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Abstract Wheat blast, caused by Magnaporthe oryzae
(Triticum haplotype - MoT), is an important disease of wheat
in Brazil. In this study, we designed 38 new SSR markers
based on the genome sequence of differentMoT isolates, com-
pared the informativeness of those markers with other 52 from
the literature and mapped the polymorphic ones. Among the
90 SSR markers, 53 were polymorphic resulting in, on aver-
age, 3.02 alleles per locus and polymorphism information
content (PIC) of 0.41. Most (81.1 %) of the polymorphic
markers presented 11 or more motif repeats. Seventeen highly
informative markers were detected and mapped in all chromo-
somes except for chromosome 5. On average, polymorphic
markers on chromosome 6 showed the highest PIC followed
by chromosomes 2 and 7. Clustering analysis showed a clear
separation of one isolate from rice from the rest of the isolates
from wheat. In each of the three clusters detected, the MoT
isolates were similar among them regardless of the year and
location sampled, suggesting that the pathogen is widely dis-
persed across wheat growing regions in Brazil. The highly

informative markers detailed here should be useful for popu-
lation biology studies of the wheat blast pathogen.
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Magnaporthe oryzae B.C. Couch and L.M. Kohn (anamorph.
Pyricularia oryzae Cavara) is the cause of the blast disease in
many hosts, but strains causing wheat blast have been grouped
in the Triticum haplotype (MoT). Magnaporthe oryzae is an
heterothallic ascomycete whose dispersion occurs via air cur-
rents and infected seeds (Urashima et al. 2004, 2007). The
disease is spread over all wheat-growing regions in Brazil,
and some of the neighbor countries in South America.
Recently, it has been detected in Bangladesh (Callaway 2016).

The severity of wheat blast is influenced by the genetic
variability of the pathogen since, in field conditions, the tol-
erance of a specific wheat genotype is not always confirmed in
different geographical regions (Urashima et al. 2004).
Moreover, although there are wheat lineages and cultivars
showing resistance to one or few MoT isolates, no resistant
wheat genotype, including synthetic wheat, was observed
when a higher number of MoT isolates was tested (Cruz
et al. 2009). In this context, it is imperative to understand the
genetic variability, population structure and migration patterns
of the MoT isolates in order to improve phenotyping methods
in controlled conditions. These methods could use different
MoT isolates whose genetic variability is representative of the
one detected in field conditions. To achieve that, reliable mo-
lecular methods are required. Nowadays, genome sequencing
is a viable alternative to evaluate genetic variability. It can also
answer questions about the emergence of wheat blast, genes
involved in host specificity, among others (Thynne et al.
2015). However, the easy detection and multiallelic nature
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of SSR markers are useful for a number of studies where
genome sequencing and bioinformatics analysis are still a
not trivial endeavor. Our group has routinely used SSR
markers to study MoT isolates although, even when using
SSR markers described by others (Cruz et al. 2009) or
obtaining new ones from an enriched microsatellite library
(Pereira et al. 2014), most of the SSR markers were mono-
morphic or slightly informative (PIC<0.25).

In this study, we used genomic sequences of nine MoT
isolates (A. Nhani Jr - unpublished results) to design 38 new
SSR markers. We compared these markers with other 52 pre-
viously described by evaluating all the 90 markers in the same
set of isolates. Our objective was to evaluate the informative-
ness of all the 90 SSR markers and to map the highly infor-
mative ones in the genome ofM. oryzae isolated from wheat.
Additionally, we also evaluated the genetic variability of 27
MoT isolates from different wheat areas of seven Brazilian
states.

The 27 strains of M. oryzae isolated from wheat, which
were collected in seven Brazilian states, and one isolated from
rice used in this work are listed in Table 1. Themaintenance of
the isolates and the DNA extraction were performed as de-
scribed by Pereira et al. (2014). The SSR markers were de-
tected in the sequenced genome of nineMoT isolates (Table 1)
and in the reference genome Magnaporthe oryzae 70-15
(Dean et al. 2005) version 8.0, obtained at the Magnaporthe
Comparative Genomic Database (http://www.broadinstitute.
o r g / a n n o t a t i o n / g e n o m e / m a g n a p o r t h e _
comparative/MultiDownloads.html). The perl script MISA
(MIcroSAtellite; http://pgrc.ipk-gatersleben.de/misa/) was
configured to search for perfect motifs (zero interruptions)
and di- to hexanucleotides with a minimum of 11 repetitions.
In house perl scripts were used for screening of polymorphic
SSR loci through comparison of region sizes and positions
among all MISA results. Primers were designed using the
Primer3 software (Rozen and Skaletsky 2000). The three-
primer system (Schuelke 2000) was used where a M13 tail
(TGTAAAACGACGGCCAGT) was added to the forward
primers and, along with the reverse primers and anM13 prim-
er labeled with a fluorescent dye (FAM, NED, PET, or VIC),
used for the amplifications. Each SSR marker was amplified
using 25 ng of total DNA and a common reaction mixture
containing 1× buffer, 2.5 mMMgCl2, 0.2 μMof reverse prim-
er, 0.02 μM of forward primer, 0.2 μM of labeled M13 primer
and 0.75 U of Taq polymerase. Two concentrations of each
dNTP were used: 0.2 mM (mix 1) or 0.35 mM (mix 2). For
each SSR primer, only one reaction mixture was chosen
(Supplementary Table 1). Amplification was performed in a
GeneAmp® PCR System 9700 (Applied Biosystems) and,
depending on the melting temperatures of the primers, pro-
grams TD60-50 or TD60-55 were used. The program TD60-
50 consisted of ten cycles of 94 °C for 30 s, 60 °C for 30 s, and
72 °C for 30 s, where 1 °C was decreased per cycle and then

25 cycles at 94 °C for 30 s, 50 °C for 30 s, 72 °C for 30 s. The
program TD60-55 consisted of five cycles of 94 °C for 30 s,
60 °C for 30 s, and 72 °C for 30 s, where 1 °C was decreased
per cycle and then 30 cycles at 94 °C for 30 s, 55 °C for 30 s,
72 °C for 30 s. Both programs had one denaturation step at 94
°C for 3 min before the amplification cycles and one amplifi-
cation step of 72 °C for 15 min at the end. After amplification,
reactions were run on an ABI 3130xl Sequence Analyzer con-
taining a 36 cm capillary array with POP6 polymer after being
diluted in water, mixed with Hi-Di formamide and GeneScan
500 LIZ size standard (Applied Biosystems) and denatured
(95 °C for 5 min). The program GeneMapper v4.1 was used
to analyze the data (Supplementary Fig. 1).

The number of alleles, average of alleles per locus and
polymorphism information content (PIC) were calculated
using the PowerMaker program (Liu and Muse 2005). The
polymorphism information content was estimated according
to Anderson et al. (1993): PIC=1 - ∑Pij2, where Pij is the
frequency of the ith allele at the jth marker, to evaluate the
diversity level of each SSR marker. PowerMarker was also
used to investigate the genetic similarity between accessions.
Therefore, an Unweighted Pair Group Method with
Arithmetic Mean (UPGMA) tree was constructed using the
shared allele distance for each pair of individuals. The tree
was based on the matrix of shared microsatellite alleles among
the 28 accessions calculated from the 90 SSR markers. All the
accessions and markers were also used for population struc-
ture analysis performed in Structure 2.3 software (Pritchard
et al. 2000). This program implements a Bayesian clustering
procedure to assign individuals to clusters (K) without prior
knowledge of their population affinities. The likelihood ofK is
estimated from the allele frequencies. Structure was run with
10 independent simulations, each one using 50,000 burn-in
periods, following 100,000 MCMC repetitions. The best-
supported value of K was identified using Structure
Harvester (Earl 2012) and the results were plotted using
Pophelper (Francis 2016). Besides that, the polymorphic
markers detected here were anchored to the genome of the
isolate Py 5003 using Ugene (Okonechnikov et al. 2012) em-
bedded Burrows-Wheeler Aligner (Li and Durbin 2009) with
options seed length 18 and max diff zero.

Among the 38 new SSR markers (MoO_01 to MoO_58)
evaluated in this study, 12 (31.5 %) amplified a monomorphic
fragment when the rice isolate (I.162) was not considered.
This is lower than the 60.5 % monomorphic SSR loci previ-
ously characterized from oneMoT isolate (Pereira et al. 2014).
One explanation for the decrease in monomorphic SSR loci is
the use of at least 11 motif repeats among the di-, tri- or
tetranucleotides markers in comparison with the minimum
of three repeats used by Pereira et al. (2014). In fact, when
considering all the 90 SSR markers evaluated here, only 10
out of the 53 polymorphic markers were based on 10 or lower
motif repeats (Supplementary Table 1). In this way, when
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evaluating the variability of MoT isolates through SSR
markers, the use of loci showing a higher number of repeat
motifs is greatly recommended.

Considering all the 90 SSR markers, we detected 53 poly-
morphic loci among the MoT isolates with an average of 3.02
alleles per locus. The PIC value of each polymorphic marker
varied from 0.07 to 0.72 with an average of 0.41. The average
number of alleles and PIC obtained here were higher than
previously reported for MoT isolates (Cruz et al. 2009;
Pereira et al. 2014) but lower than studies withM. oryzae from
rice (Adreit et al. 2007; Zheng et al. 2008). In order to rank the
markers’ informativeness, we separate them in highly
(PIC>0.50), reasonably (PIC from 0.25 to 0.50) and slightly
informative (PIC < 0.25), as proposed by Botstein et al.
(1980). Highly informative markers represented 32 % (17
loci) of the polymorphic ones being remarkably different from
one study withM. oryzae isolate from rice where 53.7% of the
SSR markers were found to be highly informative (Zheng
et al. 2008). Among the 17 highly informative SSR markers,
10 were designed here, six were also developed from one
MoT isolate (Pereira et al. 2014) and only one from a rice
isolate (Garrido 2001). In fact, the markers MGM428 and
MGM429 were among the most polymorphic ones described

for M. oryzae isolated from rice (Zheng et al. 2008) but here
were only slightly informative with PIC = 0.20 for both
markers (Supplementary Table 1). Our mapping, using the
genome of one MoT isolate named Py 5003 (A. Nhani Jr -
unpublished results), revealed that all chromosomes, except
for the chromosome 5, showed markers with PIC > 0.50
(Fig. 1). The average of PIC values was higher for markers
on chromosome 6 followed by chromosomes 2 and 7 and
lower for chromosome 5. For two markers (Pyrms87-88 and
MGM-1) only the reverse or forward primer could bemapped.
Moreover, the marker Pyrms87-88 from chromosome 1 (Kaye
et al. 2003) was mapped to chromosome 2 and markers
MGM428 and MGM429 from chromosome 5 (Zheng et al.
2008) were mapped on chromosome 4. One region with low
variability (five markers with PIC<0.25) was found on chro-
mosome 4.

The SSR alleles detected here allowed the construction of a
dendrogram where the rice isolate (I.162) was clearly separat-
ed from the MoT isolates (Fig. 2). Our analysis also showed
similarity among isolates from distant locations. For instance,
the isolates from RS (the southernmost State in Brazil) are
similar to one isolate from the PR State or one from the MS
State, meaning that the isolates established in RS were

Table 1 Information for the
collection ofMagnaporthe oryzae
isolates used in this study.

Identificationa Municipality/State of originb Year of isolation

I.162 São Miguel do Araguaia / GO 2008

Py 6029 and Py 6045* Goiânia / GO 2006

Py 12.1.050 and Py 12.1.062 Rio Verde / GO 2012

Py 10121.1 Brasília / DF 2010

Py 12.1.109, Py 12.1.110, Py 12.1.116 and Py 12.1.154 Brasília / DF 2012

Py 30.2 and Py 35.3 Brasília / DF 2008

Py 36.1* Brasília / DF 2007

Py 12.1.170 Amambai / MS 2012

Py 12.1.321 and Py 12.1.323 Aral Moreira / MS 2012

Py 6007, Py 6017* and Py 6025* Coromandel / MG 2006

Py 12.1.094 Perdizes / MG 2012

Py 0925* Perdizes / MG 2009

Py 12.1.035i, Py 12.1.046i and Py 12.1.051i Itaí / SP 2012

Py 5003*, Py 5010* and Py 5033* Londrina / PR 2005

Py 5007 Londrina / PR 2006

Py 11.118.3 Londrina / PR 2011

Py 12.1.017i and Py 12.1.328 Londrina / PR 2012

Py 12.1.298 Rolândia / PR 2012

Py 86.1* Cascavel / PR 2008

Py 12.1.179 and Py 12.1.188 São Luís Gonzaga / RS 2012

Py 12.1.209 São Borja / RS 2012

a I.162 was isolated from rice and all other isolates were obtained from infected wheat plants found in farmer
fields. Asterisks represent the nine isolates whose genomeswere used to detect the 38 new SSRMarkers described
in this study. Among these isolates, only Py 6017was used for the clustering analysis. b DFmeans Distrito Federal
while GO,MS,MG. SP, PR and RS indicate the Brazilian states of Goiás, Mato Grosso do Sul, Minas Gerais, São
Paulo, Paraná and Rio Grande do Sul, respectively.
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Fig. 2 Analysis of 28M. oryzae isolates with the 90 SSR markers
evaluated in this study. a Clustering dendrogram based on the alleles
detected in one rice isolate (I.162) and 27 wheat isolates. b Estimated
proportion of membership in the corresponding clusters (K = 3) as
calculated using Structure software. c Locations where the isolates were

collected. Dots represent 12 cities located in the States of Goiás (GO),
Mato Grosso do Sul (MS), Minas Gerais (MG), Paraná (PR), São Paulo
(SP), and Rio Grande do Sul (RS). Brasília is located in the Distrito
Federal

Fig. 1 Map of the 53
polymorphic SSR markers in the
genome of the MoT isolate
Py5003. The slightly informative
markers (PIC < 0.25) are
represented by gray letters, while
the reasonably informative
(0.25< PIC< 0.50) are in black
and the highly informative
(PIC > 0.50) ones are in green.
Numbers bellow each of the
seven chromosomes represent the
average PIC of the markers
located in that chromosome
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possibly originated from different regions. Moreover, isolates
from the same location (for example, Brasília/DF, Londrina/
PR and Itaí/SP) were distributed across different clusters and,
interestingly, Group 2 is formed by isolates from all the seven
States analyzed. That reveals movement of the pathogen
across the country resulting in genetic similarity even for iso-
lates from wheat fields separated for around 2,000 km.
Infected wheat seeds transported across different regions
might be an explanation for that (Urashima et al. 2004). The
population structure analysis, where the best inferred number
of clusters obtained was K=3, was in agreement with the
UPGMA results (Fig. 2B).

In conclusion, when comparing to previous studies, we
detected a greater number of highly informative SSR markers
for M. oryzae isolated from wheat. Moreover, considering all
polymorphic markers, we have obtained a higher average
number of alleles per locus and higher average PIC. The rea-
son for that probably relies on the use of SSR loci showing
higher number of repeat motifs (≥11). The highly informative
SSR markers were mapped in the genome of the MoT isolate
Py 5003 revealing that the average PIC values of the markers
on chromosomes 2, 6 and 7 was higher in contrast with low
values for chromosomes 1 and 5. Similarity among isolates
from distant geographic regions was detected indicating a
constant movement of the pathogen in different wheat grow-
ing areas in Brazil. The highly informative SSR markers iden-
tified here should be useful for molecular studies ofM. oryzae
from wheat.
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