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Summary. Genetic variation among the Azerbaijani isolates of anamorphs of Coch-
liobolus spp., the causal agents of common root rot of wheat, was evaluated using
pathogenicity assessments, sequence analyses of the internal transcribed spacer (ITS)
region and glyceraldehyde-3-phosphate dehydrogenase (GPDH) gene, as well as
inter-simple sequence repeat (ISSR) and inter-primer binding site (iPBS) markers.
Twenty-eight isolates used in this study were obtained from diseased wheat plants in
cereal growing regions of Azerbaijan in 2017. Bipolaris sorokiniana, Curvularia spicif-
era, and Curvularia inaequalis were identified. Bipolaris sorokiniana isolates were the
most virulent on wheat seedlings, followed by isolates of C. spicifera and C. inaequalis.
Phylogenetic analyses of a combined dataset of the ITS and GPDH regions grouped
the isolates into three clusters, each of which contained isolates of one species. The
dendrogram derived from the unweighted pair-grouped method by arithmetic aver-
age (UPGMA) cluster analyses based on the data of ISSR and iPBS markers divided
the isolates into three clusters in concordance to their taxonomic grouping at species
level, but without correlation to their geographic origins. Population structure of iso-
lates was estimated based on Bayesian modelling, and this showed three populations
(K = 3) supporting the separation of isolates in the dendrogram with the greatest mean
value of Ln likelihood (-893,8). Utilization of the markers either separately or togeth-
er produced a high level of polymorphism at interspecies level, which allowed for the
separation of species. Although both marker systems had similar discrimination power
to reveal genetic differences among the species, ISSR markers were more informative
for eliciting intraspecies polymorphisms within B. sorokiniana and C. spicifera isolates.
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This is the first study on genetic diversity and population structure of anamorphic stages of Cochliobolus associated with common

root rot of wheat using iPBS markers.

Keywords. ISSR, iPBS, phylogeny, aggressiveness.

INTRODUCTION

The species of Cochliobolus Drechsler are impor-
tant pathogens associated with cereals. Their anamo-
rphs are classified into Bipolaris and Curvularia gen-
era based on morphological characteristics (Sivanesan,
1987). Bipolaris sorokiniana (Sacc. in Sorokin) Shoe-
maker [teleomorph: Cochliobolus sativus (S. Ito and
Kuribayashi) Drechsler ex Dastur] is the most com-
mon species among Cochliobolus anamorphs, caus-
ing common root rot, spot blotch, seed black point,
seedling blight, and head blight on wheat (Bakonyi
et al., 1997). Common root rot (CRR) of wheat is a
well-known and serious disease, which causes dark
discolouration on lower leaf sheaths, crowns, sub-
crown internodes, and roots. CRR is responsible for
annual yield losses of 6% in wheat production (Led-
ingham et al., 1973). Similar but less severe symptoms
on cereals are also caused by different species of Bipo-
laris and Curvularia, including B. bicolor, C. spici-
fera, C. inaequalis (Gonzalez and Trevathan, 2000; Bach
et al., 2003; Morejon et al., 2006; Safaee et al., 2008).

Using host genotypes/cultivars with natural genetic
resistance and breeding new resistant cultivars to Bipo-
laris spp. and Curvularia spp. are likely to be the most
economically and environmentally sound strategies for
management of CRR. Differences both in host response
and in pathogen virulence have been determined in pre-
vious studies to evaluate aggressiveness of CRR patho-
gens under controlled or field conditions on barley and
wheat (Wildermuth et al., 1992; Valjavec-Gratian and
Steffenson, 1997; Duveiller and Garcia, 2000; Gonza-
lez and Trevathan, 2000; Arabi and Jawhar, 2007, 2017).
Accurate identification of isolates and analyses of the
genetic and pathogenicity variabilities within patho-
gen populations provides key information to determine
control strategies and breeding programmes. Due to
their similarities, species identified as Bipolaris spp.,
Curvularia spp., and other anamorphs of Cochliobolus
based on morphological characteristics pose difficul-
ties (Sivanesan, 1987; Manamgoda et al., 2014, 2015). To
overcome these, molecular analyses based on the inter-
nal transcribed spacer of ribosomal DNA (ITS), transla-
tion elongation factor 1-a (EF1-a), large subunit (LSU)
ribosomal RNA and the glyceraldehyde 3-phosphate
dehydrogenase (GPDH) locus have been successfully

used for the identification of different species in these
genera (Berbee et al., 1999; Manamgoda et al., 2012,
2014, 2015; Marin-Felix et al., 2017). Molecular mark-
er techniques such as random amplified polymorphic
DNAs (RAPD), retrotransposon microsatellite amplified
polymorphism (REMAP) and amplified fragment length
polymorphism (AFLP), have been most frequently and
successfully utilized to reveal genetic variation among B.
sorokiniana populations in Australia, the Czech Repub-
lic, Syria, Brazil, Poland, and the United States of Amer-
ica (Zhong and Steffenson, 2001; Miiller et al., 2005;
Arabi and Jawhar, 2007; Knight et al.,, 2010; Baturo-
Ciesniewska, 2011; Ghazvini and Tekauz, 2012).

The inter-simple sequence repeat (ISSR) technique
allows DNA amplification between identical SSR regions
with a primer complementary to a target microsatellite
region in PCR (Bornet and Branchard, 2001). The inter-
primer binding site (iPBS) amplification technique is a
universal method for DNA fingerprinting based on the
universal presence of a tRNA complement as a reverse
transcriptase PBS in long terminal repeats (LTR) ret-
rotransposons (Kalendar et al., 2010). To date, both of
these DNA marker techniques have been used in the
analyses of population structures and differentiating
fungal plant pathogens at intra- and interspecies levels
(Ozer et al., 2016; Altinok et al., 2018; Ozer and Bayrak-
tar, 2018; Skipars et al., 2018).

The present study was carried out to identify and
characterize isolates of Bipolaris spp. and Curvular-
ia spp. associated with crown and root rot of wheat in
Azerbaijan, using sequence analysis of ITS and GPDH
loci and pathogenicity tests. ISSR and iPBS molecular
markers were also employed to assess genetic diversity
within the isolates at intra- and interspecies levels.

MATERIAL AND METHODS
Fungus isolates

Samples of diseased plants were taken from 76 win-
ter wheat fields located in the main wheat-growing
regions of Azerbaijan, at the crop maturity stage and
at harvesting time during June and July of 2017. Each
sample consisted of at least 20 plants selected randomly
from each field. Crown, root, sub-crown internodes, and
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leaf sheaths of plants showing symptoms of CRR were
washed thoroughly with running tap water to remove
soil and organic particles for 3-5 min. Small sections
from symptomatic tissues were surface-disinfested with
1% sodium hypochlorite solution for 1 min, rinsed with
sterile distilled water, then dried between sterile tissue
papers in a laminar flow cabinet. The tissue segments
were then placed in 9 cm diam. Petri dishes containing
1/4 strength potato dextrose agar (PDA; Merck) supple-
mented with 100 mg L streptomycin sulphate and 25
mg L! of chloramphenicol. After three-day-incubation at
22°C in constant darkness, the culture plates were exam-
ined under a dissecting microscope, and single conidia
of 28 isolates similar to Bipolaris and Curvularia were
picked off and transferred to Petri plates containing full

strength PDA (Table 1). The plates were incubated under
fluorescent lighting (12 h d!) at 22°C for 5 d. Morpho-
logical characteristics of the fungi were examined using
a microscope (model DM1000, Leica Microsystems), and
30 conidia per isolate were measured at 400x magnifica-
tion using the Leica LAS EZ software.

Pathogenicity assessments

The isolates were grown in 9 cm Petri dishes contain-
ing PDA and incubated at 22°C in the dark for 10 d to
allow sporulation. For assessing pathogenicity, sterilized
nursery soil was inoculated with a conidial suspension
of each isolate to obtain an inoculum density of 250

Table 1. Isolates, their identities, locations, mean conidium dimensions, mean disease severity scores, and GenBank accession numbers

related to sequences of their ITS and GPDH regions.

Conidium length and Mean disease severity

GenBank accession numbers

Isolate Species Location width (um) scoret . (GPDH)

Co 01 B. sorokiniana Qobustan 74.1 x 23.2 3.39 (ABCD) MG661716 MH844812
Co 02 B. sorokiniana Ismayill 75.8 x 22.2 2.85 (F) MG654486 MKO024315
Co 03 B. sorokiniana Ismayill 79.4 x 23.0 3.36 (ABCDE) MK022342 MH844813
Co 04 B. sorokiniana Ismayllh 84.7 x 20.6 2.88 (F) MK022343 MH844814
Co 05 B. sorokiniana Ismayill 81.7 x 18.9 3.05 (DEF) MG654432 MH844815
Co 06 B. sorokiniana Oguz 71.1 x 18.9 3.53 (AB) MG661717 MH844816
Co 07 B. sorokiniana Oguz 72.8 x 214 3.15 (BCDEF) MKO022344 MH844817
Co 08 B. sorokiniana Oguz 72.3 x 21.9 2.88 (F) MK022345 MH844818
Co 09 B. sorokiniana Seki 71.3 x 21.2 3.48 (ABC) MKO022346 MKO024316
Co 10 B. sorokiniana Seki 67.0 x 20.9 2.98 (EF) MG661715 MKO024317
Co 11 B. sorokiniana Seki 73.4 % 23.3 3.54 (AB) MKO022347 MKO024318
Co 12 B. sorokiniana Seki 74.2 x 19.8 3.52 (ABC) MG654433 MKO024319
Co 13 B. sorokiniana Seki 73.0 x 21.9 3.33 (ABCDE) MG654488 MKO024320
Co 14 B. sorokiniana Seki 72.7 x 19.2 3.33 (ABCDE) MG654487 MKO024321
Co 15 B. sorokiniana Agdas 83.0 x 20.9 3.44 (ABCD) MG654434 MKO024322
Co 16 B. sorokiniana Kiirdemir 73.0 x 18.9 2.97 (EF) MK022348 MK024323
Co 17 B. sorokiniana Kiirdemir 81.2 x 18.9 3.60 (A) MKO022349 MH844819
Co 18 B. sorokiniana Kiirdemir 79.7 x 22.4 3.24 (ABCDEF) MKO022350 MH844820
Co 19 B. sorokiniana Kiirdemir 81.8 x 20.9 3.12 (CDEF) MK022351 MH844821
Co 20 C. spicifera Oguz 274 x 9.7 2.01 (GHI) MKO022352 MHB809683
Co 21 C. spicifera Seki 29.0 x 9.3 2.19 (GH) MG654489 MH809678
Co 22 C. spicifera Seki 258 x 11.2 2.10 (GH) MKO022353 MH809679
Co 23 C. spicifera Seki 28.7 x 9.7 2.34 (G) MKO022354 MH809680
Co24 C. spicifera Seki 30.2 x 9.5 2.31 (G) MG661718 MH809681
Co 25 C. spicifera Kiirdemir 31.8x9.1 2.30 (G) MKO022355 MHB809682
Co 26 C. inaequalis Seki 344 x 129 1.58 (J) MG654437 MH844810
Co 27 C. inaequalis Agdas 319x11.6 1.62 (I)) MKO022356 MH844811
Co 28 C. inaequalis Agdas 348 x 11.9 1.80 (HIJ) MG654438 MKO049127

2Means for each isolate within this column sharing the same letter are not significantly different (P = 0.05) according to the least significant

difference test. LSD value for cultivar Seri-82 was 0.405.
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conidia g! (Duczek et al., 1985). Seeds of wheat cultivar
Seri-82 were sown (10 seeds per pot) into plastic pots
(15 cm height, 9 cm diam.) filled with the inoculated
soil. Sterilized soil was used as non-inoculated controls.
Four replicates (ten seeds per replicate) were used for the
experiment, which was repeated once. Resulting plants
were maintained in a growth chamber with a 12 h pho-
toperiod at 24°C for 7 weeks. Common root rot symp-
toms were assessed using the sub-crown internode index
system (Ledingham et al., 1973); where 1 = no discol-
ouration (clean), 2 = slight discolouration, 3 = extended
linear lesions not surrounding the circumference (mod-
erate), and 4 = discolouration of at least 50% and sur-
rounding the circumference of the sub-crown internode
(severe). Disease severity scores were analysed with anal-
ysis of variance, followed by Fisher’s least significant dif-
ference test (LSD) at P = 0.05 using the Statistical Analy-
sis System (SAS Version 9.0; SAS Institute Inc.).

DNA extraction from isolates

A modified version of the CTAB-based method, as
described in the DArT protocol (http://www.diversit-
yarrays.com), was used to extract genomic DNA from
isolates. Approx. 100 mg of mycelia and conidia of each
isolate were harvested by gently scraping the surface of
respective cultures and was transferred into a 1.5 mL
microfuge tube. Preheated (65°C) extraction-lysis buffer
(750 pL; 125 mM Tris-HCI pH 8.0, 25 mM EDTA pH
8.0, 2% CTAB, 2% PVP-40, 0.8 M NacCl, 0.5% sodium
disulfite, and 1% sarcosyl) was added to each tube. The
sample was then uniformly homogenized by a micrope-
stle and then incubated at 65°C for 60 min, shaken eve-
ry 15 min. 750 pL of chloroform/isoamyl alcohol (24:1
v/v) was then added, mixed gently for 10 min and then
centrifuged at 12,000 g for 15 min at 4°C. The super-
natant was transferred to a clean centrifuge tube and
0.6 volume of isopropanol added to precipitate DNA.
After centrifugation at 12,000 g for 5 min at room tem-
perature, the supernatant was discarded. The pellet was
washed with 70% ethanol (v/v) and then dried at room
temperature. DNA was dissolved in 200 pL of sterile
ultra-pure water. The concentration of DNA in each
extraction sample was measured by spectrophotometer
(DS-11 FX series, Denovix Inc.) and adjusted to 50 ng
pL! for PCR assays.

ITS and GPDH amplification and sequencing

PCR amplifications were carried out in an Arktik
Thermal Cycler (Thermo Scientific). PCR reactions were

Goksel Ozer et alii

conducted in a 50 pL reaction mixture containing 5
uL of 10x PCR reaction buffer, 0.4 uM of each primer,
50 ng template DNA, 0.2 mM of each dNTPs, and 1.25
unit Tag DNA Polymerase (New England BioLabs).
To amplify the ITS loci of genomic DNA, the prim-
ers ITSI (5-TCC GTA GGT GAA CCT GCG G-3’) and
ITS4 (5-TCC TCC GCT TAT TGA TAT GC-3’) (White
et al., 1990) were used. To amplify the GPDH loci, the
gpdl (5-CAA CGG CTT CGG TCG CAT TG-3’) and
gpd2 (5-GCC AAG CAG TTG GTT GTG-3’) primers
were used (Berbee et al., 1999). The amplification pro-
tocol consisted of a 3 min initial denaturation step at
94°C and a 10 min final extension at 72°C, followed by
35 cycles for 30 s at 94°C, 30 s at 52°C, and 1 min at
72°C for the ITS, and with 1 min at 94°C, 1 min at 52°C
and 45s at 72°C for the GPDH gene amplification. The
amplified DNA fragments were purified with the Wizard
SV Gel and PCR Clean-Up System (Promega) according
to the manufacturer instructions and were subjected to
bidirectional direct sequencing by a commercial compa-
ny (Macrogen Inc.).

Genetic diversity evaluations using iPBS and ISSR markers

To evaluate genetic diversity among the isolates,
genomic DNA was subjected to PCR amplification of
83 iPBS primers designed by Kalendar et al. (2010) and
20 ISSR markers including dinucleotide or trinucleo-
tide repeats. Annealing temperatures for iPBS mark-
ers were performed as recommended, and ISSR mark-
ers were optimized depending on G+C contents of the
primers. Five isolates with different morphological
structures were screened with ISSR + iPBS markers to
assess the ability of the markers to produce polymor-
phic and clear banding profiles. Five of ISSR mark-
ers and six of iPBS markers (Table 2) were selected to
screen intra- and interspecific polymorphisms among
all isolates. ISSR-PCR amplifications were carried out
in a 25 pL reaction mixture containing 2.5 pL of 10x
PCR reaction buffer, 0.24 uyM of each primer, 50 ng
template DNA, 200 um of each dNTPs, and 0.8 unit
Tag DNA Polymerase (New England BioLabs). The
amplification was performed as follows: 3 min at 94°C,
followed by 35 cycles of 30 s at 94°C, 30 s at an anneal-
ing temperature (between 52-54°C depending upon
primers), and 2 min at 72°C, ending with one cycle of
10 min at 72°C. iPBS amplifications were conducted
with Dream Taq DNA polymerase (Thermo Scientific)
and Pfu DNA polymerase (Thermo Scientific) accord-
ing to the protocols of Kalendar et al. (2010). Ampli-
fication products were subjected to electrophoresis in
1.4% (w/v) agarose gel over 1.5 h, and were visualized
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Table 2. ISSR and iPBS markers used in this study and their characteristics.

GC

Primers Primer sequences (5'-3')* T (°C) %) TBP PB® PPB (%)® PIC® RPY
ISSR-SD2 ACACACACACACACACACRY 54 50 23 22 95.65 0.28 8.86
ISSR-SD3 GAGAGAGAGAGAGAGAGARY 54 50 21 21 100.00 0.27 7.93
ISSR-HR7 GAGAGAGAGAGAGAGAYT 52 47.2 16 16 100.00 0.32 4.36
ISSR-HR10 ACACACACACACACACYT 52 47.2 10 10 100.00 0.36 9.14
ISSR-HR13 BHBGAGAGAGAGAGAGA 52 51 21 21 100.00 0.29 8.50
Total 91 90

Average per primer 18.20 18.00 99.13 0.31 7.76
iPBS2395 TCCCCAGCGGAGTCGCCA 53 72.2 25 25 100.00 0.31 10.07
iPBS2077 CTCACGATGCCA 55 58.3 17 16 94.12 0.28 6.21
iPBS2219 GAACTTATGCCGATACCA 53 444 14 14 100.00 0.26 4.64
iPBS2393 TACGGTACGCCA 51 58.3 13 13 100.00 0.38 6.86
iPBS2389 ACATCCTTCCCA 50 50 13 13 100.00 0.31 5.50
iPBS2277 GGCGATGATACCA 52 53.8 13 13 100.00 0.29 5.07
Total 95 94

Average per primer 15.83 15.67 99.08 0.30 7.08

2Y, Pyrimidine; R, Purine; B, C, Gor Tand H, A, C,or T.

bT (°C) annealing temperature; TB, total band; PB, polymorphic band; PPB (%), percentage polymorphic band (%); PIC, polymorphism

information content; RP, resolving power..

using a G:Box F3 Gel Documentation System (Syngene)
after ethidium bromide staining.

Data analyses

The sequences were aligned with the ClustalW multi-
ple sequence alignment method (Thompson et al., 1994).
Phylogenetic analyses of the isolates, and reference isolates
of B. sorokiniana, C. spicifera, and C. inaequalis available
in the GenBank database, were performed with MEGA X
software (Kumar et al., 2018) for combined datasets of the
ITS region and GPDH gene. The neighbour-joining tree
was constructed using the Tamura and Nei (1993) mod-
el, with 1,000 bootstrap replicates. The sequence of Pyre-
nophora tritici-repentis strain 200899 was included as an
outgroup to root the phylogenetic tree.

All bands obtained by ISSR and iPBS analyses were
scored as present (1) or absent (0) at positions to con-
struct a binary data matrix. Each primer-sample combi-
nation was repeated in at least two different PCR ampli-
fications, and only reproducible bands were evaluated.
To evaluate the suitability of ISSR and iPBS markers to
analyse genetic profiles of the isolates, the performance
of the markers was measured using the polymorphic
information content (PIC; Rolden-Ruiz et al., 2000) and
resolving power (RP; Prevost and Wilkinson, 1999).

The data matrixes produced from each marker sys-
tem were converted into a genetic similarity matrix,

individually and in combination, using Jaccard’s simi-
larity coefficient with the NTSYS-pc numerical taxono-
my package, version 2.02 (Rohlf, 2000). The unweighted
pair-grouped method by arithmetic average (UPGMA)
cluster analyses were used to construct a dendrogram.
For each of the dendrograms obtained from the ISSR,
iPBS and ISSR + iPBS combination data, a cophenetic
matrix was generated. To check the goodness of fit of
ISSR and iPBS markers, the Mantel significance test was
used to calculate the correlation between the similarity
coefficients matrix and the dendrogram, and compare
each pair of the similarity matrices, using the MxComp
Module of NTSYS 2.02 (Rohlf, 2000).

Polymorphisms among and within populations were
analysed with Nei’s gene diversity, Shannon’s informa-
tion index, degree of genetic differentiation and estima-
tion of the amount of gene flow between populations,
calculated using the Popgene statistical software ver.
1.32 (Yeh et al., 1999). All isolates belonging to one spe-
cies were considered as one population. Further, evalu-
ation of population genetic structure with data matrix
was performed using the software Structure 2.3.4
with the Bayesian model-based clustering program
(Pritchard et al., 2000). Structure Harvester (Earl and
Vonholdt, 2012) was used to evaluate the level of genetic
stratification for collating results generated by the pro-
gram STRUCTURE.
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RESULTS
Fungus isolates and pathogenicity assessments

A total of 106 Cochliobolus anamorph isolates were
obtained from symptomatic wheat samples collected
from 76 fields in the winter wheat growing regions of
Azerbaijan in 2017. Species identification based on mor-
phological and molecular tools showed that 96 isolates
(from 19 fields) were B. sorokiniana, 14 isolates from six
fields were C. spicifera, and six isolates were C. inaequa-
lis. Bipolaris sorokiniana isolates were the most prevalent
(19 of 28; 68%), followed by C. spicifera (six of 28; 21%)
and C. inaequalis (3 of 28; 11%). One isolate from each
of these species in the same field was selected for further
studies.

The isolates were identified as B. sorokiniana, C.
spicifera, and C. inaequalis. Mean conidium length and
width dimensions (30 measurements) for these species
were: B. sorokiniana, 76.1 (+7.2) um x 21 (+2.4) um; C.
spicifera, 28.8 (£3) um x 9.8 (+1) um; and C. inaequalis
33.7 (£3.6) um x 13.4 (+1.9) um (Table 1).

All isolates of B. sorokiniana caused typical symp-
toms on wheat seedlings, including necrosis and discol-
ouration of plant crowns and seminal roots, seedling
blight and stunted seedlings. Discolouration of crowns
and seminal roots was observed on the seedlings inocu-
lated with C. spicifera isolates, but these symptoms were
less severe than those induced by isolates of B. sorokini-
ana. Isolates of C. inaequalis caused slight discoloura-
tion of some crowns and seminal roots of the inoculated
wheat seedlings. Mean disease severity scores ranged
from 1.58 to 3.60 for all isolates, and differences (P =
0.05) were detected in aggressiveness among the isolates
(Table 1). The mean disease severity scores were 3.2 for
B. sorokiniana isolates, 2.2 for C. spicifera isolates and
1.7 observed for C. inaequalis isolates. No disease symp-
toms developed on control wheat seedlings.

Sequence alignment and phylogenetic analyses

PCR amplification of the ITS region of rDNA and
GPDH region for all isolates produced DNA fragments
ranging in size from 557-591 bp for the ITS region
and 530-594 bp for the GPDH region. BLASTn queries
based on the ITS and GPDH regions indicated that the
sequences of all isolates were 99-100% identical to those
of the species in the GenBank database. All obtained
sequences were deposited in GenBank with the accession
numbers listed in Table 1. Phylogenetic analyses based
on a combined dataset of the ITS and GPDH sequenc-
es of isolates obtained from this study and reference
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Figure 1. The neighbour-joining tree generated using Tamura and
Nei (1993) for analyses of combined datasets of the ITS and GPDH
sequences of 28 isolates from the present study, and for reference
isolates. The phylogenetic tree was rooted with the Pyrenophora
tritici-repentis reference strain. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test
(1,000 replicates) are shown next to each branch.

sequences of the species available in the GenBank indi-
cated that the isolates belonging to the different species
were clearly separated from each other, and from Pyr-
enophora tritici-repentis strain 200899, with a bootstrap
support of 100% (Figure 1).

iPBS and ISSR-PCR analyses

In total, 186 loci were obtained from PCR amplifica-
tions with five ISSR and six iPBS markers for 28 isolates.
Both marker systems generated very distinct fragments,
providing considerable variability between the isolates
belonging to the different fungal species (Figure 2). A
total of 91 fragments identified from ISSR-PCR were
scored, out of which 90 (99%) were polymorphic (Table
2). Ninety-five reproducible fragments from iPBS PCR
were scored, out of which 94 (99%) were polymorphic.
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Figure 2. The representative of reproducible gel profiles with ISSR-
HR13 and iPBS2395 primers. Lanes 1-10, Bipolaris sorokiniana; lanes
11-15, Curvularia spicifera; lanes 16-18, Curvularia inaequalis. Lane
M is the DNA marker GeneRuler 100 bp plus (Thermo Scientific).

The number of amplified fragments with ISSR primers
ranged from 10 (ISSR-HR7) to 23 (ISSR-SD2), giving a
ratio of 18.2 bands per primer, while with iPBS primers
ranged from 13 (iPBS2393; iPBS2389 and iPBS2277) to
25 (iPBS2395) with 15.83 fragments per primer.

PIC and RP indices were calculated for the two
marker systems and are presented in Table 2. The great-
est PIC index of 0.36 (ISSR-HR10) and the least PIC
index 0.27 (ISSR-SD3), with an average PIC per primer
of 0.31, were obtained from ISSR primers. For iPBS
primers, PIC indices ranged from 0.26 (iPBS2219) to
0.38 (iPBS2393), with an average of 0.30. The means of
RP indices, a parameter for the discriminatory potential
of the primers, were 7.76 for ISSR primers and 7.08 for
iPBS primers. Primer iPBS2395 produced the greatest
RP value (10.07), while the ISSR-HR7 primer yielded the
least RP index of 4.36.

The isolates on dendrograms from UPGMA clus-
ter analyses of ISSR + iPBS combination data (Figure 3)
grouped into three major clusters, which comprised the
isolates of each particular species based on genetic simi-
larity. Geographical-based clustering for the isolates did
not occur in the phylogenetic tree. The cophenetic corre-
lation values were 0.995 for ISSR data, 0.968 for iPBS data
and 0.998 for ISSR + iPBS combination data. The corre-
lation value between cophenetic matrix values obtained
from these analyses was r = 0.967, suggesting very close
similarity between ISSR and iPBS dendrograms.

The values of the genetic parameters were calculat-
ed with each dataset from ISSR, iPBS and ISSR + iPBS,
including observed number of alleles (N,), effective
number of alleles (N,), Nei’s gene diversity (h) and Shan-
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Figure 3. UPGMA tree based on the ISSR and iPBS combined
marker data for 28 isolates, and STRUCTURE bar plots for individ-
ual assignment results for K = 3.

non’s information index (I), to provide a detailed assess-
ment of the distribution of genetic variation among
populations that shared close similarities (Table 3). The
value of h among the species was determined from the
ISSR markers (0.30), which was similar to values detect-
ed by the iPBS and ISSR + iPBS data. The average values
of G, and N,, were 0.52 and 0.46 for ISSR, 0.67 and 0.25
for iPBS, and 0.60 and 0.34 for ISSR + iPBS. The value
of genetic variation among the populations (G,,) was
greater in iPBS (0.67) than ISSR (0.52), but the estimate

Table 3. Summary of genetic diversity indices analysed in popula-
tions of isolates.

Genetic diversity index®

Marker
N, NN h I G, N,
ISSR Mean 1.99 148 030 046 0.52 046
St. Dev 0.10 0.30 0.14 0.17
iPBS Mean 1.99 148 0.30 047 0.67 0.25
St. Dev 0.10 0.25 0.12 0.15
iPBS + ISSR  Mean 1.99 1.48 030 047 0.60 0.34
St. Dev 0.10 0.28 0.13 0.16

aN,, observed number of alleles; N,, effective number of alleles;
h, Nei’s (1973) gene diversity; I, Shannon’s Information index; G,
degree of genetic differentiation; N, estimate of gene flow.



154

Table 4. Genetic variation values for three fungal species, from
ISSR and iPBS markers.

Value?

Species NI* Marker

PPB
B PB (%) h I

63.83 0.147 0.240
5.40 0.015 0.024
78.72 0.316 0.462
37.50 0.151 0.221
8.00 0.035 0.050
11.43 0.050 0.073

ISSR 47 30
iPBS 37 2
ISSR 47 37
iPBS 40 15
ISSR 25 2
iPBS 35

Bipolaris sorokiniana 19
Curvularia spicifera 6

Curvularia inaequalis 3

2 NI, number of isolates; TB, total band; PB, polymorphic band;
PPB (%), percentage polymorphic band; h, Nei’s (1973) gene diver-
sity; I, Shannon’s Information index.

of gene flow among the populations (N,,) was more in
ISSR (0.46) than iPBS (0.25). To reveal the genetic vari-
ability within populations, the ISSR markers provided a
greater percentage of polymorphic bands, h, and I value,
than those of the iPBS markers for B. sorokiniana and C.
spicifera. In comparison, relatively high values of these
genetic diversity parameters were obtained for C. inae-
qualis with the iPBS marker system (Table 4).

Analyses by STRUCTURE indicated that the isolates
distinctly clustered according to their respective taxo-
nomic groups, and the 28 isolates were in three clusters
(Figure 3). The result of the harvester structure analyses
showed that the best dataset number for the three pop-
ulations was K = 3, providing the greatest mean value
(-893,8) of Ln likelihood for the data.

DISCUSSION

Species of Bipolaris and Curvularia, which are the
anamorphs of Cochliobolus species, are important plant
pathogens of Poaceae host plants. Disease symptoms
caused by these pathogens include leaf spots, blight, root
rot, and crown rots (Sivanesan, 1987; Berbee et al., 1999;
Manamgoda et al., 2014). The present study focused on
isolates of Bipolaris and Curvularia species obtained from
wheat afflicted with root and crown rot in Azerbaijan.

Twenty-eight isolates from diseased wheat plants
were separated into three groups using morphological
and molecular characterization methods. These were B.
sorokiniana (19 isolates), C. spicifera (six isolates) and C.
inaequalis (three isolates), as presented in Table 1. This
is the first report of C. spicifera and C. inaequalis caus-
ing root and crown rot on wheat in Azerbaijan. Bipolaris
sorokiniana was the predominant species occurring on
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crown and root tissues of wheat and was detected in 25%
of the fields surveyed. This confirms previous observa-
tions, that this fungus has been the most frequently iso-
lated from crown and root tissues of winter wheat (Fed-
el-Moen and Harris, 1987; Chen et al., 1996).

Comparison of the conidium sizes of the three spe-
cies examined in this study was consistent with results
from previous studies conducted by Sivanesan (1987),
Koo et al. (2003), and Morejon et al. (2006). The conid-
ium characteristics were useful criteria for the discrimi-
nation of B. sorokiniana isolates from other isolates,
but could not be used for the differentiation between C.
spicifera and C. inaequalis due to their morphological
similarities. Previous studies have recommended using
molecular tools to distinguish these species, due to inad-
equate differentiation using morphological characters
(Berbee et al., 1999; Marin-Felix et al., 2017). The mul-
ti-sequence analyses of ITS and GPDH sequences have
been suggested to identify and differentiate the species
in Bipolaris and Curvularia (Manamgoda et al., 2012,
2014, 2015). The phylogenetic tree constructed in the
present study, based on the ITS and GPDH gene of iso-
lates, distinctly separated all the isolates into three clus-
ters according to their taxonomic groups.

Pathogenicity tests demonstrated that all the iso-
lates (all three species) were pathogenic to wheat but at
a different level of pathogenicity. The study conducted
by Ghazvini and Tekauz (2007) also reported no host
specificity amongst similar fungi. However, pathogenic-
ity comparisons, among these species showed that the
B. sorokiniana isolates produced more severe symptoms
on wheat seedlings than C. spicifera or C. inaequalis iso-
lates. Similarly, Gonzalez and Trevathan (2000) showed
that isolates of C. spicifera were virulent on wheat, caus-
ing discolouration of the seedling crowns and seminal
roots, but these symptoms were less severe than those
produced by B. sorokiniana isolates. Following identi-
fication and the pathogenicity test, B. sorokiniana was
here shown to be the most aggressive of the three species
associated with wheat, as well as the most widespread in
Azerbaijan. This species has been reported as the most
common fungus associated with root and crown rot of
wheat in Turkey, the North China Plain, and Canada
(Ledingham et al., 1973; Tunali et al., 2008; Xu et al,,
2018). Statistically significant differences in virulence of
the isolates belonging to each species were found in the
present study. These could be explained by genetic differ-
ences between the isolates. Ghazvini and Tekauz (2012)
found a close association between genetic diversity and
virulence of B. sorokiniana on barley.

The possibility of genetic polymorphism among iso-
lates was investigated with iPBS and ISSR markers. iPBS
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markers have been successfully used to evaluate genetic
diversity in fungi since this was discovered in 2010 by
Kalendar et al. (Ozer et al., 2016; Ozer and Bayraktar,
2018; Wu et al., 2019; Ates et al., 2019). Similarly, ISSR
markers have been more extensively used for the analy-
ses of different fungal populations (Bayraktar and Dolar,
2009; Altinok et al., 2018). iPBS markers have not pre-
viously been employed for studying genetic diversity in
these genera. In the present study, each of the UPGMA
cluster analyses from the genetic dissimilarity matrices
derived from ISSR, iPBS and combined ISSR + iPBS data
provided clear differentiation among three anamorph
species of Cochliobolus (Figure 3). The harvester struc-
ture analyses showed that the best dataset number for
the three populations was K = 3, at which population of
28 individuals was divided into three clusters similar to
the dendrogram. No apparent relationship, however, was
obtained between the clustering and geographic origins
of the isolates. This result is similar to those of Arabi
and Jawhar (2014) and Knight et al. (2010). Although
marker systems iPBS, based on retrotransposons, and
ISSR, based on microsatellite repeat regions, differ in
the nature of the respective evolutionary mechanisms
underlying changes and distribution in the genome of
the fungi, the highly significant correlation coefficient (r
= 0.967) was determined between the co-phenetic matri-
ces based on the genetic distance for ISSR and iPBS data.
The high cophenetic correlation values indicate that both
molecular markers were powerful tools for analysing
interspecific variability among the isolates. The values
of percentage polymorphic bands, polymorphism infor-
mation content, and resolving power in these molecu-
lar marker systems were almost similar, which was in
accordance with similar studies on Lens species (Baloch
et al., 2015). In all the isolates, the G, and N,, values
were, respectively, 0.67 and 0.25 for iPBS markers and
0.52 and 0.46 for ISSR markers. This showed that the
majority of genetic variation obtained from these marker
systems, especially the iPBS markers, resulted from dif-
ferences among the species, not within the species.

To evaluate genetic variability among B. sorokini-
ana isolates from Azerbaijan, ISSR markers provided
greater resolution, and were marginally more informa-
tive, than the iPBS marker system, with the values of
63.83, 0.147 and 0.24, respectively, for percentage poly-
morphic bands, h and I analyses. The mean of polymor-
phic bands (PB) produced by ISSR markers was 6.0 with
the nineteen B. sorokiniana isolates, while Yadav et al.
(2013) found 3.4 PB per RAPD marker with Indian iso-
lates, and an average of 6.1 PB was produced by AFLP
markers with Australian isolates (Mann et al., 2014)
and 11.9 PB with the isolates obtained from seven coun-

tries including the United States of America, Canada,
Brazil, Poland, China, Uruguay, and Japan (Zhong and
Steffenson, 2001). Similarly, the ISSR markers provided
more detailed information to investigate polymorphisms
among the isolates of C. spicifera, while iPBS markers
were slightly better for isolates of C. inaequalis.

In the present study, high levels of interspecific varia-
tion among Bipolaris and Curvularia isolates was detect-
ed by the pathogenicity tests, sequencing of ITS and
GPDH regions, and the ISSR and iPBS marker systems.
These results confirmed that the sequencing of the ITS
and GPDH regions could provide useful information
for the identification and discrimination of the species
used in this research. Comparisons of the information
with marker systems revealed that ISSR markers showed
highly informative markers for investigating genetic pol-
ymorphisms among the pathogen populations causing
root rot disease on wheat. This study presented, for the
first time, molecular data for Cochliobolus anamorphs
of associated with common root rot of wheat using iPBS
markers. The high polymorphism rate at the interspe-
cies level, derived using ISSR and iPBS markers either
separately or together, provided valuable information for
species identification, and for elucidating evolutionary
relationships among the pathogen species without any
sequence data.
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