion, and virulence of pathogen races (Padder et al. 2011, 
2013; Dar et al. 2022). Microsatellite-based genotyping and 
analyses of population networks could be helpful to deline-
ate the population structure, genetic diversity, and evolution 
of natural populations (Dar et al. 2020). The characteristics 
of the natural processes that have influenced the structure 
of the population are reflected in population demographic 
metrics (Charlesworth and Charlesworth 2017). Recombina-
tion, gene conversion, lineage sorting, and deep coalescence 
are some examples of population dynamics that might create 
reticulate connections that can be studied using phylogenetic 
network studies (Posada and Crandall 2001). To ascertain 
whether the V. inaequalis population in Kashmir represents 
a single random matting or multiple populations or subdivi-
sions due to geography/host association, so the study under-
taken was to determine dynamics in population diversity and 
genetic structure of the population of fungus V. inaequalis.

Materials and methods

Sampling of diseased scab lesions from fruits 
and leaves and mono‑conidial isolation

The most popular varieties viz., Red Delicious, Golden 
Delicious, Lal Ambri, and Royal Delicious were selected. 
Leaf and fruit samples showing typical lesions of scab 
were collected for isolations from April to August 2018 
to 2020 from apple orchards of five locations, viz. Tral, 
Anantnag, Bejbehara, Pulwama, and Srinagar of Jammu 
and Kashmir (UT) of India. Most of the plantation at these 
locations manifested severe symptoms on the leaves and 
fruits (Fig. 1), with the Red Delicious host showing severe 
infections symptoms, whereas Golden Delicious showing 
the least. The samples were collected in triplicate and only 
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one representative sample from a plant was used for isola-
tion. Axenic cultures were obtained, maintained, and puri-
fied from 132 samples as described by Padder et al. (2011), 
Dar et al. (2020), Dar et al. (2015), and Xu et al. (2008). 
These fungal isolates showed no observable morphological 
differences that could lead to reliably distinguishing them 
in the field. For the study of pathogenicity, as described 
by Dar et al. (2015) in which the cultures were transferred 
onto the Potato Dextrose Agar (PDA) plates to grow them 
for 15 days, and then spore suspension was sprayed with 
an atomizer at the concentration of (2 × 106 spores/ml) 
(Fig. 2), and the inoculated varieties were incubated in a 
growth chamber for 21 days at 20 °C and 90% humidity. 
The scoring was performed after 21 days and classified 
using the Chevaliers scale of 0–4 (Chevalier et al. 1991).

Fungal genomic DNA extraction and genotyping

Two mycelial discs of 8 mm diameter from 15-day-old 
fungal cultures were inoculated into the conical flasks con-
taining 150 cc PDB media (Potato Dextrose Broth) and 
incubated at 20 °C for 60 days. To characterize isolates 
with genetic markers mycelium was obtained by filtering 
it through sterile cheesecloth; agar plugs were then taken 
out, and the mycelium that was left was dried in an aseptic 
environment. Using the Cetyl Methyl Ammonium Bromide 
(CTAB) technique, DNA was isolated from mycelium (Mur-
ray and Thompson 1980). For genotyping, the working con-
centration of genomic DNA was kept at 20 ng/µl by adding 
NFW (Nuclease-free water). The purity and concentration 
of the DNA were assessed using an Eppendorf spectropho-
tometer at 260 nm.

Fig. 1   Disease severity of 
apple scab pathogen on fruits 
and leaves sampled during 
experimetal study

Fig. 2   Mono-conidial isolate of 
Venturia inaequalis with flame 
shaped conidia and culture plate
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To genotype the 132 fungi populations, fourteen SSR 
primer pairs previously published by (Guerin et al. 2004; 
Tenzer and Gessler 1997) (Table S1) were employed. A 
10 µl final volume was used for the PCR reaction, which 
contained 5X reaction buffer (2 μl), MgCl2, (3 mM), dNTPs 
(0.16 mM), Taq polymerase (0.2 μl), each primer (2 μM) and 
a DNA template (2 μl). PCR amplification was performed in 
0.2 ml PCR tubes in a thermal cycler (T-Gradient Whatman 
Biometra) programmed for initial denaturation at 95 °C for 
5 min, then followed by 35 cycles with denaturation, anneal-
ing, extension at 94 °C for 1 min, 55 °C for 1 min, 72 °C for 
2 min, respectively, with 10 min final extension at 72 °C. 
Amplified PCR products were resolved at 3.5% Agarose 
gel, then visualized using the Alfa Imager gel documenta-
tion system (Alfa Imager EC, Protein Simple, USA),and the 
SSR primers showing consistency in polymorphism were 
photographed. For subsequent examination, the success-
fully amplified PCR bands were separated on 10% dena-
tured PAGE and visualized using a silver staining procedure 
(Sambrook and Russell 2001) to examine and score allele 
the size of the PCR product.

Data analysis

On apple, a recombining population structure was anticipated 
because it is known that the fungus regularly reproduces sexu-
ally on this host's dead fallen leaves during winters (Gladieux 
et al. 2008; McHardy 1996). The fraction of common alleles 
and genetic distance (Nei and Chesser 1983) between the 
populations were assessed using software like GenALEx ver. 
6.5 and PopGene (Peakal and Smouse 2012). The spatial dis-
tribution of genetic variation was estimated through classical 
estimates of Nei’s (1973) gene flow and differentiation (Nm 
and Gst) and was also assessed based on Wright’s genetic dif-
ferentiation F-statistics (FST), measuring the population dif-
ferentiation using the software Arlequin ver. 3.5 (Excoffier and 
Lischer 2010) and GenALEx ver. 6.5. In addition to the aver-
age allelic number per locus, private alleles and gene diversity 
averages (Nei 1987) were determined. Using PopGene and 
Arlequin, the heterozygosities such as expected heterozygosity 
(He) and observed heterozygosity (Ho) for each population 
were estimated. GenALEx ver. 6.5 and Arlequin ver. 3.5 were 
used to estimate AMOVA (analysis of molecular variance) to 
determine the distribution of variation patterns in population 
substructure at various spatial scales. Haplotype divergence 
is taken into account by the AMOVA framework (a matrix of 
squared distances) between all haplotype pairings to calcu-
late variance components and ϕ-statistics (F-statistic analogs) 
(Excoffier et al. 1992). The goal was to estimate an optimal 
number of clusters that represent the population subdivision, 
therefore, hierarchical means of clustering was performed 
to V. inaequalis isolate populations and K-means clustering, 
which is an unsupervised machine learning technique in R 

software (R Core Team 2018), to assign Venturia isolates to a 
predetermined number of clusters (K) (MacQueen 1967) and 
determine the population ancestries. Given the occurrence of 
random mating, only one population should exit (K = 1); nev-
ertheless, if population divergence occurs, (K) is anticipated 
more than 1 and classified V. inaequalis isolate into 5 clus-
ters (assume k clusters) fixed a priori. The R software (stats 
and facto_extra package) (R Core Team 2018) was used to 
determine k-means clustering using the function k means () to 
generate a graph of the clusters. We used the technical method 
of deciding K (Hartigan and Wong 1979) in which the largest 
average silhouette width, representing different K, indicated 
the best and ideal cluster number, and function [fviz_cluster()
in facto_extra package] visualized the results.

To evaluate the genetic structure in V. inaequalis isolates 
from four hosts, network analyses were undertaken. First, 
the K2 parameter distances matrix across loci was created 
(Kimura 1980), and then using MEGA ver. 6.02 (Tamura 
et al. 2013) to display the resulting phylogeny to identify the 
ideal genetic cluster in the population. Additional clustering 
methods to evaluate the genetic structure in Venturia isolates 
from four hosts, plots of the most important axes were cre-
ated using GenALEx’s (PCoA) Principal Coordinate Analy-
sis to verify grouping patterns (GenAlEx ver. 6.5 and Arle-
quin ver. 3.5 software) were employed. First, the distance 
matrix that resulted was put via. Principal Component Anal-
ysis (PCA) in R software. Second, we conducted a correla-
tion study on different V. inaequalis isolate sets. To inves-
tigate if this aspect may contribute to distinction, a dataset 
was found using GenAlEx ver. 6.5 was collected from multi-
ple hosts and visually studied through the Corrplot tool (Wei 
and Simko 2017) for R software. Additionally, the heatmap3 
package (Zhao et al. 2014) for R software was used to show 
the linear genetic distance across isolates, enabling the uti-
lization of genetic distance and variability measurements in 
connection to population genetics. GenAlEx ver. 6.5 was 
used to evaluate the Average (I) Shannon's index, (Np) pri-
vate alleles, (Na) observed allelic number, (Ne) effective 
allelic number, Nei’s (h) gene diversity, and (uh) unbiased 
gene diversity, and genetic distance and identity to depict 
allelic patterns between the isolates of five locations. Allelic 
patterns were further displayed with (Circlize package) in 
R (Gu et al. 2014) to better understand the genetic varia-
tion features across groups of samples obtained from each 
location.

Results

Distribution of genetic variation in V. inaequalis

During apple scab sampling, differential infections lesions 
were observed on cultivars viz., Red Delicious, Golden 
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Delicious, Lal Ambri, and Royal Delicious in Tral, Pul-
wama, Bejbehara, Anantnag and Srinagar. In totality, 132 V. 
inaequalis isolates were chosen (33 isolates from each vari-
ety such as; Red Delicious, Golden Delicious, Lal Ambri, 
and Royal Delicious to investigate the population diversity 
and genetic structure. Based on their geographical origin, 
V. inaequalis isolates were divided into five populations, 
such as Tral, Pulwama, Bejbehara, Anantnag and Srinagar 
(Table 1). For each isolate, genotype was defined as the 
allelic combination across 14 SSR-tested loci. The effective 
allelic number in the Tral, Pulwama, Bejbehara, Anantnag, 
and Srinagar populations was 5.011, 5.007, 5.058, 5.083, 
and 6.686 respectively, (Table 1). An estimate of diversity 
(I) Shannon-Wieners index, across five populations, ranged 
from 1.583 (Pulwama) to 1.849 (Srinagar), depicting the 
average diversity of V. inaequalis isolates within the popu-
lations (Table 1). The within individuals Ho (observed het-
erozygosity) was comparable for all Venturia populations 
but significantly lower than He (expected heterozygosity) 
(Table 1). The results based on AMOVA revealed that the 
maximum variation (94%) was distributed among individu-
als within a population, and a variation of (6%) was also 
distributed among regional populations from different areas 
(Table 2). The Fst value displayed medium differentiation 
between different populations observed (Table 2), which 

indicates that these five populations have a variable amount 
of immigration and emigration between each other and dis-
tribution of small population substructure at the geographic 
level with a total FST = 0.055 (P = 0.001).

Directional and amount of immigration 
and emigration among regional populations 
of Venturia inaequalis

We estimated genetic diversity indices from five V. inae-
qualis populations from host and location. The over-
all average Nei’s gene diversity for five populations is 
0.78. The highest diversity was observed for Srinagar 
(0.834 ± 0.441) population and the lowest values were 
observed for Bejbehara (0.733 ± 0.381) population 
(Table 3). Similarly, the highest average number of pri-
vate alleles was in the Srinagar population (1.500 ± 0.489), 
while Bejbehara and Anantnag were having the low-
est average number of private alleles (0.143 ± 0.097) 
(Table 3), there for indicated that is regular movement 
of planting materials and leads to the reduced number of 
private alleles. The unbiased estimates of Nei’s genetic 
diversity calculate genetic distance or identity between 
populations with the assumption that both mutation and 
genetic drift lead to differences across all loci. The genetic 

Table 1   Molecular diversity 
indices of five populations of 
132 Venturia inaequalis isolates 
on the basis of location from 
different areas using 14 SSR 
marker data sets

Sample size, Na no. of different alleles, Ne no. of effective alleles, I Shannon’s Information Index, 
Ho observed heterozygosity, He and UHe expected and unbiased expected heterozygosity, F Fixation Index

Pop N Na Ne I Ho He UHe F

Tral Mean 22.857 6.643 5.011 1.597 0.468 0.756 0.773 0.386
SE 0.512 1.239 0.739 0.133 0.117 0.029 0.030 0.157

Pulwama Mean 23.643 6.500 5.007 1.583 0.479 0.750 0.766 0.402
SE 0.225 1.203 0.728 0.144 0.117 0.032 0.032 0.148

Bejbehara Mean 23.143 6.714 5.058 1.598 0.456 0.743 0.760 0.449
SE 0.718 1.056 0.771 0.148 0.125 0.035 0.036 0.152

Anantnag Mean 23.571 7.143 5.083 1.603 0.448 0.736 0.752 0.432
SE 0.309 1.222 0.896 0.147 0.119 0.041 0.042 0.149

Srinagar Mean 34.500 8.857 6.686 1.849 0.462 0.794 0.806 0.457
SE 0.552 1.537 1.115 0.164 0.126 0.031 0.032 0.151

Grand mean and SE over loci and pops
Total Mean 25.543 7.171 5.369 1.646 0.463 0.756 0.771 0.425

SE 0.582 0.557 0.383 0.065 0.053 0.015 0.015 0.066

Table 2   Analysis of molecular 
variance (AMOVA) for testing 
homogeneity across 132 
Venturia inaequalis isolates of 
five locations

Source of variation Degrees of 
freedom

Sum of squares Variance 
component

Percentage of 
variation

Fst values

Among population 4 28.215 0.163 6% 0.055
P value = 0.001

Within population 127 354.317 2.790 94%
Total 131 382.532 2.953 100%
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distance was highest between Pulwama and Anantnag 
(0.468) means there is a low genetic identity between 
them and there will be a low flow of individuals between 
these two populations (locations). There was lower genetic 
distance between Pulwama and Bejbehara (0.312) means 
there is more genetic identity and more flow of individu-
als between the two populations (Table 4). The pair-wise 
estimates of differentiation among five regional popula-
tions indicated the highest (0.066) genetic differentia-
tion between Pulwama and Anantnag populations, while 
the lowest genetic differentiation (0.041) was observed 
between Tral and Srinagar populations. Apart from this, 
the Srinagar population shared low values of genetic dif-
ferentiation with other populations (Table 5). The classical 
estimates of gene flow (Nm) among populations across 
all loci were greater than 1, depicting regular gene flow 
i.e., immigration and emigration between populations 
with different intensities. The highest gene flow (Nm) of 
(17.047) along with the lowest divergence (Fst) (0.014) 
were observed for locus VITC2D and the lowest gene 
flow (1.315) along with the highest divergence (0.160) 
was obtained for locus Vitc2/16 suggesting the greater 
and lower flow of genes/individuals within them respec-
tively (Table 6). The average genetic differentiation (Gst) 
among all samples at a single locus of the population was 
0.058 and the values at a single locus varied from − 0.008 
(VITC2D) to 0.132 (Vitc2/16) (Table 6).

Population genetic structure in Venturia inaequalis

Using the hierarchical method of clustering, three clusters 
were obtained viz. cluster I accommodate 70, cluster II 16 
& cluster III 46 samples (Fig. 3A) and also in K-means 
clustering, different patterns of population structure were 
observed with K ranged from 2 to 5 (Fig. 3B). The aug-
mented pattern of population structure was determined 
with average silhouette width approaches and the optimal 
number of K-means assigned V. inaequalis isolates into 
three clusters (Fig. 3C). Likewise, principal coordinate 
analysis (PCoA) grouped 132 V. inaequalis isolates into 
three clusters. In this analysis, (I) first Pc, (II) second Pc, 
and 3rd principal coordinate accounts for 4.75, 3.70, and 
3.18 percent of the variation, respectively (Fig. 1). A 2D 
display of allelic distribution in isolates of V. inaequalis 
collected from five regions was observed using PCA (prin-
cipal component analysis). The most principal significant 
axis (1 and 2) explained 13.9% and 8.6% of the variance, 
respectively (Fig. 4).

Cluster analysis based on the SSR data set using the 
neighbor-joining method in Mega software among five loca-
tions with 132 isolates generated dendrogram, presented a 
high level of genotypic diversity within populations of V. 
inaequalis. There were number of sub-cluster and V. inae-
qualis isolates from each geographic population were dis-
tributed randomly in different clusters (Fig. 5), there by indi-
cating a high level of genetic variation. Across all pairwise 
comparisons of linear genetic diversity, there was a positive 
and negative correlation relationship between the isolates 
of each variety/host being tested (Fig. S2A). In general, 
intraspecific populations were compared with interspecific 
populations and were significantly visualized through a cor-
relation Heatmap (Fig. S2B). As within interspecific com-
parisons across all and between populations of V. inaequalis 
isolates from a different location, there was a higher correla-
tion. The isolates having a different host and location origin 
tend to have membership in these distinct clusters, thereby 
exhibiting a fraction of shared genetic ancestry. However, 
this correlation was observed both positively and negatively 

Table 3   Polymorphism survey of five populations of Venturia inae-
qualis collected from different locations based on 14 SSR marker 
data sets

Population Percent poly-
morphism (%)

Average gene 
diversity

No. of private 
alleles

Tral 100.00 0.782 ± 0.410 0.571 ± 0.173
Pulwama 100.00 0.758 ± 0.391 0.643 ± 0.427
Bejbehara 100.00 0.733 ± 0.381 0.143 ± 0.097
Anantnag 100.00 0.776 ± 0.402 0.143 ± 0.097
Srinagar 100.00 0.834 ± 0.441 1.500 ± 0.489

Table 4   Pairwise comparison of Nei’s genetic distance (below) and 
Identity (above) between five populations of Venturia inaequalis col-
lected from different locations based on SSR data sets

Tral Pulwama Bejbehara Anantnag Srinagar

0.000 0.640 0.656 0.631 0.704 Tral
0.447 0.000 0.732 0.626 0.644 Pulwama
0.422 0.312 0.000 0.714 0.638 Bejbehara
0.461 0.468 0.336 0.000 0.703 Anantnag
0.351 0.439 0.450 0.353 0.000 Srinagar

Table 5   Pairwise comparison of genetic differentiation between five 
populations of Venturia inaequalis collected from different locations 
based on SSR data sets

Tral Pulwama Bejbehara Anantnag Srinagar

0.000 Tral
0.054 0.000 Pulwama
0.053 0.043 0.000 Bejbehara
0.062 0.066 0.052 0.000 Anantnag
0.041 0.050 0.053 0.046 0.000 Srinagar
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Table 6   Various parameters 
of inbreeding, divergence, 
differentiation and gene flow 
among population averaged 
across all loci

All pops Locus Fis Fit Fst Gst Nm

1tc1b − 0.186 − 0.113 0.062 0.049 3.803
Vitc1/82 − 0.028 0.025 0.052 0.036 4.603
Vigtg10/95 0.952 0.957 0.120 0.092 1.829
Vict1/130 − 0.341 − 0.185 0.116 0.107 1.900
Vitc2/16 0.988 0.990 0.160 0.132 1.315
Vitc1/2 − 0.104 − 0.032 0.065 0.051 3.588
1aac4h 0.936 0.943 0.115 0.084 1.918
Vica9/152 0.989 0.990 0.143 0.114 1.500
1aac3b − 0.315 − 0.255 0.046 0.035 5.225
1tc1g 0.015 0.096 0.083 0.064 2.765
VITC2D 0.335 0.345 0.014 -0.008 17.04
VITG9/129 0.743 0.758 0.056 0.029 4.194
VICA9/134 0.978 0.979 0.034 0.002 7.087
IAAC4B 1.000 1.000 0.060 0.027 3.939

Fig. 3   A Hierarchical means of clustering represents three cluster in 
Venturia populations. B K-Means is simplest unsupervised learning 
algorithms that solve the well-known clustering problem and classi-
fied Venturia inaequalis isolate through a three number of clusters 

(assume k clusters) fixed a priori. C The largest average silhouette 
width, over different K, indicates the best number of clusters, A clus-
tering can be characterized by the average silhouette width of indi-
vidual entities
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Fig. 4   Inter-class principal component analysis based on allelic pro-
files at 14 SSR markers for 132 isolates of Venturia inaequalis col-
lected on five locations. Points represent genotypes; groups are 

labeled inside their 95% inertia ellipses. Bar plots represent eigenval-
ues. The x-axis is eigenvector 1 and the y-axis is eigenvector 2

Fig. 5   Network analyses of 132 Venturia inaequalis isolates based on 14 markers data set among five locations using GenAlex and visualized 
through Mega
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between all interspecific comparisons. Between more closely 
related species pairs comparisons were not stronger i.e., 
“within-clade” comparisons.

Discussion

Apples are typically planted and harvested at the same 
times in Kashmir’s growing regions, and the exchange of 
apple products as food or planting material is common 
among and within growing regions. The climate of Kash-
mir situated in the Northern Himalayan region of India is 
conducive equally for the cultivation of apples and apple 
scabs. The introduction of new virulent races frequently 
undermines the intensive crop protection practices and 
host resistance, the most successful management tactic.

Genetic diversity

A comparison of the genetic makeup and diversity of spa-
tio-temporally diverse isolates of V. inaequalis was done in 
an effort to comprehend the key evolutionary pathways and 
potential mechanisms determining the populations of scab 
pathogens in the Kashmir region. Using 14 microsatel-
lite markers for genotyping, the V. inaequalis populations 
of Kashmir demonstrated a substantial amount of genetic 
variations within the population and minimal genetic vari-
ance across populations (Table 2). Similarly other stud-
ies on the genetic diversity of V. inaequalis in different 
countries presented same results (Gladieux et al. 2008; 
Ebrahimi et al. 2016; Michalecka et al. 2018; Li et al. 
2021; Papp et al. 2022; Lu et al. 2022). The gene diver-
sity and average number of private alleles were highest in 
the Srinagar population) and lowest values in the Bejbe-
hara population (Table 3). The findings of Ebrahimi et al. 
(2016), Dar et al. 2020, Michalecka et al. 2018, and Meng 
et al. (2018), Mansoor et al. (2019) for various pathogens 
are in agreement with the results. Natural selection for 
local habitat fitness’s, reduced immigration and emigra-
tion caused by heterogeneity in habitation and geographic 
barriers, both results in patterns of isolation-by-distance of 
genetic variation in nature (Feng et al. 2016; Petkova et al. 
2016). We draw the conclusion that isolation by distance 
observed is brought about by geographic barriers, despite 
the fact that the molecular markers we utilized in the cur-
rent investigation are neutral. The highest values of Nei’s 
genetic distance were found between Pulwama and Anant-
nag (0.468) means there is low genetic identity between 
them and there will be a low flow of individuals between 
these two populations (locations) due to post-zygotic bar-
riers or unavailability to immigrants. The lowest values 
of genetic distance were found between Pulwama and 

Bejbehara (0.312) depicting there is more genetic identity 
and more flow of individuals between the two populations 
and are in conformation with Ebrahimi et al. (2016), Dar 
et al. (2020). Population structure increases the longevity 
of plant diseases (Postma and van Noordwijk 2005) as it 
enhances the local subpopulations' capacity for adaptation 
in agricultural ecosystems (Hanski and Ovaskainen 2000).

In concurrence with previous studies, the present study's 
population diversity analysis of 132 isolates of V. inaequa-
lis using 14 SSR markers indicated a significant degree of 
variation, indicating that SSR markers are appropriate for 
analyzing genetic diversity in this disease. This investiga-
tion reaffirms that SSR markers have 100% sensitivity for 
detecting polymorphism in V. inaequalis isolates (Gladieux 
et al. 2011; Leroy et al. 2013; Mansoor et al. 2019; Li et al. 
2021; Papp et al. 2022). The literature has demonstrated 
the use of microsatellite markers for examining the genetic 
diversities in phyto-pathogenic fungi (Leroy et al. 2013; 
Xu et al. 2012; Gladieux et al. 2010). SSR markers have a 
high polymorphism character because of capability to rec-
ognize co-dominantly inherited length variation in DNA 
(repetitive) sequence and subsequently differentiate a suf-
ficient allelic numbers (Matsuoka et al. 2002; Perseguini 
et al. 2011). Gene diversity indices (0.73–0.83) within and 
between populations suggest a high degree of genetic varia-
tion within and between populations. The genetic diversity 
indices in V. inaequalis groups reflect that the isolates within 
each population exhibit great genetic diversity and are not 
very similar to one another. Similar outcomes were attained 
in our earlier research (Padder et al. 2013; Dar et al. 2019; 
Mansoor et al. 2019). Furthermore, the pairwise fixation 
index (PWI) revealed modest genetic location-level differ-
entiation. The differentiation i.e., genetic variations among 
the five populations indicated the highest variations among 
Pulwama and Anantnag populations and the lowest between 
Tral and Srinagar populations (Table 5) and the results were 
in confirmation with Gladieux et al. (2008). High gene diver-
sity might be attributed to frequently occurring gene flow 
between populations, sexual recombination, and mutation. 
Additionally, the pathogen may be under selection pressure 
from specialized evolutionary forces including genotypes 
of varieties, regular fungicide sprays, different scab resist-
ance genes, and environmental factors (Xu et al. 2008; Dar 
et al. 2020). Furthermore, it implies that there is regular gene 
movement at the cultivar level, most likely as a result of the 
transit of unhealthy and uncertified planting material. How-
ever, the considerable diversity of the V. inaequalis from the 
present study implies that the pathogen retains a significant 
number of alleles and supports previous findings that the V. 
inaequalis population exhibits medium genetic differentia-
tion (Dar et al. 2020; Gladieux et al. 2008; Leroy et al. 2013; 
Michalecka et al.2018; Padder et al. 2013; Gladieux et al. 
2010; Mansoor et al. 2019). However, the genetic variations 
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at the local level were just subtly different. It was observed 
that there is little genetic exchange between isolates of each 
host plant possibly due to high immigration-resistance selec-
tion, or host specificity of cultivars, which is a significant 
and pervasive barrier to genetic exchange between local and 
expanding populations.

Genetic structure

Three unique groups of V. inaequalis isolates were distin-
guished using principal coordinate analysis, with the first, 
second, and third components accounting for 4.75, 3.70 and 
3.18 percent of the total variation (Suppli. Fig. 6), respec-
tively. These findings concur with those of Gladieux et al. 
(2010), Leroy et al. (2013) and Michalecka et al. (2018), 
Papp et al. (2022), Lu et al. (2022). The assignment approach 
used in K means of clustering was also used to examine any 
host specialization within the V. inaequalis population. At 
(K = 3), the clustering method supported three clusters and 
samples typically belong to three clusters. These clusters 
could not be distinguished in the PCoA results. This popu-
lation was split into infected Malus x domestica cultivars 
based on the absence or presence of the Rvi1 and Rvi6 genes, 
as previously documented in commercial orchards (Dar et al. 
2020; Gladieux et al. 2011; Michalecka et al. 2018; Papp 
et al. 2022). Numerous host selection pressures should have 
been applied to V. inaequalis populations given that several 
scab genes are found in wild apple species (Bus et al. 2011) 
as demonstrated by inRvi6, Rvi3 or Rvi5genesby (Micha-
lecka et al. 2018; Gladieux et al. 2011; Papp et al. 2022). 
The presence of the unknown resistance gene in Lal Ambri 
(F1 of Red delicious and Ambri), Rvi1 in Golden Delicious, 
and various scab genes in Red Delicious & Royal Delicious 
varieties may have caused an identical split in scab pathogen 
in Kashmir valley, despite presence of numerous resistance 
specificities in a diverse genetic background of sampled vari-
eties (Dar et al. 2020). Given the relatively different level of 
mixing between the two subpopulations, there may be pre 
and post-zygotic barriers to random matting or panmixis. 
There was no observable population genetic pattern within 
any subpopulation. It is, therefore, possible to the hypoth-
esis that there is high virulence cost to produce a potent 
pre-zygotic barrier strong enough to separate virRvi1, F1 
virulent and other infecting to various resistance sources, 
respectively, from subpopulations by itself. Other studies 
obtained same result from virRvi6, Rvi3 or Rvi5loci con-
taining subpopulations (Leroy et al. 2013; Michalecka et al. 
2018; Papp et al. 2022). The idea of additional structural 

resistance components that are shared by accessions from 
various kinds cannot be completely ruled out by the findings 
of the present investigation.

The population genetic structure of V. inaequalis on apples 
in Kashmir was confirmed by principal component analysis, 
and K means clustering of the pathogen. The isolates of five 
populations formed five major clusters based on principal 
component analyses and the isolates were randomly distrib-
uted randomly in clusters and locations (Fig. 4). The popula-
tions most likely resulted from recent mixing events, which 
are frequently found in hybrid zones when various popula-
tions interact by dispersal or by sharing a boundary (Papp et al. 
2022; Lu et al. 2022; Dar et al. 2020; Gladeuix et al. 2011; 
Vaha and Primmer 2006). Gene flow within cropping zones 
is substantially larger than that between cropping zones due 
to the human-mediated dissemination of disease through con-
taminated areas in the former. As a result, the Cluster analysis 
showed that V. inaequalis populations had substantial geno-
typic diversity and that isolates from each population were 
randomly dispersed in various clusters (Fig. 5). Padder et al. 
(2011) obtained similar results in V. inaequalis. These results 
support the notion that pathogen reproductive structures are 
dispersed across the country, and they provide opportunity of 
demographic assemblage and stability. They may also has-
ten the adaptation of Venturia to management strategies like 
the use of resistance specificities and site-specific fungicides 
application. V. inaequalis is not the only organism that exhibits 
parallel patterns of spatial genetic structure, as other agricul-
tural plant diseases have also been found to do so (Toale et al. 
2015; Dar et al. 2020). These results defy logic and cannot be 
fully elucidated by natural dispersal, supposed to lead to more 
genomic similarities (lower genetic differentiation) among 
geographically nearby subpopulations. For locus Vitc2/16, 
reduced gene flow was detected, leading to higher genetic dif-
ferentiation. There was less gene flow at locus Vitc2/16, which 
increased genomic divergence. With an average value of 0.058, 
the divergence at a single locus among all sample of popula-
tions (Gst) varied from − 0.008 (VITC2D) to 0.132 (Vitc2/16) 
(Table 6). According to Gladieux et al. (2008) fungi in the 
western Himalayas have maintained a high genetic diversity, 
indicating that they were probably brought there from central 
Asia, where V. inaequalis originally settled. Gladieux et al. 
(2008) discovered reduced dissimilarity in isolates of V. inae-
qualis from populations outside of central Asia and proposed 
that there is lost alleles during the migratory, departure, onset 
and settlement processes outside of their native area. The adap-
tation capacity is brought on by the constant genetic exchange 
from the nearby population or decreased inbreeding depression 
(Numminen et al. 2016; Richards 2000), which makes it easier 
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to replace subpopulations with superior genes. This study sup-
ports the premise that stringent quarantine regulations should 
be imposed both inside and outside of national borders to stop 
the spread of V. inaequalis to control this devastating plant 
disease effectively.

Conclusion

Since plant pathogen’s genetic structure and population’s 
high genetic diversity enhance the subpopulation's capac-
ity to adapt in agricultural ecosystems and it was concluded 
there are three population, one colonize F1 varieties and 
another one Rvi1 varieties and a third to further known or 
unknown resistance sources. The population diversity and 
genetic diversity of the Rvi1, F1-virulent, and third other 
populations are recognized as the host adaptation capacity 
which is brought on by the constant inflow of new genetic 
information from nearby subpopulations. Based on the K 
means of clustering and PCA, analysis of the variance of 
132 Venturia isolates, is supported for sub-populations or 
non-random matting which does not make it easier to replace 
subpopulations with superior genes. The genetic exchange 
between individuals of two populations living in the same 
orchard could lead to the formation of hybrid swarms. Such 
pathogen reproductive strategies could lead to the possibil-
ity of subpopulation assemblages, demographic stability, and 
adaptation of Venturia pathogen to management strategies 
viz., use of resistance specificities and site-specific fungicide 
application. Keeping in view the economic and nutritional 
importance of apples in Kashmir valley, regular monitoring 
of ecological balance, genetic structure, and population diver-
sity is necessary for sustainable disease management and it 
may be necessary to impose rigorous quarantine regulations 
both inside and outside of national boundaries to check the 
emergence of more virulent and fungicide resistant strains.
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