Article

Genetic Variation of Puccinia triticina Populations in Iran from
2010 to 2017 as Revealed by SSR and ISSR Markers

Zahra Nemati 1, Ali Dadkhodaie 22, Reza Mostowfizadeh-Ghalamfarsa 1*{©, Rahim Mehrabi 3

and Santa Olga Cacciola **

check for
updates

Citation: Nemati, Z.; Dadkhodaie, A.;
Mostowfizadeh-Ghalamfarsa, R.;
Mehrabi, R.; Cacciola, S.O. Genetic
Variation of Puccinia triticina
Populations in Iran from 2010 to 2017
as Revealed by SSR and ISSR
Markers. J. Fungi 2023, 9, 388.

https:/ /doi.org/10.3390/j0f9030388

Academic Editor: Samantha

C. Karunarathna

Received: 22 January 2023
Revised: 19 March 2023
Accepted: 20 March 2023
Published: 22 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Department of Plant Protection, School of Agriculture, Shiraz University, Shiraz 71441-65186, Iran
Department of Plant Production and Genetics, School of Agriculture, Shiraz University,
Shiraz 71441-65186, Iran
Department of Biotechnology, College of Agriculture, Isfahan University of Technology,
Isfahan 81431-53784, Iran
Department of Agriculture, Food and Environment (Di3A), University of Catania, 95123 Catania, Italy
*  Correspondence: rmostofi@shirazu.ac.ir (R.M.-G.); olga.cacciola@unict.it (5.0.C.);
Tel.: +98-071-36138323 (R.M.-G.); +39-095-7147371 (S.0.C.)

Abstract: Puccinia triticina is a major wheat pathogen worldwide. Although Iran is within the Fertile
Crescent, which is supposed to be the center of origin of both wheat and P. triticina, the knowledge
of the genetic variability of local populations of this basidiomycete is limited. We analyzed 12 inter
simple sequence repeats (ISSRs) and 18 simple sequence repeats (SSRs) of 175 P. triticina isolates
sampled between 2010 and 2017 from wheat and other Poaceae in 14 provinces of Iran. SSRs revealed
more polymorphisms than ISSRs, indicating they were more effective in differentiating P. triticina
populations. Based on a dissimilarity matrix with a variable mutation rate for SSRs and a Dice
coefficient for ISSRs, the isolates were separated into three large groups, each including isolates from
diverse geographic origins and hosts. The grouping of SSR genotypes in UPGMA dendrograms was
consistent with the grouping inferred from the Bayesian approach. However, isolates with a common
origin clustered into separate subgroups within each group. The high proportion of heterozygous
alleles suggests that in Iran clonal reproduction prevails over sexual reproduction of the pathogen. A
significant correlation was found between SSR and ISSR genotypes and the virulence phenotypes of
the isolates, as determined in a previous study.

Keywords: Basidiomycota; brown rust; genotypes; ISSR; molecular markers; SSR; virulence; Poaceae;
wheat leaf rust

1. Introduction

Leaf rust, also known as brown rust, caused by Puccinia triticina Eriksson, is a major
disease of wheat (Triticum aestivum L. and T. durum Desf.) globally [1,2]. Puccinia triticina
is a heteroecious basidiomycete and requires a telial /uredinial host and an alternative
(pycnial/aecial) host to complete its life cycle. It is thought that the center of origin
of this pathogen is the Fertile Crescent as in this historical region, also including part
of present-day Iran, the natural ranges of the primary (wheat) and the alternate host
(Thalictrum species) overlap [3]. Although leaf rust has a worldwide distribution, alternate
hosts are absent or occur sporadically in most wheat-producing areas, and consequently
the sexual stage of P. triticina has a secondary epidemiological role globally [4]. As a
matter of fact, several lines of evidence indicate that asexual reproduction of this pathogen
prevails on a world scale [5,6]. Urediniospores of P. triticina are wind-dispersed even
over long distances, which can result in the intercontinental spread of new genotypes of
the pathogen and the consequent outbreaks of wheat leaf rust epidemics [7]. Despite the
lack of alternate hosts, the populations of the leaf rust pathogen show a high variability.
New genotypes and breeds of P. triticina may also emerge in local populations of the
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pathogen in the absence of sexual recombination. This may occur because of mutations,
somatic recombination, the selective effect of large-scale cultivation of wheat cultivars with
race-specific resistance genes and migration from distant geographical regions and from
other wild or cultivated Poaceae, such as bread wheat, durum wheat, barley and oats,
through wind-dispersed urediniospores. [3,8-10]. In particular, mutations, resulting in new
genetic variants, are likely the primary source of variation in P. triticina populations [7].
In wheat-producing countries, large-scale surveys aimed at monitoring the diversity of
virulence phenotypes (races) in P. triticina populations have been performed repeatedly
as the control of leaf rust relies mainly on wheat cultivars with race-specific resistance
genes [4,9,11-16]. The analysis of the genetic variability of P. triticina populations can
provide further insight into the biology and ecology of the leaf rust pathogen. The genetic
variability of P. triticina populations has been investigated in several wheat-production areas
worldwide, often in combination with the study of the variability of virulence phenotypes.
Different molecular markers have been used, including random amplified polymorphic
DNAs (RAPDs), amplified fragment length polymorphisms (AFLPs), inter simple sequence
repeats (ISSRs), locus specific microsatellites or simple sequence repeats (SSRs) and single
nucleotide polymorphisms (SNPs) [12,17-24]. While RAPDs and AFLPs are dominant, SSR
and ISRR markers are co-dominant and can distinguish heterozygous and homozygous
genotypes [3,7]. SSR markers unraveled similarities between durum wheat isolates of
P. triticina from Europe and South America and among populations of the pathogen from
diverse host plants or geographical origins [7,9,16,18,25]

A more precise genetic analysis of SSRs data has become possible with a recently
developed approach based on different models of SSR evolution [26], which consider
the stepwise mutation model (SMM) in an either variable (SMMv) or constant (SMMCc)
mutation rate scenario [26]. Notably, both the SSM and the infinite alleles model (IAM)
apply to SSR multi-locus genotypes and are based on a comparison of allele patterns of SSR
loci rather than allele frequencies, which is essential in the case of the association between
alleles as it occurs in asexually reproducing organisms [26,27].

Previous studies investigated the variability of virulence phenotypes of P. triticina
populations in Iran [10,28]. The objective of this study was to explore the genetic variability
of these populations from 2010 to 2017 using SSRs and ISSRs as molecular markers.

2. Materials and Methods
2.1. Puccinia triticina Isolates

Between 2010 and 2017, leaf rust samples were collected from various species of plants
in the Poaceae family, including bread wheat (T. aestivum) durum wheat (T. durum Dest.), bar-
ley (Hordeum vulgare L.), wild barley (H. vulgare ssp. spontaneum Thell.), oat (Avena sativa L.),
and triticale (x Triticosecale Wittm. ex A. Camus), in wheat fields of 14 provinces of Iran,
and single uredinium isolates were obtained from each sample. The virulence phenotype
of the set of isolates examined in this study was identified in a previously published study
by testing them on 20 differential Thatcher’s near-isogenic wheat lines carrying single-leaf
rust resistance genes [10,29] (Supplementary Table S1). Leaf rust isolates from the same
region and with identical virulence phenotypes were excluded, and 175 single-uredinium
leaf rust isolates were selected for molecular genotype analysis, including 146 isolates from
bread wheat (Pt—bread wheat) (Supplementary Table S1).

To propagate the isolates, a single pustule (uredinium) was used to inoculate the
susceptible wheat cv Boolani in greenhouse at 20-24 °C according to the method described
by Kolmer et al. [30]. Urediniospores of each isolate produced on artificially inoculated
wheat plantlets of the cv Boolani were dried in a desiccator and stored at —80 °C for
later use.

2.2. DNA Extraction

DNA was extracted from 20 mg frozen urediniospores of each single-uredinium
isolate using the CTAB method and the DNGTM.PLUS extraction kit (CinnaGen, Tehran,
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Iran) [31]. The DNA was quantified both with a NanoDrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA) and on 0.8% agarose gel in 1X TBE (Tris-Borate-EDTA)
buffer (pH 8.3), stained with ethidium bromide (0.25 mL~!) and visualized under UV light.

2.3. ISSR Markers

The ISSR genotypes of the isolates were determined using a set of 12 ISSR markers
(Table 1) and according to the protocol of Spackman et al. [32]. The amplification reactions
were performed in a thermal cycler (CG1.96, Corbett Research, Mortlake, NSW, Australia)
using the following protocol: initial denaturation at 94 °C for 2 min, 35 cycles of denatu-
ration at 94 °C for 30 s, annealing at 45 °C for 1 min, extension at 72 °C for 1 min, final
extension at 72 °C for 5 min. The fragments were separated on 2% agarose gel in TAE
stained with 0.1% ethidium bromide. All the images were captured in a gel documentation
system (Syngene, Frederick, MD, USA). Fragment size was estimated with a medium-range
ruler (50-1500 bp, DM1100, Life Science Products, Stevensville, MD, USA) and the bands
with a range of 100-2000 bp were scored visually. To record the molecular data for the
markers, a binary value matrix was prepared, where the absence of a band was represented
as 0 while the presence of an amplicon was represented as 1. This approach allowed us to
perform a statistical analysis of diversity between genotypes and compare them with SSR
markers [33-35].

Table 1. Inter simple sequence repeat (ISSR) primers tested to study the genetic diversity of leaf rust
isolates from Iran.

Primer Primer Sequence Reference
P1* 5'-(GACA) 4AT-3' [36]
p2* 5'-(GACC) ATT-3' [36]
P5* 5'-(ACTG) 3ACG-3' [37]

pP7 5'«(TGTC) 5-3' [38]
P8 5-(CAC) 5-3' [39]
P9 5'-(CCA) 5-3' [39]
P10 * 5'-(GACC) 4-3' [39]
P17 * 5'-(GGAGA) 3-3 [40]
M1 * 5'-(ACTG) 4-3' [41]
M2 * 5'-(GACAC) 3-3 [41]
M6 5'-(GCC) 3-3' [42]
M7 * 5'-(GAG) 5-3/ [42]

* The ISSR primers used to unravel the genetic diversity of leaf rust isolates from Iran. Primers that are not marked
with an asterisk failed in amplifying the corresponding sequences.

2.4. SSR Markers

Clonal genotypes, i.e., isolates with identical virulence phenotypes and ISSR genotypes,
were excluded and the remaining 126 isolates were genotyped using a set of 18 microsatellite
primer pairs developed from the genomic libraries of P. triticina, including PtSSR 3, PtSSR 13,
PtSSR 50, PtSSR 55, PtSSR 61, PtSSR 76, PtSSR 91, PtSSR 92, PtSSR 151A, PtSSR 152, PtSSR
154, PtSSR 158, PtSSR 161, PtSSR 164, PtSSR 173, PtSSR 186, PtSSR 68.1, and PtSSR 184 [19].
Polymerase chain reaction (PCR) conditions were as described by [19]. Amplifications were
conducted in a thermal cycler (CG1.96, Corbett Research, Mortlake, NSW, Australia) using
the following temperature profile: initial denaturation step at 98 °C for 30 s, then 30 cycles
at 98 °C for 30 s, annealing temperatures for 30 s, and 72 °C for 30 s followed by a final
extension step of 72 °C for 10 min. A range of annealing temperatures from 58 to 64 °C
was used for each primer pair. PCR products were separated on 7% polyacrylamide gel
in 1 x TBE buffer at 100 volts for 150 min. At the end of the run, the gels were stained in
silver nitrate (AgNO3) solution (0.1 g 100 mL~') [43]. Allele sizes for each primer were
visually determined using DM1100 size standards. DNA bands generated by each primer
pair were standardized with the allele sizes in the initial characterization of the SSR primers
and other P. triticina isolates previously characterized using the same set of SSR primer
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pairs [19]. Individual isolates were scored for dikaryotic genotypes for each SSR locus by
recording allele sizes in base pairs for both alleles at each locus.

2.5. Data Analysis

Abinary matrix for 8 polymorphic ISSRs and 175 isolates was constructed in Microsoft®
Excel. Additionally, a matrix for SSR genotypes (126 isolates) was obtained based on the
allele size of each specific microsatellite fragment. The Polymorphism Information Content
(PIC) and the number of alleles were calculated for these ISSR and SSR markers. Data analy-
sis was performed using LOCUS software, and single locus parameters for 126 isolates were
also calculated [26]. The dissimilarity between ISSR genotypes was measured with either
the simple mismatch, Jaccard or Dice indexes [26]. Considering the dikaryotic nature of
P. triticina, the SSR genotypes were analyzed as diploid organisms. The dissimilarity matrix
between SSR genotypes was calculated assuming two different models of microsatellite
evolution [26]: the infinite alleles model (IAM) and stepwise mutation model (SMM) with
constant mutation rate (SMMc) and SSM with variable mutation rate (SMMv) at different
loci [26,27].

By comparing the correlation of virulence phenotype with genotypes, the simple
mismatch, Jaccard, and Dice dissimilarities of the IAM model for virulence phenotype
and ISSR with JAM and SMM model of SSR were calculated and used. To examine the
correlation of dissimilarity matrices, we calculated the Mantel test with different values for
each pair of matrices for SSR, ISSR, and virulence phenotype data sets [44]. Mantel tests
were calculated using the MXCOMP program of the NTSYS pc package, version 2.2 (Exeter
Software, East Setauket, NY, USA). Associations of virulence phenotypes, ISSR and SSR
genotypes were estimated for clone-corrected data.

The dissimilarity matrix (SMMv) for SSR and the Dice coefficient for ISSR were used
to generate dendrograms, using the unweighted pair group method with arithmetic mean
(UPGMA) and neighbor-joining to illustrate the genetic relationships between genotypes.
Analyses were performed using the Power Marker V3.25 [45], and the dendrograms were
visualized in Mega 7.1 [46].

To test the hypothesis that sexual reproduction contributes to the genetic variability of
leaf rust populations in Iran, we used STRUCTURE v. 2.3 to group the SSR genotypes of the
isolates with a Bayesian approach [47,48]. This method has been developed for use with
sexual populations and assumes the populations to be in Hardy—-Weinberg equilibrium. The
parameters of the project were set as: (i) admixture model (assuming that individuals may
have part of the genome from each of the k populations) and independent allele frequencies
among populations; and (ii) run length was given as 100,000 burning period lengths,
followed by 100,000 Markov Chain Monte Carlo (MCMC) replications. Values of k (groups)
from 1 to 10 were used, with 10 iterations for each level of k. The average In Pr(X/K) was
calculated for each k and the differences between sequential values corresponding to k
1-10 were determined as described in [49]. The number of SSR groups was determined by
the k interval with the largest change in In Pr (X/K).

3. Results

Overall, 175 single-uredinium isolates of leaf rust sampled from various hosts in
14 provinces of Iran from 2010 to 2017 (Supplementary Table S1) were tested using a set
of 12 ISSR primers. However, polymorphic band patterns were obtained only with 8 out
of the 12 primers. In total, 126 bands were analyzed among the 175 isolates, and 121 were
polymorphic. The proportion of polymorphic bands was variable, with an average of
44.5 & 8.4% (Table 2). The ISSR primers could not detect polymorphic alleles in oat and
triticale isolates. After excluding clones, i.e., isolates from the same region with identical
virulence phenotypes and ISSR genotypes, 126 isolates were genotyped using SSR markers.
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Table 2. Proportion of polymorphic loci as revealed using simple sequence repeats (SSRs) and inter

simple sequence repeats (ISSRs) as molecular markers in leaf rust isolates collected in Iran. Isolates

are grouped according with the sampling year and host of origin.

Groups of Isolates SSR Markers ISSR Markers
Wild Barley 2017 76.47% 2.38%
Durum Wheat 2016 58.82% 34.92%

Barley 2016 70.59% 44.44%
Oat 2016 58.82% 0.00%
Triticale 2016 58.82% 0.00%
Bread Wheat 2016 88.24% 74.60%
Bread Wheat 2015 76.47% 50.79%
Bread Wheat 2014 94.12% 75.40%
Bread Wheat 2013 82.35% 65.08%
Bread Wheat 2012 76.47% 65.87%
Bread Wheat 2011 82.35% 69.84%
Bread Wheat 2010 76.47% 51.59%
Mean 75.00% 44.58%

SE 3.33% 8.39%

SSR and ISSR Polymorphisms

Only 15 out of 18 SSR primers detected polymorphisms among the 126 isolates ana-
lyzed. PtSSR 76 and PtSSR 151 A primers produced polymorphic band patterns in isolates
from wild barley. Nine primer pairs (PtSSR 92, PtSSR 151A, PtSSR 154, PtSSR 158, PtSSR
161, PtSSR 164, PtSSR 173, PtSSR 68.1, and PtSSR 184) detected polymorphisms in isolates
from durum wheat. On average, the SSR primers produced 67 bands, of which 55 were
polymorphic (Table 2). The mean percentage of polymorphic bands was 75 £ 3.3%. The
average PIC values for ISSR and SSR were 0.23 and 0.29, respectively. Data analysis showed
that the number of heterozygous alleles per locus was greater than that of homozygous, and
the minimum and maximum number of alleles per locus were two and five, respectively

(Table 3).

Table 3. Descriptive parameters of SSRs data for Puccinia triticina genotypes.

Locus Repeat Missin . Number of Number of Proportion of
Number S?ze Data ® Min Max Homozygotes Heterozygotes Horﬁozygotes N. Alleles
1 2 0 128 130 0 126 0 2
2 3 0 360 366 3 123 0.024 3
3 2 0 302 304 51 75 0.405 2
4 3 0 297 303 0 126 0 3
5 4 0 319 327 35 91 0.278 4
6 5 0 307 317 33 93 0.262 5
7 3 0 393 402 0 126 0 3
8 2 0 348 380 11 115 0.087 2
9 3 0 242 252 8 118 0.063 3
10 2 0 470 476 118 8 0.937 2
11 2 0 384 388 47 79 0.373 2
12 4 0 265 272 0 126 0 4
13 3 0 242 250 0 126 0 3
14 2 0 227 232 1 125 0.008 3
15 3 0 213 217 15 111 0.119 3
16 5 0 214 224 11 115 0.087 5
17 4 0 211 220 0 126 0 4
18 4 0 345 400 0 126 0 4
19 4 0 340 347 22 104 0.175 3
20 3 0 335 337 0 126 0 3
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The SSR, ISSR, and virulence matrices were compared for correlation with Mantel
tests. There were relatively low but significant correlations between dissimilarity matrices
of SSRs (IAM, SMMc and SMMyv), dissimilarity matrices of ISSRs and virulence phenotypes
(Dice, Jaccard coefficient and simple mismatch) (Table 4).

Table 4. Correlation coefficients between dissimilarity matrix (IAM, SMMc and SMMv).

. MIS MIS
Comlation  TAMSSR  SgHe SERY ek lser . MATCH O Phenotype  MATCH
ISSR yP yP Phenotype
TAM SSR 1
SMMc SSR 0.9187 1
SMMvSSR  0.92277 0.99452 1
DICE ISSR 0.3328 049538 047167 1
]AESCS?{RD 0.34361 0.49409 047025  0.99814 1
MISII\S/[S‘;TCH 0.28984 044524 043044 095371 0.95843 1
DICE
0.10095 026786 028764 028271 0.28888 0.21861 1
Phenotype
JACCARD 0.10095 026786 028764 028271 0.28888 0.21861 1 1
Phenotype
MISMATCH 55144 018975 018438  0.19746 0.20227 0.14982 0.91504 0.91504 1
Phenotype

The highest correlation coefficient was found between SSR (SMMc) and ISSR (Dice)
genotypes (r = 0.495, p = 0.001).

The correlation between SSR genotypes (SMMv) and virulence phenotypes based on
the Dice coefficient (r = 0.287, p = 0.001) was nearly identical to that of ISSR genotypes and
virulence phenotypes based on the Jaccard coefficient (r = 0.288, p = 0.001).

The unweighted dendrograms based on the Power Marker program results are shown
in Supplementary Figure S1 (neighbor-joining dendrograms based on Dice for ISSR geno-
types) and Supplementary Figure S2 (neighbor-joining based on SMMyv for SSR genotypes).
Both dendrograms based on SSR and ISSR analysis grouped genotypes into three major
clades. However, the grouping of genotypes based on SSRs and ISSRs did not match.
Clade I of the neighbor-joining dendrogram of ISSR genotypes encompassed P. triticina
isolates collected from 2010 to 2012. Clade II encompassed the P. triticina isolates collected
in 2013 and many isolates collected in 2014. Clade III encompassed multiple subgroups,
including isolates from durum wheat, oat, triticale, barley and wild barley, respectively
(Supplementary Figure S1).

As shown in Supplementary Figure S2, the three major clades obtained with SSRs were
not related to the year of collection. In the SSR dendrogram, clade I consisted of barley, oat
and triticale isolates collected in 2016 and some bread wheat isolates collected in 2013, 2014,
2015, and 2016. Clade II comprised three subclades. Subclade II-1 grouped part of the bread
wheat isolates collected in 2010, 2011, 2012, 2014, 2015 and 2016, as well as durum wheat
isolates collected in 2016 in Khuzestan Province. A few isolates from bread wheat collected
in 2010, 2011 and 2012 grouped in subclade II-2. Subclade II-3 included isolates from wild
barley collected in the Margoon protected region in 2017, durum wheat isolates from Ilam
Province collected in 2016, and a few bread isolates collected in 2010, 2011, 2013, 2015 and
2016. Finally, clade III consisted of isolates from wild barley collected in Bamu national park
and bread wheat isolates collected in 2011, 2013 and 2014 (Supplementary Figure S2). Two
barley isolates (95-8-1 and 95-17-1) clustered into a small group, outside the three major
clades. Grouping SSR genotypes with STRUCTUREYv 2.3, the optimal k value (number of
clusters) was 3, with a probability of 0.999. A weak grouping was observed among SSR
genotypes with k = 5 (Figure 1).
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Figure 1. Bayesian assignment of population structure for the genotypes of the leaf rust pathogen.
STRUCTURE bar plot of the estimated membership coefficient for each individual for k = 5. Each
color indicates a distinct population.

Grouping based on k = 3 showed a good fit to the SSR genotypes data. Therefore, the
isolates were placed into three SSR genotype groups based on the change in InPr (X/K)
(Supplementary Figure S3). The STRUCTUREV 2.3 groups were visualized with colored
branches in a neighbor-joining tree of SSR (Supplementary Figure S2).

Almost all groups of the isolates generated by STRUCTUREY 2.3 conformed to the
neighbor-joining groups, assuming the SMMv model of SSR evolution of simple sequence
repeats (SSRs) with dissimilarity matrix (Dice, Jaccard coefficient and simple mismatch) of
inter simple sequence repeats (ISSs) and virulence phenotypes of P. triticina isolates from
Iran.

4. Discussion

In this study, SSR and ISSR molecular markers were used to examine the genetic
variability of a large set of leaf rust isolates from six hosts of the Poaceae family sampled
in major wheat-producing provinces of Iran for eight consecutive years. This is the first
comprehensive study of the genetic structure of leaf rust pathogen populations in Iran and
the first report of the application of ISSR markers to the study of its genetic variability. All
eight selected SSR loci revealed a considerable polymorphism. The mean proportions of
polymorphisms were 75% for SSRs and 44.5% for ISSRs, confirming a higher discriminating
power of SSRs as genetic markers. Moreover, ISSRs did not detect polymorphic alleles
in isolates from oat and triticale and were less informative than SSRs in revealing allelic
variation.

The analysis of the genetic variability of this large collection of isolates using SSR
markers showed that the number of heterozygous alleles was by far greater than the
number of homozygous alleles, suggesting a prevalence of clonal reproduction in the leaf
rust pathogen populations in Iran. This is consistent with the results of similar studies
in other wheat-producing areas of the world [50-53]. SSR primers have been widely
used to analyze the genetic variability of P. triticina isolates from bread wheat in several
wheat-producing areas of the world [19]. Eight distinct SSR groups were characterized in
populations of this basidiomycete in Europe, six in North America, and three in China and
Pakistan [15,25,50,52]. A recently developed set of SSR primers was used to analyze the
genetic variability of P. triticina isolates from wheat, triticale and rye [53,54]. In this study,
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the same SSR markers as those used by [19] to analyze the genetic diversity of P. triticina
populations from bread wheat were also effective in revealing the genetic variability of the
leaf rust pathogen populations from other hosts of the family Poaceae, including durum
wheat, barley, oat and triticale. A correlation was found between the grouping based on
SSR genotypes and the host or geographic area of origin. Based on SSR markers, the isolates
from oat and triticale grouped in clade I with isolates from bread wheat collected in various
provinces. Conversely, the P. triticina isolates from durum wheat shared several genetic
similarities with other isolates from bread wheat originating from diverse provinces and
clustered with them in clade II. However, barley and wheat isolates formed clearly distinct
subgroups. The genetic distance between leaf rust isolates from durum wheat and isolates
from oat is not surprising as durum wheat isolates do not infect these two plant species of
Poaceae (Supplementary Table S2) [55]. Puccinia triticina isolates from durum wheat collected
in two different provinces clustered together in clade II, but into two separate subgroups.
This is consistent with previous studies showing that P. triticina isolates from durum wheat
grouped based on the area of origin [16,56]. Additionally, the isolates from wild barley,
all collected in 2017 but originating from diverse geographical areas (Margoon Protected
Region and Bamu National Park, two nature reserves in the Fars province), clustered
separately in clades II and III, respectively, indicating that these two pathogen populations
have a different genetic background despite being collected from the same host. It is likely
that these two local populations evolved independently in scarcely anthropized areas
characterized by less intensive agriculture and were separated by geographical barriers
such as mountains. Moreover, in these areas the proximity between wild barley and
spontaneous plants comprising alternate hosts might have conditioned the differentiation
process and favored sexual reproduction and genetic recombination. This last hypothesis is
being investigated [10]. Conversely, the genetic relatedness between isolates of the leaf rust
pathogen from barley and those from wheat could be the consequence of gene flow among
populations from different hosts of the same family. Similarly, isolates from oat and triticale
clustered together in clade I with isolates from wheat. Triticale (x Triticosecale) is an artificial
hybrid between wheat (Triticum sp.) and rye (Secale sp.), whose resistance to leaf rust is
likely inherited only by genes derived from the wheat parent [55,57]. The virulence reaction
of P. triticina isolates from triticale on bread wheat, and vice versa the avirulence response
of wheat isolates on triticale, would support this hypothesis [55]. Because of its hybrid
origin, triticale could be a bridge enabling the transfer of new leaf rust variants from wheat
to rye and vice versa. A recent study of the diversity of virulence phenotypes of the leaf rust
pathogen in Iran reported that populations from barley, durum wheat, oat, triticale and wild
barley were different from those of bread wheat. This would suggest that cross-infections
between bread wheat populations of P. triticina and populations of leaf rust from other
Poaceae are relatively rare events [10]. In contrast with this hypothesis, the same authors
found that the virulence phenotype of isolates from barley and wild barley was very similar
to the virulence phenotype of bread wheat isolates. Both hypotheses are consistent with the
results of the present study, which showed that the SSR genotypes of isolates from barley
and wild barley were distinct from those of isolates from wheat but varied greatly and
clustered into different clades, also encompassing isolates from wheat and other species of
Poaceae. Overall, results of the genetic analysis of leaf rust isolates indicate that populations
from barley, wild barley, oat and triticale, although distinct from populations associated to
bread wheat, have numerous genes in common with them, indicating a gene flow between
populations associated to different hosts. It can be speculated that populations of leaf rust
associated to barley, wild barley, oat, rye, triticale and perhaps other spontaneous species
of Poaceae may be a source of variation for populations of P. triticina associated to wheat.
This would have relevant epidemiological implications as the leaf rust fungus reproduces
prevalently or almost exclusively clonally over winter or survives over summer on weeds
or other crops of Poaceae. Globally, the most common causal agents of rust of barley and
oat are P. hordei and P. coronata f. sp. avenae, respectively [58,59]. Barley is also reported as
an occasional host of P. triticina [2,60,61]. Interestingly, in this study isolates obtained from
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barley and oat infected and could be propagated on bread wheat cv Boolani, confirming
previous reports [10,55]. Based on these results, it can be inferred that barley and oat may
be regarded as marginal hosts of P. triticina and their resistance to this pathogen is of the
near-NHR (nonhost resistance) level [62-64], as all bread wheat cultivars we tested, except
the cv Boolani, were immune to the isolates from these two cereal crops. In this respect,
it would be interesting to further characterize the isolates of leaf rust from barley and oat
included in this study.

As differences in the size of each set of isolates, grouped on the basis of host, sampling
year, geographical area of origin or virulence phenotype, may affect the analysis of the
genetic structure of populations, for the analysis of SSRs and ISSRs data we used LOCUS
software, which assumes different models of evolution for these markers [26]. Notably,
the recently developed methods for SMM and IAM are based on the comparison between
allele patterns rather than allele frequencies of SSR loci, which is relevant in the case of the
association between alleles as it occurs in clonally reproducing organisms.

The overall results of this analysis provide circumstantial evidence that mutation,
migration, and gene flow are major evolutionary events shaping the populations of the
leaf rust pathogen in Iran. In particular, the high proportion of heterozygous alleles
revealed by SSRs is consistent with the assumption that clonal reproduction prevails in
these populations. In fact, it is assumed that even if sexual reproduction contributes to
increasing heterozygosity, clonal reproduction is essential to maintain it in a population.
The SSR and ISSR markers differed in their ability to detect genetic polymorphisms in
P. triticina and provided different information on the genetic structure of populations.
The genetic structure of the leaf rust pathogen populations in Iran, as determined by the
analysis of ISRRs, correlated quite well with the grouping of isolates based on both the
year of sampling and host of origin and was also consistent with their grouping based
on virulence phenotype, as characterized in a recent study [10]. Conversely, the three
major clades evidenced using SRR markers were not related to annual or host populations.
Very probably, SSRs exhibited a considerable admixture of clusters of genotypes because
dissimilarity based on SMM reflects genetic differences between individuals.

The two clustering methods used for analyzing the data obtained with SSRs (neighbor-
joining and STRUCTUREY 2.3) produced almost consistent results. This is in agreement
with a previous study that compared the two methods for characterizing the genetic diver-
sity of P. triticina populations in Central Asia and Caucasus [7]. STRUCTUREYV 2.3 analysis
assigns individuals to a population that represents the best fit for the variation patterns
found and infers the origins of individuals when population admixture has occurred [65].

A recent study of the diversity of virulence phenotypes in populations of the leaf rust
fungus in Iran demonstrated that new genotypes are mainly introduced from neighboring
and even distant countries through wind-dispersed urediniospores [10]. Based on the
distribution and prevalence of diverse pathotypes, the route of these introductions was
traced back and the dominant winds were identified as the main driving factors [10]. Fur-
thermore, in the cited study, evidence was provided that the deployment of wheat cultivars
with race-specific resistance genes has contributed to the selection of new pathotypes of
P. triticina in Iran.

Iran is within the Fertile Crescent macroregion, where the natural range of the primary
(Triticum species) and alternate (Thalictrum species) hosts of P. triticina overlap [1,66,67].
Despite this, no evidence has so far been provided that sexual reproduction contributes
to increasing the genetic variability of P. triticina populations in this country. To this end,
research should focus on less disturbed areas, such as parks or nature reserves, where
wheat and related ancestral species coexist with potential alternate hosts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jof9030388 /s1, Supplementary Figure S1: Neighbor-joining den-
drogram for inter simple sequence repeats (ISSRs) of the isolates of Puccinia triticina from Iran;
Supplementary Figure S2: Neighbor-joining dendrograms for simple sequence repeats (SSRs) of the
isolates of Puccinia triticina from Iran. Isolates were in three groups based on Nei’s genetic distance.
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The values on the dendrogram indicate the stability of nodes estimated with a bootstrap procedure.
Colored branches show the Bayesian assignment of population structure for Puccinia triticina geno-
types. STRUCTURE bar plot (Colored branches) of the estimated membership coefficient for everyone
for K = 3. Each color indicates a distinct population; Supplementary Figure S3: Delta K values for
population structure of 126 Puccinia triticina genotypes from Iran; Supplementary Table S1: Puccinia
triticina isolates collected from various hosts in Iran from 2010 to 2017 and virulence phenotypes
as determined by pathogenicity test on Tatcher’s differential near-isogenic lines of wheat (adapted
from [55]); Supplementary Table S2: Host range and type of reactions on different hosts of Puccinia
triticina isolates from various hosts in Iran (adapted from [55]).

Author Contributions: Conceptualization, RM.-G. and A.D.; methodology, Z.N., RM.-G., A.D. and
R.M,; software, Z.N.; investigation, Z.N., RM.-G., A.D. and R.M,; resources, RM.-G. and A.D., RM.
and S.0.C,; data curation, Z.N.; writing original draft preparation, Z.N. and R M.-G.; writing review
and editing, RM.-G., A.D. and S.0.C,; supervision, RM.-G. and A.D.; project administration, R M.-G.
and A.D.; funding acquisition, RM.-G., A.D. and S.0.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was partly funded by the International Foundation for Science (IFS) [grant
number C/5315-1], the project of the University of Catania, Italy “Investigation of phytopathological
problems of the main Sicilian productive contexts and eco-sustainable defense strategies (MED-IT-
ECO)” “PiaCeRi—PIAno di inCEntivi per la Ricerca di Ateneo 2020-22 linea 2” (5A722192155), the
project “Smart and innovative packaging, postharvest rot management and shipping of organic citrus
fruit (BiOrangePack)” under Partnership for Research and Innovation in the Mediterranea Area
(PRIMA)-H2020 (E69C20000130001) and by the project “PROMETEO—Un village transfrontalier
pour protéger la culture des arboricoles méditerranéennes en partageant les connaissances” Rif. n°
C-5_2.1-36, Strategic project ENI Italy-Tunisia 2014-2020.

Institutional Review Board Statement: This article does not contain any studies with human partic-
ipants or animals performed by any of the authors.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available upon request.

Acknowledgments: We are grateful to E. Kosman for his valuable critical comments and useful
discussions while analyzing and interpreting results.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

Ol N

N

10.

11.

Roelfs, A.P,; Singh, R.P.; Saari, E.E. Rust Diseases of Wheat: Concepts and Methods of Disease Management; CIMMYT: Mexico City,
Mexico, 1992; p. 81.

Murray, T.; Parry, D.W.; Cattlin, N.D. Diseases of Small Grain Cereal Crops; Manson Publishing: London, UK, 1998; p. 142. [CrossRef]
Bolton, M.D.; Kolmer, J.A.; Garvin, D.F. Wheat leaf rust caused by Puccinia triticina. Mol. Plant Pathol. 2008, 9, 563-575. [CrossRef]
Kolmer, J.A. Tracking wheat rust on a continental scale. Curr. Opin. Plant Biol. 2005, 8, 441—449. [CrossRef]

Kolmer, J.A.; Ordofiez, M.E.; Manisterski, ].; Anikster, Y. Genetic differentiation of Puccinia triticina populations in the middle east
and genetic similarity with populations in Central Asia. Phytopathology 2011, 101, 870-877. [CrossRef]

Kolmer, J. Leaf rust of wheat: Pathogen biology, variation and host resistance. Forests 2013, 4, 70-84. [CrossRef]

Kolmer, J.A.; Ordofiez, M.E. Genetic differentiation of Puccinia triticina populations in Central Asia and the Caucasus. Phytopathol-
0gy 2007, 97, 1141-1149. [CrossRef]

Park, R.E; Burdon, ].J.; Jahoor, A. Evidence for somatic hybridization in nature of Puccinia recondita f. sp. tritici. Mycol. Res. 1999,
103, 715-732. [CrossRef]

Goyeau, H.; Park, R.; Schaeffer, B.; Lannou, C. Distribution of pathotypes with regard to host cultivars in french wheat leaf rust
populations. Phytopathology 2006, 96, 264-273. [CrossRef]

Nemati, Z.; Mostowfizadeh-Ghalamfarsa, R.; Dadkhodaie, A.; Mehrabi, R.; Steffenson, B.]J. Virulence of leaf rust physiological
races in Iran from 2010 to 2017. Plant Dis. 2020, 104, 363-372. [CrossRef]

Kolmer, J.A.; Liu, ].Q.; Sies, M. Virulence and molecular polymorphism in Puccinia recondita £. sp. tritici in Canada. Phyto-Pathol.
1995, 85, 276-285. [CrossRef]


http://doi.org/10.1201/b15911
http://doi.org/10.1111/j.1364-3703.2008.00487.x
http://doi.org/10.1016/j.pbi.2005.05.001
http://doi.org/10.1094/PHYTO-10-10-0268
http://doi.org/10.3390/f4010070
http://doi.org/10.1094/PHYTO-97-9-1141
http://doi.org/10.1017/S0953756298007631
http://doi.org/10.1094/PHYTO-96-0264
http://doi.org/10.1094/PDIS-06-19-1340-RE
http://doi.org/10.1094/Phyto-85-276

J. Fungi 2023, 9, 388 11 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mantovani, P.; Maccaferri, M.; Tuberosa, R.; Kolmer, J. Virulence phenotypes and molecular genotypes in collections of Puccinia
triticina from Italy. Plant Dis. 2010, 94, 420-424. [CrossRef]

Liu, T.G.; Chen, W.Q. Race and virulence dynamics of Puccinia triticina in China during 2000-2006. Plant Dis. 2012, 96, 1601-1607.
[CrossRef] [PubMed]

Kolmer, J.A.; Kabdulova, M.G.; Mustafina, M.A.; Zhemchuzhina, N.S.; Dubovoy, V. Russian populations of Puccinia triticina in
distant regions are not differentiated for virulence and molecular genotype. Plant Pathol. 2014, 64, 328-336. [CrossRef]

Kolmer, J.A. Collections of Puccinia triticina in different provinces of China are highly related for virulence and molecular genotype.
Phytopathology 2015, 105, 700-706. [CrossRef] [PubMed]

Gultyaeva, E.I; Shaydayuk, E.L.; Kazartsev, I.A.; Kosman, E. Race characterization and molecular genotyping of Puccinia triticina
populations from durum wheat in Russia. Plant Dis. 2021, 105, 1495-1504. [CrossRef]

Khan, R.R.; Bariana, H.S.; Dholakia, B.B.; Naik, S.V.; Lagu, M.D.; Rathjen, A ].; Bhavani, S.; Gupta, V.S. Molecular mapping of
stem and leaf rust resistance in wheat. Theor. Appl. Genet. 2005, 111, 846-850. [CrossRef]

Ordofiez, M.E.; Kolmer, ].A. Simple sequence repeat diversity of a world-wide collection of Puccinia triticina from durum wheat.
Phytopathology 2007, 97, 574-583. [CrossRef] [PubMed]

Szabo, L.J.; Kolmer, J.A. Development of simple sequence repeat markers for the plant pathogenic rust fungus Puccinia triticina.
Mol. Ecol. Notes 2007, 7, 708-710. [CrossRef]

Goyeau, H.; Berder, J.; Czerepak, C.; Gautier, A.; Lanen, C.; Lannou, C. Low diversity and fast evolution in the population of
Puccinia triticina causing durum wheat leaf rust in France from 1999 to 2009, as revealed by an adapted differential set. Plant
Pathol. 2012, 61, 761-772. [CrossRef]

Dadrezaie, S.T.; Lababidi, S.; Nazari, K.; Goltapeh, E.M.; Afshari, F; Alo, F; Shams-Bakhsh, M.; Safaie, N. Molecular genetic
diversity in Iranian populations of Puccinia triticina, the causal agent of wheat leaf rust. Am. J. Plant Sci. 2013, 04, 1375-1386.
[CrossRef]

Kosman, E. Measuring diversity: From individuals to populations. Eur. J. Plant Pathol. 2014, 138, 467-486. [CrossRef]

Aoun, M.; Kolmer, J.A.; Breiland, M.; Richards, J.; Brueggeman, R.S.; Szabo, L.]J.; Acevedo, M. Genotyping-by-sequencing for the
study of genetic diversity in Puccinia triticina. Plant Dis. 2020, 104, 752-760. [CrossRef] [PubMed]

Ma, Y; Liu, T; Liu, B.; Gao, L.; Chen, W. Population genetic structures of Puccinia triticina in five provinces of China. Eur. ]. Plant
Pathol. 2020, 156, 1135-1145. [CrossRef]

Ordofiez, M.E.; Kolmer, J.A. Differentiation of molecular genotypes and virulence phenotypes of Puccinia triticina from common
wheat in North America. Phytopathology 2009, 99, 750-758. [CrossRef] [PubMed]

Kosman, E.; Jokela, J. Dissimilarity of individual microsatellite profiles under different mutation models: Empirical approach.
Ecol. Evol. 2019, 9, 4038-4054. [CrossRef] [PubMed]

Kosman, E.; Leonard, K.J. Similarity coefficients for molecular markers in studies of genetic relationships between individuals for
haploid, diploid, and polyploid species. Mol. Ecol. 2005, 14, 415-424. [CrossRef]

Niazmand, A.R.; Afshari, E; Abbasi, M.; Rezaee, S. Study on pathotypes diversity and virulence factors of Puccinia triticina
Eriksson, the causal agent of wheat brown rust in Iran. Iran. J. Plant Pathol. 2010, 46, 187-202.

Nemati, Z.; Pourkhaloee, A.; Mostowfizadeh-Ghalamfarsa, R.; Khosh-Khui, M.; Jafari, M. A report of rust species on different
hosts from Fars Province. In Proceedings of the 3rd Iranian Mycological Congress, Sanandaj, Iran, 26-28 August 2017; p. 81.
Kolmer, J.A.; Long, D.L.; Hughes, M.E. Physiologic specialization of Puccinia triticina on wheat in the United States. Plant Dis.
2009, 93, 538-544. [CrossRef]

Liu, J.Q.; Kolmer, J.A. Molecular and virulence diversity and linkage disequilibria in asexual and sexual populations of the wheat
leaf rust fungus, Puccinia recondita. Genome 1998, 41, 832-840. [CrossRef]

Spackman, M.E.; Ogbonnaya, F.C.; Brown, J.S. Hypervariable RAPD, ISSR and SSR markers generate robust taxonomic groups
among Puccinia striiformis formae speciales of importance to Australian agriculture. Australas. Plant Pathol. 2010, 39, 226-233.
[CrossRef]

Powell, W.; Morgante, M.; Andre, C.; Hanafey, M.; Vogel, ].; Tingey, S.; Rafalski, A. The comparison of RFLP, RAPD, AFLP and
SSR (microsatellite) markers for germplasm analysis. Mol. Breed. 1996, 2, 225-238. [CrossRef]

de Souza, S.G.H.; Carpentieri-Pipolo, V.; Ruas, C.D.E; Carvalho, V.D.P,; Ruas, PM.; Gerage, A.C. Comparative analysis of genetic
diversity among the maize inbred lines (Zea mays L.) obtained by RAPD and SSR markers. Braz. Arch. Biol. Technol. 2008, 51,
183-192. [CrossRef]

Vieira, E.5.N.; Pinho, V.D.R.V,; Carvalho, M.G.G.; Esselink, D.G.; Vosman, B. Development of microsatellite markers for identifying
Brazilian Coffea arabica varieties. Genet. Mol. Biol. 2010, 33, 507-514. [CrossRef] [PubMed]

Arbaoui, M.,; Kraic, J.; Huszar, J. Genetic variation of Sclerotinia sclerotiorum isolates from different conditions. J. Agric. Sci. 2008,
54, 36-39.

Sharma, M.; Gupta, S.K.; Sharma, T.R. Characterization of variability in Rhizoctonia solani by using morphological and molecular
markers. J. Phytopathol. 2005, 153, 449-456. [CrossRef]

Xue, S.; Xuecheng, Z.; Yunxiang, M.; Zhenghong, S.; Song, Q. Identification of phase and sex-related ISSR markers of red alga
Gracilaria lemaneiformis. J. Ocean Univ. China 2006, 5, 82-84. [CrossRef]

Vasseur, V.; Rey, P; Bellanger, E.; Brygoo, Y.; Tirilly, Y. Molecular characterization of Pythium group F isolates by ribosomal-and
intermicrosatellite-DNA regions analysis. Eur. J. Plant Pathol. 2005, 112, 301-310. [CrossRef]


http://doi.org/10.1094/PDIS-94-4-0420
http://doi.org/10.1094/PDIS-06-10-0460-RE
http://www.ncbi.nlm.nih.gov/pubmed/30727458
http://doi.org/10.1111/ppa.12248
http://doi.org/10.1094/PHYTO-11-14-0293-R
http://www.ncbi.nlm.nih.gov/pubmed/25585058
http://doi.org/10.1094/PDIS-09-20-1927-RE
http://doi.org/10.1007/s00122-005-0005-4
http://doi.org/10.1094/PHYTO-97-5-0574
http://www.ncbi.nlm.nih.gov/pubmed/18943576
http://doi.org/10.1111/j.1471-8286.2007.01686.x
http://doi.org/10.1111/j.1365-3059.2011.02554.x
http://doi.org/10.4236/ajps.2013.47168
http://doi.org/10.1007/s10658-013-0323-3
http://doi.org/10.1094/PDIS-09-19-1890-RE
http://www.ncbi.nlm.nih.gov/pubmed/31910116
http://doi.org/10.1007/s10658-020-01956-4
http://doi.org/10.1094/PHYTO-99-6-0750
http://www.ncbi.nlm.nih.gov/pubmed/19453235
http://doi.org/10.1002/ece3.5032
http://www.ncbi.nlm.nih.gov/pubmed/31015986
http://doi.org/10.1111/j.1365-294X.2005.02416.x
http://doi.org/10.1094/PDIS-93-5-0538
http://doi.org/10.1139/g98-088
http://doi.org/10.1071/AP09087
http://doi.org/10.1007/BF00564200
http://doi.org/10.1590/S1516-89132008000100022
http://doi.org/10.1590/S1415-47572010005000055
http://www.ncbi.nlm.nih.gov/pubmed/21637425
http://doi.org/10.1111/j.1439-0434.2005.01000.x
http://doi.org/10.1007/BF02919380
http://doi.org/10.1007/s10658-005-4115-2

J. Fungi 2023, 9, 388 12 0of 12

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

Geleta, M.; Bryngelsson, T. Inter simple sequence repeat (ISSR) based analysis of genetic diversity of Lobelia rhynchopetalum
(Campanulaceae). Hereditas 2009, 146, 122-130. [CrossRef]

Gupta, M.; Chyi, Y.-S.; Romero-Severson, J.; Owen, ]J.L. Amplification of DNA markers from evolutionarily diverse genomes
using single primers of simple-sequence repeats. Theor. Appl. Genet. 1994, 89, 998-1006. [CrossRef]

Dinolfo, M.L; Stenglein, S.A.; Moreno, M.V.; Nicholson, P,; Jennings, P.; Salerno, G.L. ISSR markers detect high genetic varia-tion
among Fusarium poae isolates from Argentina and England. Eur. J. Plant Pathol. 2010, 127, 483-491. [CrossRef]

Bassam, B.J.; Gresshoff, PM. Silver staining of DNA in polyacrylamide gels. Nat. Protoc. 2007, 2, 2649-2654. [CrossRef]

Mantel, N. The detection of disease clustering and a generalized regression approach. Cancer Res. 1967, 27, 209-220. [PubMed]
Liu, K.; Muse, S.V. PowerMarker: Integrated analysis environment for genetic marker data. Bioinformatics 2005, 21, 2128-2129.
[CrossRef] [PubMed]

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 2016, 33, 1870-1874. [CrossRef] [PubMed]

Pritchard, J.K.; Stephens, M.; Donnelly, P. Inference of population structure using multi locus genotype data. Genetics 2000, 155,
945-959. [CrossRef] [PubMed]

Peakall, R.O.D.; Smouse, P.E. Genalex 6: Genetic analysis in excel. Population genetic software for teaching and research. Mol.
Ecol. Notes 2006, 6, 288-295. [CrossRef]

Evanno, G.; Regnaut, S.; Goudet, ]. Detecting the number of clusters of individuals using multilocus genotype data: Linked loci
and correlated allele frequencies. Mol. Ecol. 2005, 14, 2611-2620. [CrossRef]

Kolmer, ].A.; Hanzalova, A.; Goyeau, H.; Bayles, R.; Morgounov, A. Genetic differentiation of the wheat leaf rust fungus Puccinia
triticina in Europe. Plant Pathol. 2012, 62, 21-31. [CrossRef]

Gultyaeva, E.L; Aristova, M.K,; Shaidayuk, E.L.; Mironenko, N.V,; Kazartsev, L A.; Akhmetova, A.; Kosman, E. Genetic differentia-
tion of Puccinia triticina Erikss in Russia. Russ. J. Genet. 2017, 53, 998-1005. [CrossRef]

Kolmer, J.A.; Mirza, ].I; Imtiaz, M.; Shah, S5.J.A. Genetic differentiation of the wheat leaf rust fungus Puccinia triticina in Pakistan
and genetic relationship to other worldwide populations. Phytopathology 2017, 107, 786-790. [CrossRef]

Czajowski, G.; Kosman, E.; Stowacki, P; Park, R.F.; Czembor, P. Pathogenic and genetic diversity of Puccinia triticina from triticale
in Poland between 2012 and 2015. Plant Pathol. 2021, 70, 2148-2164. [CrossRef]

Czajowski, G.; Kosman, E.; Slowacki, P,; Park, R.F.; Czembor, P. Assessing SSR markers for utility and informativeness in genetics
studies of brown rust fungi on wheat, triticale and rye. Plant Pathol. 2021, 70, 1110-1122. [CrossRef]

Nemati, Z.; Mostowfizadeh-Ghalamfarsa, R.; Dadkhodaie, A.; Mehrabi, R.; Steffenson, B.]. Host range of various leaf rust
populations in Iran. Iran. ]. Plant Pathol. 2019, 54, 305-316.

Kolmer, J.A.; Herman, A.; Ordofiez, M.E.; German, S.; Morgounov, A.; Pretorius, Z.; Visser, B.; Anikster, Y.; Acevedo, M. Endemic
and panglobal genetic groups, and divergence of host-associated forms in worldwide collections of the wheat leaf rust fungus
Puccinia triticina as determined by genotyping by sequencing. Heredity 2020, 124, 397-409. [CrossRef] [PubMed]

Quinones, M.A; Larter, E.N.; Samborski, D.J. The inheritance of resistance to Puccinia recondita in hexaploid triticale. Can. J. Genet.
Cytol. 1972, 14, 495-505. [CrossRef]

Nazareno, E.; Feng, 1.; Madeleine, S.; Park, R.F; Kianian, S.F.; Figueroa, M. Puccinia coronata f.sp. avenae: A threat to global oat
production. Mol. Plant Pathol. 2017, 19, 1047-1060. [CrossRef]

Mehnaz, M.; Dracatos, PM.; Park, R.F; Singh, D. Mining middle eastern and central Asian barley germplasm to understand
diversity for resistance to Puccinia hordei, causal agent of leaf rust. Agronomy 2021, 11, 2146. [CrossRef]

Wahl, I.; Anikster, Y.; Manisterski, J.; Segal, A. Evolution at the center of origin. In The Cereal Rusts; Bushnell, LW.R., Roelfs, A.P,
Eds.; Academic Press: New York, NY, USA, 1984; pp. 39-77. [CrossRef]

Wiese, M.V. Compendium of Wheat Diseases, 2nd ed.; APS Press, The American Phytopathological Society: St. Paul, MN, USA, 1987;
p- 41.

Neu, C.; Keller, B.; Feuillet, C. Cytological and molecular analysis of the Hordeum vulgare-Puccinia triticina nonhost interaction.
Mol. Plant-Microbe Interact. 2003, 16, 626—633. [CrossRef]

Niks, R.E.; Marcel, T.C. Nonhost and basal resistance: How to explain specificity? New Phytol. 2009, 182, 817-828. [CrossRef]
Bettgenhaeuser, J.; Gilbert, B.; Ayliffe, M.; Moscou, M.]. Nonhost resistance to rust pathogens—a continuation of continua. Front
Plant Sci. 2014, 5, 664. [CrossRef]

Porras-Hurtado, L.; Ruiz, Y.; Santos, C.; Phillips, C.; Carracedo, A.; Lareu, M.V. An overview of structure: Applications, parameter
settings, and supporting software. Front. Genet. 2013, 4, 98. [CrossRef]

D’Oliveira, B.D.; Samborski, D.]. Aecial stage of Puccinia recondita on Ranunculaceae and Boraginaceae in Portugal. In Proceedings
of the First European Brown Rust Conference; Macer, R.C., Wolfe, M.S., Eds.; Plant Breeding Institute: Cambridge, UK, 1966;
pp- 133-150.

Pakravan, M.; Alipanah, H.; Soleimani, N. A revision of the genus Thalictrum L. in Iran. Iran. ]. Bot. 2014, 20, 170-178.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/j.1601-5223.2009.02111.x
http://doi.org/10.1007/BF00224530
http://doi.org/10.1007/s10658-010-9613-1
http://doi.org/10.1038/nprot.2007.330
http://www.ncbi.nlm.nih.gov/pubmed/6018555
http://doi.org/10.1093/bioinformatics/bti282
http://www.ncbi.nlm.nih.gov/pubmed/15705655
http://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://doi.org/10.1093/genetics/155.2.945
http://www.ncbi.nlm.nih.gov/pubmed/10835412
http://doi.org/10.1111/j.1471-8286.2005.01155.x
http://doi.org/10.1111/j.1365-294X.2005.02553.x
http://doi.org/10.1111/j.1365-3059.2012.02626.x
http://doi.org/10.1134/S1022795417070031
http://doi.org/10.1094/PHYTO-10-16-0388-R
http://doi.org/10.1111/ppa.13450
http://doi.org/10.1111/ppa.13347
http://doi.org/10.1038/s41437-019-0288-x
http://www.ncbi.nlm.nih.gov/pubmed/31863032
http://doi.org/10.1139/g72-062
http://doi.org/10.1111/mpp.12608
http://doi.org/10.3390/agronomy11112146
http://doi.org/10.1016/b978-0-12-148401-9.50008-x
http://doi.org/10.1094/MPMI.2003.16.7.626
http://doi.org/10.1111/j.1469-8137.2009.02849.x
http://doi.org/10.3389/fpls.2014.00664
http://doi.org/10.3389/fgene.2013.00098

	Introduction 
	Materials and Methods 
	Puccinia triticina Isolates 
	DNA Extraction 
	ISSR Markers 
	SSR Markers 
	Data Analysis 

	Results 
	Discussion 
	References

