Biochem Genet (2014) 52:52-70
DOI 10.1007/s10528-013-9627-4

Development of Genomic SSR Markers and Molecular
Characterization of Magnaporthe oryzae Isolates
from Wheat in Brazil

Jorge Fernando Pereira - Luciano Consoli *
Estevon Alexandre de Souza Bombonatto *
Ana Lidia Variani Bonato *
Joao Leodato Nunes Maciel

Received: 30 November 2012/ Accepted: 20 August 2013 /Published online: 23 November 2013
© Springer Science+Business Media New York 2013

Abstract Magnaporthe oryzae, the causal agent of wheat blast, was characterized
on a molecular level with 38 newly isolated genomic SSR loci. Among the 31 wheat
isolates analyzed, 15 polymorphic loci were detected, with an average of 1.7 alleles
per locus, 28.9% of them being highly or reasonably informative. The number of
polymorphic loci was higher in isolates from Londrina in the Brazilian state of
Parand and Coromandel in Minas Gerais compared with Goiania in Goias and Sao
Borja in Rio Grande do Sul. The rice isolate was clearly different from the wheat
isolates, and the size difference in polymorphic SSR loci between one isolate from
wheat and one isolate from rice was associated with the number of repeats. Some
isolates collected from different states and in different years demonstrated simi-
larities of 100%. The markers developed here are useful for the genetic analysis of
M. oryzae isolated from wheat, and isolates representing the variability detected in
the field can be used to search for better wheat blast resistance.

Keywords Genetic variability - Magnaporthe oryzae - Microsatellite -
Wheat blast

Introduction

Magnaporthe oryzae B. Couch (anamorph. Pyricularia oryzae Cavara) is the causal
agent of blast disease in a number of gramineous plants and is a well-known
pathogen of rice that is responsible for severe worldwide losses in yield. The species
was described based on a phylogenetic analysis of Magnaporthe isolates that
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classified the species Magnaporthe grisea (Hebert) Barr. into two distinct clades: M.
oryzae, which is associated with cultivated cereals, and M. grisea, which is
associated with the grass genus Digitaria (Couch and Kohn 2002). Although rice is
the major host for M. oryzae, this pathogen also causes important damage in wheat
(Triticum aestivum), mainly in the Brazilian states of Parana, Mato Grosso do Sul,
Goias, Sdo Paulo, and the Distrito Federal (Igarashi et al. 1986; Goulart and Paiva
1990, 2000; Igarashi 1990; Prabhu et al. 1992; Anjos et al. 1996). Since the mid-
1980s, when it was first reported in Brazil (Igarashi et al. 1986), wheat blast has
represented a serious problem for wheat production (Kohli et al. 2011; Maciel
2011). Yield losses observed for different cultivars, locations, and growing seasons
in Brazil were reported ranging from 10 to 51% (Goulart and Paiva 1990, 1993,
2000; Goulart et al. 2007; Urashima et al. 2009). In addition, during the wheat-
growing season of 2009, particularly in the Cerrado Region and north of Parani,
severe yield losses were reported (Duveiller et al. 2010). Wheat blast infections
have also been observed in Argentina, Bolivia, Paraguay, and Uruguay (Duveiller
et al. 2010; Kohli et al. 2011).

Even if some integrated management practices could reduce yield loss (Mehta
et al. 1992), other practices such as chemical control have limited effectiveness
(Urashima and Kato 1994; Urashima et al. 2009; Maciel 2011). The use of resistant
wheat genotypes is also restricted since only moderate resistance was found in a
range of wheat genotypes tested (Barros et al. 1989; Goulart and Paiva 1992, 1993;
Urashima et al. 2004; Prestes et al. 2007; Cruz et al. 2010), even though more recent
papers have reported high levels of resistance for some wheat genotypes (Cruz et al.
2011; Kohli et al. 2011) and have already identified resistance and defense genes
(Zhan et al. 2008; Tufan et al. 2012). In this particular context, blast resistance of
wheat genotypes is reportedly under the influence of the natural genetic variability
of M. oryzae present in the field. For instance, the reaction of a specific wheat
genotype in a geographic region under field conditions is not always confirmed in
other regions (Urashima et al. 2004), and some wheat genotypes showed different
reactions according to the wheat M. oryzae isolate used in inoculation procedures, a
situation that was observed for seedlings as well as the heading stage (Urashima
et al. 2004; Cruz et al. 2009, 2010).

Considering that M. oryzae genetic variability is one of the components for wheat
blast development in different fields, several research groups have studied the
genotypic and phenotypic variability of the wheat pathogen using a probe homolog
to the MGR583 retrotransposon (Urashima et al. 1999), restriction fragment-length
polymorphism (Lebrun et al. 1990; Valent and Chumley 1994), virulence analysis
(Urashima et al. 2004; Cruz et al. 2009), pulsed field gel electrophoresis (Orbach
et al. 1996), random amplified polymorphic DNA, and vegetative compatibility tests
(Busso et al. 2007). Alternatively, simple sequence repeats (SSR), or microsatellites,
were characterized for M. oryzae from rice (Brondani et al. 2000; Kim et al. 2000;
Kaye et al. 2003; Wang et al. 2005; Adreit et al. 2007; Zheng et al. 2008). Different
from the molecular techniques used in previously reported studies of wheat M.
oryzae genetic variability, the microsatellite markers are multiallelic, easily
detectable by PCR, relatively abundant, and spread throughout the genome;
moreover, they require minimal DNA for genetic analysis (Saghai Maroof et al.
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1994; Oliveira et al. 2006). Some SSR loci previously developed for M. oryzae that
were isolated from rice (Brondani et al. 2000) have been used to analyze isolates
from wheat. Only one wheat M. oryzae isolate was analyzed with three
microsatellites (Brondani et al. 2000), and our group has already amplified nine
SSR loci (also described by Brondani et al. 2000) to study the genetic variability of
18 isolates of M. oryzae from wheat (Cruz et al. 2009). We found 1.9 alleles per
locus, and 3 of the 9 SSR loci analyzed were monomorphic.

In this study, we have characterized 38 new SSR markers from an enriched
microsatellite library constructed from M. oryzae isolated from wheat. These
markers were used to characterize molecularly 31 wheat M. oryzae isolates from
different areas of four Brazilian states. Our main goal was to increase the number of
polymorphic SSR markers available to study wheat M. oryzae isolates so that the
analysis of its population in Brazil could be improved.

Materials and Methods
Magnaporthe oryzae Strains, Culture Conditions, and DNA Extraction

We used the same 18 strains of M. oryzae obtained by Cruz et al. (2009), and in
order to increase the number of samples, we evaluated another 13 strains isolated
from wheat-infected leaves and spikes showing blast symptoms (Table 1). One
strain of M. oryzae isolated from infected rice leaves (Py 003.3.1) was kindly
provided by Dr. Gustavo Daltrozo Funck from IRGA (Rio Grande do Sul Rice
Institute). Cultures of all 32 strains were maintained on oat-extract agar in Petri
dishes at 25°C. From each strain, five 7-mm discs containing mycelia and spores
were grown in 50 ml of complete medium (Pontecorvo et al. 1953 modified by
Azevedo and Costa 1973) for five days at 25°C and 150 rpm. Afterward, the
mycelia were collected by filtration, washed in distilled water, frozen in liquid
nitrogen, and ground to a powder using a mortar and pestle. DNA was extracted
using the protocol described by Specht et al. (1982) with modifications as follows:
ground mycelium (200-300 mg) was resuspended in extraction buffer (2% SDS,
0.05 M Tris—HCI, pH 8.0; 0.02 M EDTA, pH 8.0; and 10 pg proteinase K) and
incubated at 70°C for 30 min. After the addition of 5 M potassium acetate, the
samples were placed on ice for 30 min and the supernatant was recovered by
centrifugation. Two deproteinization steps, using phenol:chloroform (1:1) and
chloroform:isoamyl alcohol (24:1), were performed. The total DNA was precip-
itated with isopropanol and ammonium acetate, resuspended in 50 pl of TE
(containing RNase A), and quantified by gel electrophoresis after an incubation step
at 37°C for 30 min.

Construction of SSR-Enriched Genomic Library
Total DNA from the monosporic isolate Py 05001, one of the isolates of our first

collection (its virulence was evaluated by Cruz et al. 2009), was used to construct a
wheat M. oryzae SSR-enriched library based on a protocol described by Kijas et al.
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Table 1 Magnaporthe oryzae isolated from wheat and rice analyzed in this study

Identification Origin® Wheat cultivar Year of isolation
Py 05001* Sdo Borja (RS) BRS Angico 2005
Py 05002* Sdo Borja (RS) BRS Angico 2005
Py 05003 Londrina (PR) BRS 248 2005
Py 05005* Londrina (PR) BRS 248 2005
Py 05012* Londrina (PR) BRS 229 2005
Py 05015 Londrina (PR) BRS 229 2005
Py 05017* Londrina (PR) BRS 193 2005
Py 05020* Londrina (PR) BR 18 2005
Py 05021* Londrina (PR) BR 18 2005
Py 05022 Londrina (PR) BR 18 2005
Py 05025* Londrina (PR) BRS 249 2005
Py 05029* Londrina (PR) CD 105 2005
Py 05031 Londrina (PR) CD 105 2005
Py 05034 Londrina (PR) BRS 220 2005
Py 05038* Londrina (PR) BRS 220 2005
Py 05039* Londrina (PR) BRS 208 2005
Py 05042 Londrina (PR) BRS 208 2005
Py 05047 Londrina (PR) BRS 208 2005
Py 06001%° Coromandel (MG) BRS 208 2006
Py 06008 Coromandel (MG) BRS 208 2006
Py 06010%*° Coromandel (MG) BRS 208 2006
Py 06012* Coromandel (MG) BRS 208 2006
Py 06015 Coromandel (MG) BRS 208 2006
Py 06018* Coromandel (MG) BRS 208 2006
Py 06025 Coromandel (MG) BRS 208 2006
Py 06028 Goiania (GO) BRS 208 2006
Py 06030* Goiania (GO) BRS 208 2006
Py 06032 Goiania (GO) BRS 208 2006
Py 06041 Goiania (GO) BRS 208 2006
Py 06044 Goiania (GO) BRS 208 2006
Py 06048 Goiania (GO) BRS 208 2006
Py 003.3.1° Cachoeirinha (RS) Dular 1996

Asterisks (*) indicate the 18 isolates analyzed by Cruz et al. (2009). Isolates were obtained from different
plants collected in experimental plot (Londrina) or farmer fields (Sdo Borja, Coromandel, and Goiania)

2 Brazilian state: RS, Rio Grande do Sul; PR, Parand; MG, Minas Gerais; GO, Goiis
® These isolates were obtained from leaf lesions, the others from spikes

¢ The isolate Py 003.3.1 was obtained from a leaf lesion of the rice cultivar Dular

(1994) and modified by Oliveira et al. (2005). Total DNA was digested with Sau3Al
and ligated to adapters (CTCTTGCTTACGCGTGGACTA and GATCTAGTC
CACGCGTAAGCAAGAG). A pre-amplification step was performed using the
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adapters and the previously digested DNA (95°C for 4 min followed by 20 cycles of
94°C for 30 s, 60°C for 1 min, and 72°C for 1 min). The pre-amplified DNA was
purified and enriched by hybridization with biotinylated (TC);5 oligonucleotides,
followed by incubation with magnetic beads linked to streptavidin (Promega).
Enriched SSR DNA fragments were amplified using the same adapters and the
following program: 95°C for 1 min followed by 20 cycles of 94°C for 40 s, 60°C for
1 min, and 72°C for 2 min. After a purification step, the PCR fragments were cloned
into the pGEM-T-Easy vector and transformed into E. coli JM109 cells (Promega),
according to standard protocols. We recovered 348 white colonies, and after
plasmid isolation by alkaline lysis mini-prep, all clones were sequenced using M13
and SP6 primers and Big Dye Terminator version 3.1 on an ABI 3100 Sequence
Analyzer (Applied Biosystems).

SSR Detection, Design of Primers, and Genotyping of M. oryzae Isolates

Contigs were identified using the Staden sequencing analysis package (Staden
1996), and microsatellite loci were screened using the WebTroll software (http://
wsmartins.net/webtroll/troll.html) (Castelo et al. 2002; Martins et al. 2006). Based
on the Primer3 software (Rozen and Skaletsky 2000), primers were designed to
anneal at the flanking regions of the SSR sequences containing at least three repeats.
Reverse primers were normally synthesized, but forward primers were synthesized
with an additional M13 tail (TGTAAAACGACGGCCAGT). These primers were
used in a PCR reaction along with an M13 primer labeled with a fluorescent dye
(FAM, NED, PET, or VIC), as described in Schuelke (2000). Each SSR primer was
tested for amplification using a reaction mixture containing 100 ng total DNA, 1x
buffer, 0.2 uM of reverse primer, 0.02 pM of forward primer, 0.2 uM of labeled
M13 primer, and the following four concentrations of MgCl,, dNTPs, and Tagq
polymerase: mix A (1.5 mM MgCl,, 0.2 mM of each dNTP, 0.5 U of Taq poly-
merase), mix B (1.5 mM MgCl,, 0.35 mM of each dNTP, 0.75 U of Tag poly-
merase), mix C (2.5 mM MgCl,, 0.2 mM of each dNTP, 0.75 U of Tag
polymerase), and mix D (2.5 mM MgCl,, 0.35 mM of each dNTP, 0.75 U of Tag
polymerase). For each SSR primer, only one reaction mixture was chosen (Table 2).
All amplification reactions were performed in a PTC-100 Thermal Cycler (MJ
Research) programmed as follows: 94°C for 3 min, 94°C for 30 s, 60°C for 30 s,
and 72°C for 30 s; followed by four cycles at decreasing annealing temperatures in
decrements of 1°C per cycle; then 30 cycles at 94°C for 30 s, 56°C for 30 s, 72°C
for 30 s; and a final extension at 72°C for 3 min. After amplification, reactions were
diluted in water, mixed with Hi-Di formamide and GeneScan 500 LIZ size standard
(Applied Biosystems), denatured, and run on an ABI 3100 Sequence Analyzer
containing a 36 cm capillary array with POP6 polymer. The program GeneMapper
version 3.5 was used to analyze the data.

Data Analysis

The SSR loci of the 32 genotypes were used to build a matrix, and the data were
analyzed using the PowerMaker program (Liu and Muse 2005). The unweighted
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pair-group method using arithmetic average (UPGMA) algorithm was used to
construct a dendrogram using the shared allele distance for each pair of individuals.
The polymorphism information content (PIC) value of each polymorphic marker
was calculated according to Anderson et al. (1993) using the formula:

PIC; = kZP%’j
j=1

where P;; is the frequency of the jth allele for marker i, and summation extends over
n alleles. Only the allelic frequencies obtained from the wheat M. oryzae isolates
were considered.

Sequencing of SSR Loci

The 38 primers (Table 2) were used to amplify total DNA from the Py 05001 and Py
003.3.1 isolates. For this experiment, the M13 primer was not linked to a fluorescent
dye. After thermocycling, the samples were precipitated and quantified on a 0.8%
agarose gel. The samples were then mixed with primer F or R (3.2 pM), sequencing
buffer, and Big Dye Terminator version 3.1 and incubated in a PTC-100 Thermal
Cycler (MJ Research) programmed as follows: 96°C for 1 min, then 35 cycles at
96°C for 20 s, 56°C for 20 s, 60°C for 2 min and 45 s. Samples were precipitated
again, resuspended in Hi-Di formamide, denatured, and run on an ABI 3100
Sequence Analyzer. The Sequencing Analysis Software version 5.1.1 and the
Staden sequencing analysis package (Staden 1996) were used to analyze the
sequences.

Results
Development of the SSR Markers

Of the 384 recombinant plasmids sequenced, 220 contigs were recovered, and 39 of
them (17.7% based on the number of contigs) had an adequate size and position that
allowed primers to be designed. After testing these primers in four reaction
mixtures, one of them (cnpt_mg_c131) did not show a good amplification pattern.
The remaining 38 primers used in this study are listed in Table 2. Two primers were
designed based on SSR loci containing mononucleotide repeats, 21 on dinucleotide
repeats, five on trinucleotides, nine on tetranucleotides, and one on heptanucleo-
tides. There were 18 loci with 8 or more repeats and 20 with 3-7 repeats. Two
primers (cnpt_mg_c053 and cnpt_mg_c160) were initially designed based on
sequences containing three repeats, but when the PCR products were resequenced to
check the fragment size and number of repeats, these primers were found to contain
only two repeats.
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Analysis of the SSR Markers

Of the 38 useful SSR primers, 25 amplified polymorphic DNA fragments in the 32
tested isolates. Among those 25 polymorphic SSR markers, 10 were monomorphic
for the wheat isolates but amplified a different fragment for the rice isolate, and 15
showed polymorphisms among the wheat isolates (Table 2). Considering only the
polymorphisms presented by wheat isolates, the number of alleles per locus ranged
from 2 to 8, with an average of 2.8. However, the analysis of all markers (including
polymorphic and monomorphic ones) for only the wheat isolates resulted in an
average of 1.7 alleles per locus. Considering just the same 18 isolates that Cruz et al.
(2009) analyzed with SSR markers described for M. oryzae from rice, an average of
1.6 alleles per locus was found with the SSR markers described in this study, which
was lower than the 1.9 alleles per locus found by Cruz et al. (2009). Using the
criteria proposed by Botstein et al. (1980), four (10.5% based on the 38 primers
analyzed) of the polymorphic markers showed a PIC greater than 0.50 and were
classified as highly informative, seven (18.4%) presented a PIC of 0.25-0.50 and
were reasonably informative, and four (10.5%) were slightly informative, presenting
a PIC less than 0.25. The remaining 60.5% represented the 23 SSR markers that
amplified a monomorphic fragment (PIC = 0) among the 31 wheat M. oryzae
isolates. Three (20%) of 15 polymorphic SSR markers were tetranucleotides, 11
(73.3%) were dinucleotides, and one (6.6%) was a mononucleotide. None of the
trinucleotide or heptanucleotide markers was polymorphic. In the Py 05001 isolate
that was used to construct the SSR library, the observed size of the SSR markers
was always higher than the expected size (the higher and lower differences were 26
and 12 bp, respectively, with an average difference of 17.6 bp), but the difference is
related to the addition of the MI13 tail and the fluorophores used in the
electrophoresis (Table 2). Only two primers (cnpt_mg_plhl10 and cnpt_mg_plell)
were unable to amplify PCR products in 11 and 12 isolates, respectively, and those
loci were considered null alleles. This lack of amplification could be a consequence
of mutations, deletions, or insertions in the primer annealing site; recombination
events; or even insertion of DNA sequences between the primer annealing sites.

Genotyping of M. oryzae Isolates

Genetic variation was identified among the isolates (Fig. 1). The rice isolate (Py
003.3.1) was easily distinguished from the wheat isolates. It was found to amplify a
specific fragment (a fragment different from all fragments amplified in the wheat
isolates) in 18 primers (data not shown). Thus, 47.4% of the primers developed in
this study were able to separate the rice isolate (Py 003.3.1) from the wheat isolates.
In addition, a comparison of SSR sequences from the rice isolate and the wheat
isolate Py 05001 (used to construct the library) showed that the size difference in all
21 polymorphic SSR loci was related to differences in the number of repeats
(Table 3), although the size difference for the locus cnpt_mg_c059 was found in a
second motif, which was not the most repeated one. For the 17 monomorphic SSR
loci between Py 003.3.1 and Py 05001, 16 presented the same number of repeats,
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Py 033.1

Py 05012 Londrina (PR)

Py05005  Londrina (PR)

Py05003  Londrina (PR) Group 1

Py 05039  Londrina (PR)

Py 05047  Londrina (PR)
Py 05001  Séo Borja (RS) Group 2
Py 05002  Sdo Borja (RS)

Py06012  Coromandel (MG)

Py06025  Coromandel (MG)

Py 06028  Goiania (GO)

Py 06032  Goiania (GO)

Py 06008  Coromandel (MG)
Py 06030  Goidnia (GO)
Py 06041 Goiania (GO) Group 3

Py05022  Londrina (PR)
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Py06044  Goiania (GO)
Py 05015  Londrina (PR)

Py06015  Coromandel (MG)
Py06048  Goidnia (GO)
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Py 05020  Londrina (PR)
Py05029  Londrina (PR)
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Py05042  Londrina (PR)
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Py05034  Londrina (PR)
Py05021  Londrina (PR)
Py05017  Londrina (PR)
Py06001  Coromandel (MG)
Py06018  Coromandel (MG)

0.4 03 02 0.1 0.0

Fig. 1 Hierarchical analysis of the 32 M. oryzae isolates with the SSR markers developed in this study.
(Left) Clustering dendrogram based on the alleles detected in the wheat and rice isolates. The dotted line
represents the distance used to separate the four groups. (Right) Collection sites of isolates within Brazil.
Dots represent collection sites in the cities of (GO) Goiania in the state of Goias, (MG) Coromandel in
Minas Gerais, (PR) Londrina in Parana, and (RS) Sao Borja in Rio Grande do Sul. The distances between
sites (based on latitude and longitude coordinates), starting from GO, are 310 km to MG, 815 km to PR,
and 1633 km to RS; distances starting from MG are 725 km to PR and 1580 km to RS; and the distance
between PR and RS is 854 km

and only one (cnpt_mg_c049) showed a different number of repeats that was
compensated by differences in a second motif inside the same locus.

In the hierarchical analysis, a threshold of 1.1 was selected for establishing a
division into four groups by considering only the 31 M. oryzae isolated from wheat.
In some of those groups, a distinguishable separation was found concerning the
location where the isolates were collected (Fig. 1). Five isolates from Londrina (in
the state of Parand) were clustered into group 1, while group 2 represented the two
isolates from Sdo Borja (in Rio Grande do Sul). Group 4 is represented by 11
isolates, of which nine are from Londrina and two are from Coromandel (in Minas
Gerais). Thus, from the 16 isolates from Londrina, 14 were clustered into group 1 or
4. Moreover, group 3 represented isolates from three states. All six isolates from
Goiania (in Goias) were grouped in this cluster, and two of them were identical to
two isolates from Coromandel (Py 06028, Py 06032, Py 06012, and Py 06025). It is
interesting that the isolates Py 05015, Py 06015, and Py 06048, which were isolated
in different years and belong to three different states, were found to be identical.
This result was also found in group 4, where one isolate from Londrina (Py 05017)
was identical to two isolates from Coromandel (Py 06001 and Py 06018). Five out
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Table 4 SSR markers amplified from wheat isolates of M. oryzae originating from Brazilian locations
using the primers developed in this study

Location Number of wheat Number of ~ Number of  Alleles per Polymorphic
cultivars® isolates alleles locus locus

Goiania (GO) 1 6 42 1.1 3

Coromandel (MG) 1 7 46 1.2 7

Londrina (PR) 8 16 57 1.5 12

Sdo Borja (RS) 1 2 38 1.0 0

Total 9 31 65 1.7 15

? Isolates were collected from cultivars listed in Table 1

of seven isolates from Coromandel were sorted into group 3, two being identical (Py
06012 and Py 06025), and two were grouped into group 4, also with two identical
isolates (Py 06001 and Py 06018). Although we were not able to analyze the same
number of isolates for all locations, an analysis of isolates from the same region
revealed that the average number of alleles was 1.0 in Sdo Borja, 1.5 in Londrina,
1.2 in Coromandel, and 1.1 in Goiania, and the number of polymorphic loci was
higher in Londrina (12) and Coromandel (7) compared with Goiania (3) and Sao
Borja (0) (Table 4). All isolates from the southern region of Brazil (Londrina and
Sao Borja) were separated among all four groups of the hierarchical analysis
(Fig. 1), with 88.9% of them distributed into groups 1, 2, and 4. Moreover, 84.6% of
the 13 isolates from the central area of Brazil (Goiania and Coromandel) were
sorted into group 3. The only exceptions were two isolates from Londrina (Py 05015
and Py 05022) that clustered in group 3 with isolates from central Brazil and two
isolates from Coromandel (Py 06001 and Py 06018) that sorted into group 4
together with isolates from southern Brazil.

Discussion

Although other groups have already developed SSR markers for M. oryzae isolated
from rice (Brondani et al. 2000; Kim et al. 2000; Kaye et al. 2003; Wang et al. 2005;
Adreit et al. 2007; Zheng et al. 2008), this is, to our knowledge, the first report of
SSR markers isolated from an enriched library constructed from a M. oryzae
isolated from wheat. Our main goal was to increase the number of polymorphic SSR
loci available for population studies of M. oryzae isolated from wheat. We were able
to develop 38 SSR markers, averaging 1.7 alleles per locus, which is slightly lower
than the average of 1.9 obtained by Cruz et al. (2009) with the analysis of wheat M.
oryzae isolates using SSR markers described for rice isolates. Nevertheless, in our
study, 15 (39.5%) of the newly developed SSR markers were polymorphic in a
sample of 31 wheat M. oryzae isolates from four different Brazilian states. The
39.5% of polymorphic loci in our study is reasonably lower than the mean value of
polymorphic loci (53.2 + 7.4%) described from 17 fungal species (Dutech et al.
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2007). In addition, the percentage of sequences suitable for primer design, which
was 17.7% (39 of 220 contigs), was also lower than the mean value (28.6 £+ 3.9%)
described by those same authors, not taking into account that we stipulated a
minimum of three repeats instead of the five perfect repeats considered by Dutech
et al. (2007). Other authors have also reported a higher percentage of polymorphic
loci in M. oryzae isolated from rice (73%, Kaye et al. 2003; 73.6%, Zheng et al.
2008). In addition, 10.5% of the SSR markers isolated in this study were highly
informative, and 18.4% were reasonably informative. Thus, we were not able to
isolate a good number of polymorphic markers in M. oryzae isolated from wheat.
The explanation for that is not likely to be related to the use of (TC);5 to enrich the
SSR library, as the most abundant dinucleotide in the rice M. oryzae genome is AG
(Lim et al. 2004). Among the loci with eight or more repeats, 55.5% were
polymorphic, whereas only 25% of the loci with two to seven repeats were
polymorphic, indicating that a higher proportion of polymorphisms originated from
sequences with a higher number of repeats. In fungal genomes, the number of
repeats or the length of SSR sequences have been reported to be positively
correlated with the number of SSR polymorphisms (Zheng et al. 2008), and a motif
repeated at least eight times appears to be desirable for predicting polymorphisms
(Lim et al. 2004). However, in our study, one locus (cnpt_mg_c047) with three
repeats and one (cnpt_mg_c160) with only two repeats were also polymorphic
(PIC = 0.27 and 0.28, respectively). According to Dutech et al. (2007), the number
of polymorphisms of long SSR loci in 17 fungal genomes was high for some species
and low for others, such that a significant effect of the number of repeats on the
number of alleles was also detected. Those authors also reported that 88% of the
SSR polymorphic loci in fungi were dinucleotides; in our study, 55.3% of the
isolated loci were dinucleotides.

Although wheat blast is a serious threat to wheat production, not only in Brazil
but also in some neighboring countries, little is known about the population
structure of its pathogen. Because of the severe impact of the disease, an
understanding of the evolution of M. oryzae from wheat is important for decisions
about selecting resistant plants, cloning resistance genes, and mapping QTLs,
among other actions. For instance, different levels of wheat resistance to blast can
be observed depending on the geographic regions and the M. oryzae isolates
inoculated (Urashima et al. 2004; Cruz et al. 2009, 2010), which means that M.
oryzae genetic variability plays an important role in the search for wheat blast
resistance. Recently, some wheat genotypes were classified as highly resistant to
wheat blast (Cruz et al. 2011; Kohli et al. 2011). Although this finding is a
significant step toward achieving better control over the disease, it is important to
point out that only one M. oryzae isolate was used by Cruz et al. (2011). Based on
the results of our survey and on other reports (Urashima et al. 2004; Cruz et al.
2009, 2010), the screening for wheat blast resistance needs to take into account the
genetic variability of M. oryzae found in the field.

According to phenotypic studies, differences in virulence, mating type, and
vegetative compatibility groups have been reported for M. oryzae from wheat
(Bruno and Urashima 2001; Urashima et al. 2004; Busso et al. 2007; Galbieri and
Urashima 2008; Cruz et al. 2009). In addition, some efforts have been made to study
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M. oryzae genetic variability based on different molecular techniques. Some reports
revealed a narrow genetic variability in wheat M. oryzae isolates, such as an analysis
of five M. oryzae isolates from wheat using RAPD that revealed a discrete genetic
variation (Busso et al. 2007). Chromosomal studies employed by PFGE in seven M.
oryzae isolates from wheat collected at several Brazilian locations over a period of
three years showed remarkable karyotype conservation (Orbach et al. 1996). On the
other hand, using a probe homologous to the MGR583 retrotransposon, Urashima
et al. (1999) reported a high degree of diversity in wheat M. oryzae isolates from
major regions in Brazil. In addition, diversity of about 25-50% in 18 isolates of M.
oryzae from wheat was observed by Cruz et al. (2009) using eight SSR markers
previously described for M. oryzae in rice. In our study, the analysis of 31 isolates of
wheat M. oryzae revealed that isolates from Londrina and Coromandel presented
more polymorphic markers than isolates from Goiania and Sdo Borja (Table 4). In
addition, isolates from Londrina were sorted into three out of the four groups
detected, and isolates from Coromandel were sorted into two of them, while isolates
from Sdo Borja and Goiania were sorted into just one group (groups 2 and 3,
respectively). Our analysis also revealed that some isolates from Goiania and
Coromandel (separated by approximately 310 km), Londrina and Coromandel
(725 km apart), and Londrina and Goiania (815 km apart) were identical, even
though, in some cases, they were collected in different years. Identities through
RFLP markers and virulence patterns among isolates separated by large geographic
distances have already been reported for M. oryzae from wheat (Urashima et al.
1999, 2004). It has been proposed that their identity might be a consequence of the
movement of wheat seeds infected with a specific M. oryzae isolate between
different regions (Urashima et al. 2004). Unfortunately, it is not possible, with our
results, to determine whether such a migration occurred or in which direction.
Even though we have analyzed only two isolates from Sao Borja, the lack of
polymorphism in those isolates could be related to the temperate climate and high
humidity of that region during the wheat-growing season, which is unfavorable to
wheat blast development. According to that theory, low variability in those isolates
would be expected, although Cruz et al. (2009) found substantial differences in their
virulence spectrum. Counterclockwise, the high temperatures and the low humidity
during the wheat-growing season in Londrina, Coromandel, and Goiania are much
more favorable for wheat blast establishment, and thus, in those areas, the pathogen
is more likely to show variability. Some authors have proposed a role for the
parasexual and sexual cycles in the genetic variability of M. oryzae isolated from
wheat (Urashima et al. 1993; Bruno and Urashima 2001; Busso et al. 2007),
although more recent findings revealed an apparently low possibility of sexual
crosses in wheat fields (Galbieri and Urashima 2008). It is important to point out
that the experiments showing sexual crosses among wheat M. oryzae isolates were
conducted in laboratory conditions, and the role of that stage in nature has not been
documented. Nevertheless, genotypic variability can be observed among Brazilian
isolates of M. oryzae from wheat (Fig. 1). For instance, in this study, we were able
to find differences in some isolates that Cruz et al. (2009) found to be identical.
It has been proposed that pathogen populations may establish some level of
selectivity among hosts, and based on that, plant cultivars could have long-term
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effects on the composition of the population (Kistler 1997). The possible effect of
the plant cultivar on fungal genetic diversity has been reported (Baturo-Ciesniewska
2011), although in our study, the number of isolates from each cultivar (Table 1) did
not allow us to evaluate that effect.

The rice isolate (Py 003.3.1) used in this study was clearly distinct from the 31
isolates of wheat. In all 21 polymorphic SSR markers between the rice isolate and
one wheat isolate, variation in the number of repeats was associated with the allele
size difference (Table 3). Nevertheless, 18 of 38 primers developed in this study
amplified a specific fragment in the rice isolate. In this case, the SSR markers gave a
clear result when compared to the host specificity. This result increases the amount
of evidence suggesting that M. oryzae isolated from rice and wheat possess
molecular differences. For instance, RFLP analysis revealed differences in the copy
number of a MGRS583 homolog probe (Urashima et al. 1999), PFGE showed
different karyotypes among Brazilian isolates from wheat and rice (Orbach et al.
1996), and a five-fold difference in the number of AG repeats for one SSR marker
was identified between one M. oryzae isolate from rice and one from wheat
(Brondani et al. 2000).

The newly polymorphic SSR markers developed in this study are useful for
evaluating the genetic variability of M. oryzae from wheat and for understanding the
population structure of that pathogen. The population structure (i.e., the amount of
genetic and phenotypic variation) can vary through time and space as the pathogens
evolve or adapt in response to environmental conditions (McDonald and Linde
2002), and hence a constant characterization of new isolates from different locations
and different wheat-growing seasons is required. Our group is currently analyzing a
larger collection of M. oryzae collected through different wheat-growing regions in
our country.
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