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Abstract: Stripe rust, caused by Puccinia striiformis f. sp. tritici, is a devastating disease of wheat in Turkey and worldwide. This pathogen can
overcome known resistance genes and negatively affect the wheat production. The objectives of this study were to determine the virulence patterns
of wheat stripe rust isolates collected from the coastal areas (Aegean and Mediterranean regions) of Turkey, and to examine the genetic diversity of
the pathogen populations by simple sequence repeat (SSR) marker analysis. The majority of the isolates collected were virulent at various
frequencies on the resistance genes Y71 (50%), Y76 (100%), Yr7 (78%), Yr8 (50%), Yr9 (84%), Yri0 (25%), Yr17 (38%), Yr24 (22%), Yr27 (31%),
Yr32 (22%), Yr43 (47%), Yr44 (6%), YrSp (41%), YrTr1 (6%), and avirulent on Y75 and Yr/15. Based on the analysis of virulence, all isolates were
determined as 25 races and clustered into six virulence groups (VGs). In contrast, the isolates clustered into four molecular groups (MGs) based on
genotypic data. All four MGs were found in Aegean region of Turkey, while only three MGs (MG1, MG2 and MG3) were found in the
Mediterranean region of the country. Additionally, analysis of molecular variance indicated that 80.9% of genetic variation was found within
regions and 19.1% was found between the regions. The results suggest that interregional migration of the pathogen was high. The data can be
helpful for the management of stripe rust and understanding the population structure and migration of Pst in Turkey.

Keywords: molecular characterization, population structure, race dynamics, virulence, yellow rust

Résumé: La rouille jaune, causée par Puccinia striiformis f. sp. tritici (Pst), est une maladie dévastatrice du blé en Turquie et partout dans le
monde. Cet agent pathogéne peut contourner les génes de résistance connus et nuire a la production de blé. Les buts de cette étude étaient de
déterminer les schémas de virulence d’isolats de rouille jaune collectés dans les régions cotiéres de Turquie (régions égéenne

et méditerranéenne) et d’examiner la diversité génétique des populations d’agents pathogenes par 1’analyse des marqueurs des répétitions de
séquences simples (SSR). La majorité des isolats collectés était virulente a différents degrés a I’égard des genes de résistance Y7/ (50%), Yr6
(100%), Yr7 (78%), Yr8 (50%), Yr9 (84%), Yri0 (25%), Yri7 (38%), Yr24 (22%), Yr27 (31%), Yr32 (22%), Yr43 (47%), Yr44 (6%), YrSp
(41%) et YrTrl (6%), et avirulent a I’égard de Yr5 et YrI15. En se basant sur I’analyse de virulence, tous les isolats constituaient 25 races qui
formaient 6 groupes de virulence (GV). En revanche, en se basant sur les données génotypiques, les isolats se sont regroupés en quatre
groupes moléculaires (GM). Les quatre GM ont été trouvés dans la région égéenne de la Turquie, tandis que trois seulement (MG1, MG2 et
MG3) ’ont été dans la région méditerranéenne du pays. De plus, I’analyse de la variance moléculaire a indiqué que 80,9% de la variation
génétique se trouvait dans les régions et 19,1%, entre les régions. Les résultats suggérent que le taux de migration interrégionale était élevé.
Les données peuvent servir a gérer la rouille jaune et a comprendre la structure et la migration des populations de Pst en Turquie.

Mots clés: Caractérisation moléculaire, structure de population, dynamique des races, virulence, rouille jaune
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Introduction

Stripe rust caused by Puccinia striiformis f. sp. tritici
(Pst) is one of the most devastating foliar diseases of
wheat, causing up to 100% crop losses on susceptible
cultivars under favourable climatic conditions (Chen
et al. 2014). Therefore, surveillance for the disease in
areas with frequent epidemics is of great importance to
identify new virulent Pst races and identify new genetic
resources with efficient resistance genes to prevent
devastating epidemics. It has been reported that approxi-
mately 88% of the wheat growing areas in more than 60
countries are under threat of wheat stripe rust
(Schwessinger 2017). The urediniospores of the patho-
gen can be carried by wind (Zeybek and Yigit 2004)
from one geographically distant region to another, from
America to Australia (Wellings 2007), from Europe to
West Asia, and from the Middle East to South Africa
(Boshoff et al. 2002). The frequency of the occurrence of
stripe rust and damage vary with climatic conditions and
plant growth stage for each country. At a global level,
many large-scale epidemics of Pst have occurred and
caused economically important losses. Stripe rust causes
frequent and devastating epidemics with 5-10% crop
losses in some regions, including the United States of
America, Australia, India, Pakistan, Ethiopia, Kenya and
the UK. Epidemics have also occurred every 2 of 5 years
with average 1-5% crop losses in over 25% of the
wheat-growing regions of other countries, including
Turkey (Chen 2020). In Turkey, wheat stripe rust epi-
demics caused crop losses of 26.5% in 1992 and the
monetary losses were estimated to be $568 million,
$53 million in 2000 and $10 million in 2010 (Solh
et al. 2013).

The deployment of resistant cultivars and cultural
practices are environmentally friendly and cost-
effective approaches to prevent large crop losses.
Approximately 83 designated and 67 provisional resis-
tance genes and more than 300 quantitative trait loci
(QTLs) have been characterized in the wheat genome
against Pst races so far (McIntosh et al. 2020). However,
new virulent Pst races are able to overcome resistance
genes and negatively affect wheat production. For
instance, Yr9-virulent races were first identified in the
Soviet Union in 1973 (Stubbs et al. 1977) and migrated
worldwide (Wang et al. 1986; Saari 1996). Serious large-
scale epidemics occurred in many countries such as Iran,
Pakistan, India and Turkey between 1992 and 1996 due
to Yr9-virulent races (Dusunceli et al. 1996; Saari 1996;
Nazari and Torabi 2000). Similarly, Y»27-virulent races,
initially detected in Australia in 2007, subsequently
caused devastating epidemics and crop losses of up to
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70% in Africa, the Middle East and western Asia,
including Turkey and Syria in 2009 and 2010 (Chen
2017), because the races were actually virulent on the
resistance genes Yr/0 and Yr24 in addition to Yr27
(Hovmeller 2012).

The race dynamics and population structure of Pst
have been studied intensively using virulence and mole-
cular characterization given the appearance of new races
that overcome resistance genes in a target environment
and their dissemination to new areas where Pst may have
been absent or scarce (Rioux et al. 2015; Boshoff et al.
2020). In particular, codominant simple sequence repeat
(SSR) markers have been effectively used to distinguish
homokaryotic from heterokaryotic isolates since Ps¢ ure-
diniospores are dikaryotic (Mboup et al. 2009; Zhan
et al. 2012; Sharma-Poudyal et al. 2020). Moreover,
a high-level of heterozygosity in Pst has been reported
in previous studies (Zheng et al. 2013; Xia et al. 2018).
Generating virulence and molecular groups based on
virulence phenotype and molecular data aid in evaluating
the diversity among isolates of Pst in a target
environment.

Sharma-Poudyal et al. (2013) studied an international
Pst collection including 53 isolates from Turkey and
determined that most of the isolates from Turkey were
virulent on at least 11 resistance genes with very high
frequency (>70%) and avirulent on Yr5, Yri0 and Yrl5.
Hovmeller et al. (2020) reported that a race belonging to
the PstS11 lineage first detected in Afghanistan in 2012
was found in six African countries and the Middle East
including Ethiopia, Kenya, Rwanda, Tanzania, Uganda
and Turkey, and had the virulence formula: Y72, Yr4,
Yre, Yr7, Yr8, Yri7, Yr27, Yr32, AvS. In addition, the
race ‘Triticale2015’ (virulence formula: Y»2, Yr6, Yr7,
Yr8, Yr9, AvS) and a race belonging to the PstS14 lineage
(virulence formula: Yr2, Yr3, Yr6, Yr7, Yr8, Yr9, Yri7,
Yr25, Yr32, YrSp and AvS) were recorded in Turkey in
2019 (Hovmeller et al. 2020). In contrast, Akan (2019)
reported that three Pst populations (I, II and III) predo-
minated in Turkey, and the populations caused local
epidemics during the 2006-2010, 2011-2014 and
2014-2015 growing seasons. He also noted that the
resistance genes Yr5, Yrl0 and Yrl5 were effective
against Pst races present in Turkey. While there are
some studies related to the characterization of the
wheat stripe rust isolates in Turkey, these are based
mainly on virulence tests at the phenotypic level without
any race identification at the molecular level. Therefore,
the objectives of this study were to characterize Pst
isolates collected from the southwest coastal areas of
Turkey, the Aegean and Mediterranean regions, in
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which two severe stripe rust epidemics occurred during
the past two decades. Characterization was based on
virulence and molecular analyses and the variability
and distribution of the races collected in the 2018 and
2019 growing seasons was also determined.

Materials and methods

Field surveys, isolate collection and maintenance of Pst
isolates

Field surveys were carried out across the wheat-growing
areas in the Aegean and Mediterranean regions of
Turkey. The regions cover 20% of the wheat production
areas in Turkey and are situated between the Middle East
and Europe. Wheat crops were sampled at the adult-plant
stage (mid-March to early June) during the 2018 and
2019 growing seasons. Infected leaves of wheat and its
relatives, preferably with single pustules, were collected
from farmer fields during the surveys. The collection site
and date, collector, infection type and severity, infected

Table 1. Virulence pattern and prevalence of the Pst races.
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host species, cultivar and other relevant information
were recorded for each isolate. A total of 28 isolates,
15 from the Mediterranean region and 13 from the
Aegean region, were collected (Table 1). These isolates
were immediately placed in paper envelopes and brought
to the lab at Akdeniz University, Turkey, for multiplica-
tion and analyses.

The infected leaves were dried in a desiccator for one
week and then spores on the leaves for each isolate were
collected into a gelatin capsule with a mini cyclone spore
collector (Tallgrass Solutions, USA). The susceptible
bread wheat variety ‘Morocco’ was used for multiplica-
tion of spores of the isolates. The seeds of ‘Morocco’
were sown in plastic trays with 49 pots (7 x 7 x 10 cm)
containing peat-based soil and grown in a climate-
controlled room at 12—-17°C with a relative humidity of
70-80%. The 12—14day-old seedlings were inoculated
with urediniospores suspended in NovecTM 7100 engi-
neered fluid (3 M Company) in a glass vial at a ratio of
10 mg spores per 5 mL oil, and the suspension was then
sprayed onto the seedlings using an airbrush spray gun

Race Isolate Virulence pattern Number of virulences  Host species Collection site Region
PSTr-1 TRYR17 --6,7,-910,-,-,-,-,-43,--,-, AvS 5 T aestivum Camliyayla/Mersin Mediterranean
PSTr-2  TRYR23 --,6,7,89,---24,------AvS 5 X Triticosecale  Aliaga/lzmir Agean

PSTr-2 TRYR28 --,6,7.89,---24,------AvS 5 T durum Merkez/Kutahya Agean

PSTr-3 TRYRI16 1-6,7-9--17-27,-----AvS 6 T aestivum Dortyol/Hatay Mediterranean
PSTr-4 TRYR24 --6,7,-9,--17,------,-AvS 4 T aestivum Sarig6l/Manisa Agean

PSTr-5 TRYR26 1,-6,7,8,9,--17-27,----AvS 7 T durum Merkez/Usak Agean

PSTr-6  TRYR35 1,-,6,7,-9,--17,-,32,-,-,-,8p,-, AvS 7 T aestivum Merkez/Edirne Thrace
PSTr-7 TRYRI13 [1,-6,7,-,9,--,17,-,-,32,43,-, Sp,Trl,AvS 9 T aestivum Acipayam/Denizli Agean

PSTr-8 TRYR22 1,-.6,7,89,----27-----AvS 6 T aestivum Torbaly/[zmir Agean

PSTr-9 TRYRS56 --6,7,.89,----------AvS 4 T aestivum Haymana/Ankara Central Anatolia
PSTr-10 TRYR43 --,6,7.89----27-----AvS 5 T aestivum Ceylanpinar/Sanliurfa Southeastern Anatolia
PSTr-10 TRYR44 --6,7,8,9,----27,-----AvS 5 T. aestivum Akcakale/Sanliurfa Southeastern Anatolia
PSTr-11 TRYRI 1,-,6,--910,-17,-,-,-,-,-,-,-,-,-, AvS 5 T aestivum Saricam/Adana Mediterranean
PSTr-12 TRYR6 1-,6,-,8,9,10,-,-,-,-,-,-,-,Sp,-, AvS 6 T. aestivum Onikisubat/Kahramanmaras Mediterranean
PSTr-13 TRYR25 1,-6,78,-10,-,--,------AvS 5 X Triticosecale Fethiye/Mugla Agean
PSTr-14 TRYR27 1,-6,7-910,-,-,-,---- --AvS 5 T aestivum Dinar/Afyonkarahisar Agean
PSTr-15 TRYR3 --6,-8,9,---,-,-,-,43,-,5p,-, AvS 5 X Triticosecale  Serik/Antalya Mediterranean
PSTr-15 TRYR4 --6,-8,9,-,---,-,-43,-,5Sp,-, AvS 5 X Triticosecale Manavgat/Antalya Mediterranean
PSTr-15 TRYRS5 -6,-,8,9,------43,-,5p,-, AvS 5 T. aestivum Dosemealti/Antalya Mediterranean
PSTr-15 TRYR7 --6,-8,9,---,-,-,-,43,-,Sp,-, AvS 5 T aestivum Konyaalti/Antalya Mediterranean
PSTr-16 TRYRS --6,-8,9,-,---27-43,-.8p,-AvS 6 T durum Kemer/Antalya Mediterranean
PSTr-17 TRYR2 --6,7,-,9,---,-27,32,43,44,-,-, AvS 7 T. aestivum Tarsus/Mersin Mediterranean
PSTr-18 TRYRI18 1,-,6,7,------27-43,---AvS 5 T aestivum Mentese/Mugla Agean
PSTr-19 TRYRI19 1,-,6,7,-,-,10,-,-,24,27,-,43,-,-,-, AvS 7 T durum Pamukkale/Denizli Agean
PSTr-20 TRYR20 1,-,6,7,--10,-,-24,-,-43,-,--AvS 6 T aestivum Salihli/Manisa Agean
PSTr-21 TRYRI2 1,-6,7-9,--17,--3243,---AvS 8 T aestivum Merkez/Afyonkarahisar Agean
PSTr-22 TRYRI14 --,6,7,89,--1724,-,-,-,---AvS 6 T aestivum Merkez/Burdur Mediterranean
PSTr-23 TRYRI15 --0,7,8910,--24,------AvS 6 T. aestivum Yalvac/Isparta Mediterranean
PSTr-24 TRYR21 1,-,6,7,-,9,-,-,17,-,-,32,43,-,5p,-, AvS 8 T. aestivum Merkez/Aydin Agean
PSTr-24 TRYRI11 1,-,6,7,-,9,-,-,17,-,-,32,43,-,Sp,-, AvS 8 T durum Elmali/Antalya Mediterranean
PSTr-24 TRYRIO  [,-6,7,-9,-,-,17,-,-,32,43,-,Sp,-, AvS 8 T durum Bucak/Burdur Mediterranean
PSTr-25 TRYR9 -~0,7,----,17,24,27,-,-,,44,Sp,-, AvS 7 T durum Merkez/Isparta Mediterranean
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connected to a vacuum pump from a distance of 10 cm
to 15 cm by rotating the tray (Hovmeller et al. 2017).
Inoculated seedlings were kept in a dew chamber for
24 h in darkness at 10°C and then transferred to a cli-
mate-controlled room where the temperature was set to
18-12°C (day-night) and the relative humidity to 70—
80%. The pathogen was re-isolated from plants inocu-
lated with each isolate, and isolated with separators to
avoid cross-contamination. Urediniospores of each iso-
late from a fresh single-uredinium on ‘Morocco’ were
collected in gelatin capsules 15—-19 days after inoculation
using the mini cyclone spore collector. Each gelatin
capsule was placed in a desiccator at 4°C for a short
time until testing on the differential set. This reproduc-
tion process was repeated several times for each isolate
until a sufficient spore quantity was obtained for viru-
lence testing on differentials.

Virulence testing on differentials

Twenty-eight Pst isolates (Table 1), of which 17 were from
bread wheat (Triticum aestivum L.), seven from durum
wheat (Triticum turgidum spp. durum) and four from triticale
(x Triticosecale), collected in 2018 and 2019 from the
Aegean and Mediterranean regions of Turkey were used
for virulence characterization on a differential set of wheat
genotypes containing 16 Yr near-isogenic lines (NILs) of
‘Avocet’, each differentiating for a single-resistance gene
(Yrl, Yr5, Yr6, Yr7, Yr8, Yr9, Yri0, Yri5, Yrl7, Yr24,
Yr27, Yr32, Yr43, Yr44, YrSp and YrTrl) (Wellings et al.
2009). In addition, four isolates (TRYR35, TRYRA43,
TRYR44 and TRYRS56) that caused regional epidemics dur-
ing the 2008, 2010, 2011 and 2015 growing seasons in
different regions of Turkey were included in the collection
as controls to compare with the other isolates (Table 1).
Infection types (ITs) were recorded at 19 days after inocula-
tion according to a 0-to-9 scale described by Line and
Qayoum (1992). ITs of 0 to 6 were considered avirulent,
and 7 to 9 virulent (Wan and Chen 2014).

The virulence/avirulence pattern of each isolate was
determined based on IT data from the ‘Avocet’ NILs. If
the isolates produced the same virulence/avirulence pat-
tern, they were classified within a common virulence
group (VGQG), but if the pattern was different, they were
identified in another VG.

DNA extraction and PCR amplification

Genomic DNA was extracted directly from about 20-mg
dried urediniospores for each isolate. Approximately
150 mg sterile sea sand (Merck, Germany) and 200 pL
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lysis buffer [2% Cetyl trimethylammonium bromide
(CTAB), 1.4 M NaCl, 100 mM Tris (pH 8.0), 20 mM
EDTA (pH 8.0), 1% p-mercaptoethanol] were first added
to a 2.0 mL microcentrifuge tube containing about 20 mg
urediniospores for each isolate, and the mixture was homo-
genized using a micro pistil and vortexed regularly. CTAB
solution (200 pL) was added to each microcentrifuge tube
and homogenization continued. After adding 10 pL RNase
A to the microcentrifuge tubes, the homogenized samples
were incubated at 65°C for 1 h in a thermo-shaker (Biosan,
Latvia). Following incubation, 25:24:1 (v/v) phenol/chloro-
form/isoamyl alcohol was added to the tubes, mixed gently
and centrifuged for 20 min at 13 000 rpm. Next, approxi-
mately 700 pL of clean lysate (supernatant) was transferred
to another microcentrifuge tube, and 500 pL of cold isopro-
pyl alcohol was added. The contents of the tube were mixed
gently and centrifuged for 20 min at 13 000 rpm. Later, with
700 pL of 70% ethanol (—20°C) added into the tubes before
centrifuging again at 13 000 rpm. After centrifugation, the
ethanol was discarded and the tubes were air dried at room
temperature for 1 h. Genomic DNA was dissolved in 100 uL
TE (10 mM Tris-HCL and 1 mM EDTA, pH 8.0) buffer and
kept for 1 h at room temperature. The quality and quantity of
the DNA samples were checked on an agarose gel, and
visualized using a gel imaging system. Stock DNA was
stored at —20°C until use.

The genomic DNA of the Pst isolates was genotyped
using 21 polymorphic Pst-specific SSR markers (Enjalbert
et al. 2002; Chen et al. 2009; Cheng et al. 2012). Marker
information is given in Supplementary Table 1. The total
volume of the reaction mixture was 12 pL containing 100 ng
genomic DNA, 1X PCR buffer (Thermo Fisher Scientific,
USA), 1.5 mM MgCI, (Thermo Fisher Scientific), 0.2 mM
of each ANTP (Thermo Fisher Scientific), 1 uM forward
primer, 1 uM reverse primer, and 1 U 7ag DNA polymerase
(Thermo Fisher Scientific). Amplifications were performed
in a thermocycler (BioRad, USA) under the following con-
ditions: initial denaturation at 94°C for 5 min, followed by
30 cycles of denaturation at 94°C for 30 s, annealing at 41—
58°C (Supplementary Table 1) for 30 s, and extension at
72°C for 1 min, and a final extension of 10 min at 72°C. The
PCR products were resolved in 2% agarose gel sand visua-
lized under UV light with a gel-imaging system (UVP
UVsolo touch, Analytik Jena, Germany) after staining with
ethidium bromide.

Structural analyses of Pst isolates based on virulence
and molecular data

A multivariate hierarchical clustering analysis based on
the unweighted pair-group method (UPGMA) was
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performed to evaluate the similarities among all isolates
based on virulence patterns using PAST v 3.0 (Hammer
et al. 2001) and a phylogenetic tree was modified in
FigTree v. 1.4.4. (Rambaut 2018). Genetic variation
parameters such as observed alleles (Na), effective
alleles (Ne), Shannon’s information index (/), observed
heterozygosity (Ho) and expected heterozygosity (He),
and Nei’s genetic distance (GD) were calculated to
reveal mean genetic variations based on the SSR loci
using Popgene v. 1.31 (Yeh et al. 1997) for all isolates.
In addition, the population structure and fixation index
(Fst) among all isolates were analysed by the analysis of
molecular variance (AMOVA) in Arlequin ver. 3.5.2.2
(Excoffier and Lischer 2010). A phylogenetic tree based
on genetic distances was produced in FigTree v. 1.4.4.
(Rambaut 2018).

Results
Virulence characterization

The collection sites and virulence patterns of the isolates
on the 16 Yr single-gene differentials are given in Table
1. All of the isolates were virulent on Yr6. The isolates
were also most frequently virulent on the resistance
genes (>70%) on Yr7 (78%) and Yr9 (84%), and virulent
at moderate frequencies (between 20% and 70%) on Yr!
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(50%), Yr8 (50%), Yri0 (25%), Yri7 (38%), Yr24
(22%), Yr27 (31%), Yr32 (22%), Yr43 (47%) and YrSp
(41%). Isolates (TRYR2 and TRYRY) were least fre-
quently virulent on Yr44 (6%) and YrTri (6%). All
isolates were avirulent on Y75 and Yri5.

The isolates were virulent on four to nine of the
differentials, and classified as 25 Pst races (Table 1).
Race PSTr-7 was virulent on most resistance genes
(Yrl, Yre, Yr7, Yr9, Yrl7, Yr32, Yr43, YrSp and
YrTrl). The races PSTr-4 (Yr6, Yr7, Yr9 and Yri7),
while PSTr-9 was virulent on the fewest (Y76, Yr7, Yr§
and Yr9). Eight Yri0-virulent races (PSTr-1, PSTr-11,
PSTr-12, PSTr-13, PSTr-14, PSTr-19, PSTr-20 and
PSTr-23) were identified (Table 1).

In the hierarchical clustering analysis, the isolates
were classified into six virulence groups (VGs) based
on their virulence patterns (Fig. 1a), with VG1 includ-
ing the most isolates (12), followed by VG3 (5), VG4
(5), VG5 (5), VG2 (4) and VG6 (1). The control iso-
lates with previously known virulence formulas
grouped into VGI.

In VG1, all isolates were virulent on Y79 and avirulent
on Yr44. In VG2, all isolates were virulent on Yr/ and
Yri10 and avirulent on Yr24, Yr27, Yr32, Yr43, Yr44 and
YrTrl. In contrast, all isolates were virulent on Y78, Y79,
Yr43 and YrSp, and avirulent on Yrl, Yr7, Yri0, Yri7,
Yr24, Yr44 and YrTrl in VG3, whereas only Yr7r/ and
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Fig. 1 Dendrogram of virulence (a) and molecular groups (b) of the Ps¢ isolates.
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Yr44 were effective in VG4 and VGS, respectively. VG6
contained only one isolate (TRYR9) with virulence on
Yre, Yr7, Yri7, Yr24, Yr27, Yr44 and YrSp (Fig. 1a).

Population diversity and heterozygosity based on
molecular data

Twenty-one polymorphic SSR primer pairs were used in
this study. Information on the SSR loci, allele sizes and
the number of alleles is given in Supplementary Table 1.
The number of alleles per locus ranged from one to
three. Ten of 21 SSR loci were monomorphic among
the isolates, illustrating that there was no difference
between the isolates collected from the Aegean and
Mediterranean regions for at least 10 SSR loci. The
diversity of the Pst isolates was estimated using several
genetic variation parameters (Table 2). The mean
observed alleles ranged from 1.095 in TRYR43, from
the southeastern Mediterranean region, to 1.476 in the
Aegean region. Furthermore, effective alleles in the
Aegean region were higher (1.338) in comparison with
the Mediterranean region (1.271), TRYR44 (1.238),
TRYRS56 (1.190) and TRYR43-TRYR35 (1.095). While
the highest Shannon’s information index was also
observed in the Aegean region (0.264), it was the lowest
in TRYR43 (0.066). Moreover, the highest expected
heterozygosity values were calculated in the Aegean
(0.175) and Mediterranean (0.145) regions. Unlike
these, TRYRS6 (0.238) and TRYR44 (0.238) had the
highest observed heterozygosity.

The highest frequency of polymorphic loci was found
in the Aegean region (42.9%) compared with the
Mediterranean region (33.3%) and the controls. The iso-
late TRYR3 from the Mediterranean, and the isolates
TRYR19 and TRYR27 from the Aegean, and a control
isolate, TRYR44, had the most specific alleles (Table 2).
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The phylogenetic tree based on Nei’s genetic distance
clustered the 32 isolates, including 28 isolates from the
Aegean and Mediterranean regions and four control iso-
lates, into four molecular groups (MGs) (Fig. 15). MG1
consisted of 15 isolates (46.8%), mostly from the
Mediterranean region, and MG2 of 13 isolates (40.6%)
from both regions. MG3 and MG4 were the smallest
groups with only two isolates in each. While MG3 was
more distant from the other MGs, MG1 and MG2 were
more closely related to each other, and MG4 had the
same distance to MG1 and MG2. The distribution of
MGs in the Aegean and Mediterranean regions is illu-
strated in Supplementary Fig. 1. While all MGs were
detected in the Aegean region, the Mediterranean region
had three MGs (MG1, MG2 and MG3). In addition,
MG2 was predominant in both regions, followed by
MG]1. The presence of the same MGs in both regions
suggests migration of Pst isolates between regions.
Additionally, the relationship between the regions is
illustrated in Fig. S2.

The analysis of molecular variance (AMOVA) showed
that genetic variation among isolates occurred mostly
within regions accounting for 80.9% (p < 0.01).
Genetic variation among regions was not statistically
important, with only 19.1% of the variation explained.
The genetic distance, number of effective migrants and
the fixation index between the Pst isolates of both
regions were calculated based on molecular data (Table
3). While the most distinct relationship was
Mediterranean-TRYR44 (0.145) based on genetic dis-
tance, the Mediterranean and Aegean regions (0.011)
were very close to each other. The number of effective
migrants varied from 0.161 (between Mediterranean and
TRYR44) to 5.069 (between Mediterranean and Aegean)
in parallel to genetic distance.

The fixation index values between regions also chan-
ged at similar rates as genetic distance, and both

Table 2. Genetic variation parameters of the Pst isolates collected from different geographical regions.

Observed Effective
alleles alleles Shannon information Observed heterozygosity — Expected heterozygosity ~ Polymorphic loci
Origin of isolate (N,) (Ne) index (/) (Ho) (He) (%)
Mediterranean 1.429 £ 0.148 1.271 £ 0.092 0.222 +0.072 0.167 + 0.065 0.145 + 0.047 33.33
region
Aegean region 1.476 £ 0.131 1.338 £ 0.107 0.264 + 0.074 0.167 + 0.062 0.175 + 0.050 42.86
TRYRS56* 1.190 £ 0.112 1.190 £ 0.112 0.165 + 0.066 0.238 + 0.095 0.119 + 0.048 23.81
TRYR43** 1.095 £ 0.066 1.095 + 0.066 0.066 + 0.045 0.095 + 0.066 0.048 + 0.033 9.52
TRYRA44** 1.238 £0.095 1.238 + 0.095 0.165 + 0.066 0.238 + 0.095 0.119 + 0.048 23.81
TRYR35%** 1.095 £ 0.095 1.095 + 0.095 0.099 + 0.054 0.143 £ 0.078 0.071 + 0.039 14.29

*TRYRS56 (2015) is originated from central Anatolia region of Turkey,

**TRYR43 (2010) and TRYR44 (2011) are originated from southeastern region of Turkey,

***TRYR3S (2008) is originated from Thrace region of Turkey.
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Table 3. Nei’s genetic distance (GD), number of effective
migrants (V) and fixation index (Fgt) values of the regions.

Origin of isolate GD N Fst

Mediterranean-Aegean 0.011 5.069 0.047
Mediterranean-TRYR56 0.117 0.359 0.410
Mediterranean-TRYR43 0.058 0.940 0.210
Mediterranean-TRYR44 0.145 0.161 0.609
Mediterranean-TRYR35 0.109 0.359 0.410
Aegean-TRYR56 0.071 2.086 0.108
Aegean-TRYR43 0.080 1.439 0.149
Aegean-TRYR44 0.107 0.304 0.451
Aegean-TRYR35 0.067 2.086 0.108

parameters were positively correlated (7= 0.99, P< 0.01).
The Mediterranean and Aegean regions had little differ-
entiation (0< Fgr<0.05) and three region relations
(Aegean-TRYR43, Aegean-TRYRS56 and Aegean-
TRYR35) had moderate differentiation (0.05< Fgr
<0.15). In addition, while Mediterranean and TRYR43
had high differentiation (0.15< Fg1<0.25), three region
relations  (Mediterranean-TRYRS56,  Mediterranean-
TRYR35, Aegean-TRYR44 and Mediterranean-
TRYR44) had very high differentiation (0.25< Fgr)
(Table 3). The combination of VGs and MGs of the
isolates are given in Supplementary Table 2; MG1 con-
tained all VGs followed, by MG2, MG4 and MG3.

Discussion

Turkey has had several stripe rust epidemics in both the
highland and coastal areas including the Aegean and
Mediterranean regions during the last 20 years.
However, few studies of the virulence of Pst isolates
and field observations with trap nurseries have been
conducted. In one of these studies, Mert et al. (2012)
reported that Yri, Yr3V, Yr4+, Yr5, Yri0, Yris, YrSp,
and YrCV genes were resistant to the Pst population in
each location by using trap nurseries at 12 different
locations in Turkey. It was also reported that a new
race, virulent on the YrI, Yr2, Yr3, Yr4, Yr6, Yr7, Yr9,
Yri7, Yr25, Yr32 and YrSp genes, was detected in the
Thrace and Marmara regions of Turkey during the 2014
and 2015 growing seasons (Mert et al. 2016). This new
race was identical to the ‘Warrior’ race, based on
a seedling test conducted under greenhouse conditions
(Hovmgller et al. 2016). In these studies, the resistance
genes Yr5, Yri0 and Yrl5 were found to be effective
against all Pst populations in Turkey (Anonymous
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2004; Mert et al. 2012, 2016). These results were simi-
lar to the findings of this study, except that the isolates
collected from the Aegean and Mediterranean regions
in 2018 and 2019 in the current report were virulent on
the Yr10 gene with moderate frequency (25%). Zeybek
and Yigit (2004) also characterized the virulence of 491
Pst isolates collected from the southern Aegean and
western Mediterranean regions of Turkey during 2000
and 2001. They determined that most isolates were
virulent on the Yr2, Yr3a, Yr9, Yri7 and Sd resistance
genes at high frequency, while Yr6, Yr7, Yr8 and Yri0
were resistant to all isolates. Although their study was
conducted in similar regions to this study, the resistance
genes found by Zeybek and Yigit (2004) were mostly
ineffective (Y76 and Yr7) or partially ineffective (Y710)
to all Pst isolates in contrast with our study. This may
reflect changing population dynamics of the pathogen
over the past 18 years. Until this study, there have not
been comprehensive studies to characterize Pst isolates
in Turkey.

The Pst isolates collected from the two regions in this
study together with the four control isolates collected
previously were determined as 25 races (Table 1), and
all isolates clustered into six virulence groups (VGs)
based on virulence analyses (Fig. la). In particular,
VG1 had the most complex virulence structure, support-
ing the hypothesis of interregional migration in Turkey.
Other VGs were more stable and generally contained
isolates from the same region. There have also been
international studies, apart from studies conducted by
the Turkish groups, based on virulence characterization
or field observations with differential sets, which also
included Pst isolates from Turkey (Wellings et al. 2009;
Sharma-Poudyal et al. 2013). Wellings et al. (2009)
reported that the resistance genes Yr7, Yr8 and Yr9
were ineffective against Pst isolates in the Adana,
Izmir, Ankara and Haymana locations of Turkey in
1998, but virulence on Yr5 was recorded in Adana in
1998 and in Eskisehir in 1999. Sharma-Poudyal et al.
(2013) studied 235 international Pst isolates, including
53 isolates from Turkey, and reported that most isolates
from Turkey were virulent on Yrd, Yr2, Yr6, Yr7, YrS,
Yr9, Yri7, Yr27, Yr28, Yr3l and YrExp2 at very high
frequencies (>70%), moderately virulent on Yr/ and
Yr25 at frequencies of 20% and 70%, respectively, and
virulent on Y724, Yr32 and YrSp at very low frequencies
(7%). The genes Yr5, Yri0 and Yri5 were resistant to all
isolates collected from Turkey based on virulence char-
acterization. In this study, all the isolates were virulent
on Yr6 (Table 1). Additionally, 28 Pst isolates were also
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virulent on other resistance genes at various frequencies
and our results were mostly compatible with those of
Sharma-Poudyal et al. (2013) except for Yri0.

In the molecular portion of this study, the results
indicated that there was high-genetic diversity among
the Pst isolates. The 32 Pst isolates, including 28 isolates
from the Aegean and Mediterranean regions and four
control isolates, were allocated into four molecular
groups (MGs) (Fig. 1b). While all four MGs were
found in the Aegean region, three were found in the
Mediterranean region (MG1, MG2 and MG3). In addi-
tion, MG2 was predominant in both regions, followed by
MGT1. The presence of the same MGs in both regions is
a sign of migration of Pst isolates between the regions.
Walter et al. (2016) studied 566 Pst isolates selected
worldwide, including more than 5000 isolates available
at BIOGER-CPP, INRA and the Global Rust Reference
Center (GRRC). They determined that 15 of 18 Pst
isolates collected from Turkey were included in the
genetic lineage PstS2 and the remaining three isolates
in the other genetic lineage. The races in PstS2 had
different virulence formulas by sampling year. The viru-
lence formula was Yr2, Yr6, Yr7, Yr8, Yr9, Yri0, Yr24,
Yr25, AvS in the sampling year 2004, 2005 and 2009,
and Yrl, Yr2, Yr6, Yr7, Yr8, Yr9, Yr25, AvS in 2009. In
this study, MG1 and MG2 were mostly similar to the
genetic lineage PstS2 presented by Walter et al. (2016).
Moreover, Hovmeller et al. (2020) reported that the
races belonging to the lineages PstS11, PstS13, PstS14
and ME2018 were detected in Turkey in 2019. In our
study, MG3 was similar to the genetic lineage PstS13
including the race Triticale2015, identified by Hovmeller
et al. (2020) and Walter et al. (2016). The AMOVA also
showed that genetic variation was determined within
regions. However, genetic variation among regions was
not statistically significant, owing to the fact that iden-
tical isolates were found between neighbouring collec-
tion sites in both regions.

The fixation index and number of effective migrants
are widely used to show genetic differentiation among
isolates in studies focusing on population structure
(Mboup et al. 2009; Zhan et al. 2012; Sharma-Poudyal
et al. 2020). In particular, the low Fst (0< Fgr<0.05) and
high number of effective migrants (5.069) between the
Aegean and Mediterranean regions of Turkey also illu-
strated that there was no difference between the regions
(Table 3). It has been known that there is a resident
clonal population like the lineage PstS2 in the western
part of Turkey, and the migration route of this population
was estimated to be from the Middle East to South
Africa by Ali et al. (2014). Ali et al. (2014) also
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demonstrated that Pst populations from the
Mediterranean, the Middle East and central Asia were
similar in spite of the fact that this is a large geographic
area. Bahri et al. (2009) previously confirmed that in the
clonal population, 83% of the isolates collected from
Mediterranean regions belonged to the lineage PstS2.

This study has provided new information regarding
the population structure and migration of the Pst popula-
tion in western Turkey. We report, for the first time,
Yri0-virulent races detected with moderate frequency
(25%) in the coastal areas of Turkey. Continued mon-
itoring populations of the stripe rust pathogen will be
critical for the early detection of new virulent races with
the potential to cause devastating epidemics.
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