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Septoria tritici blotch (STB), caused by Mycosphaerella graminicola, is the major foliar disease in
temperate rainfall Moroccan growing wheat regions. An F9 recombinant inbred population from cross
between resistant synthetic hexaploid wheat “syn6” and a susceptible cultivar Mehdia was evaluated
for resistance to septoria during three years in Moroccan field conditions at Sidi Allal Tazi and
Merchouch stations. 13 SSR markers associated to some Stb genes (Stb1, Stb2, Stb3, Stb4, Sth5, Sth6,
Stb8 and Stb14) were applied on this recombinant inbred lines (RILS) population in order to find out the
linkage between markers and resistance genes against this disease and to identify which of these
known genes are effective. Only Xgwm389 marker linked to Stb2 had discriminate the septoria resistant
lines from the susceptible marker. Most RILs that exhibited low S. tritici severity had 150 bp allele as the
resistant parent “Syn 6” and the other lines having high disease severity had 133 bp allele present at
Vernapolis, the considered carrier of Stb2, at Chinese spring and Mehdia susceptible parent.
Suggesting that Stb2 gene is broking and there is another gene closely linked to Stb2 on the short arm
of chromosome 3B confers resistance to Syn 6 and RILs population in Gharb region of Morocco.

Key words: Disease resistance genes, Mycosphaerella graminicola, Triticum aestivum, RILs population, SSR
markers, Stb genes.

INTRODUCTION

Septoria tritici blotch (STB) is one of the most important
foliar diseases of wheat caused by the ascomycete
Mycosphaerella graminicola (Fuckel) J. Schroét. STB
spread is usually established through airborne
ascospores that are discharged from wheat debris and
deposited in young wheat crops in the fall. This is
followed by rain splash driven spore dispersal during the
growing season (Shaw and Royle, 1993; Goodwin,
2012). However, M. graminicola can reproduce sexually
throughout the year, which provides the fungus with a
mechanism to overcome adverse biotic or abiotic
conditions (Codro et al.,, 1999; Goodwin, 2012). In
Morocco, the sexual stage was also found (El Bakali et
al., 2012).

S. tritici is a major disease of wheat in all wheat
growing areas of the world when climatic conditions are
favorable; this fungus can cause yield losses from 30 to
50% in susceptible wheat genotypes (Eyal et al., 1987).
In Morocco, STB is a big problem in temperate rainfall
wheat (Triticum aestivum and durum) growing regions
and the yield production losses can exceed 50% under
favorable conditions (Mazouz et al., 1995). Research for
cultivars with better tolerance levels in Morocco resulted
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in the release of cv. Nesma in 1976 that was replaced by
cv. Amal in 1993 which was more tolerant (Jlibene et al.,
2002).

During the last decade, 18 major genes conferring
resistance to the pathogen were identified and
characterized (Ghaffary et al., 2011; Sirhon et al., 2012).
They were: Stbl (Adhekari et al., 2004c), Stb2, Stb3 and
Stb4 (Adhekari et al., 2004a, b), Stb5 (Araiano et al.,
2001), Stb6 (Brading et al., 2002), Stb7 (MacCartney et
al., 2003), Stb8 (Adhekari et al., 2003), Stb9 (Chartrain et
al., 2009), Stb10, Stb1ll and Stb12 (Chartrain et al.,
2005a, b), Stbl3 and Stbl4 (Mcintoch et al., 2007),
Stb15 (Arraiano et al., 2007), Stb17 (Simon et al., 2011)
and Stb16, Stb18 (Ghaffari et al., 2011a, b). This number
is limited. Moreover, the majority of these genes have
narrow spectra of specificity towards M. graminicola
isolates that represent current field populations in major
wheat producing areas, and this limits their use (Arraiano
and Brown, 2006; Chartrain et al., 2005b). Furthermore,
M. graminicola is a heterothallic filamentous fungus with
multiple sexual cycles during the growing season that
defines its complex genetic population structure and
influences disease management (Kema et al., 1996;
Goodwin, 2007).

The wheat M. graminicola pathosystem complies with
the gene-for-gene hypothesis where a pathogen effector
interacts with a host target (Brading et al., 2002). Hence,
the selection pressures that new Stb genes may exert on
natural M. graminicola populations need a continuous
effort to unveil key genes that control this disease (Zhang
et al., 2001; Linde et al., 2002). The narrow diversity of
wheat germplasm pushes breeders to use wild wheat
progenitors as potential sources for the recovery of
genetic diversity (Zhang et al., 2006; Raman et al., 2010).
The production of synthetic hexaploid (SH) wheats goes
back to the 1940s but is recently considered a strategic
approach to exploit germplasm of wild wheat progenitors
in commercial breeding programs (Xie and Nevo, 2008;
Yang et al., 2009). Synthetics hexaploid wheat provides a
rich source of genetic variation and can be readily
hybridized with elite bread wheat -cultivars and
germplasm. Breeders have exploited these sources for
resistance to a wide range of biotic and abiotic stresses
(Adhikari et al., 2003; Arraiano et al., 2001; Mujeeb-Kazi
et al, 2001; Xu et al.,, 2006; Friesen et al., 2009;
Ghaffary, 2011a).

The conventional selection methods for Stb resistance
can be very much improved by using genetic markers
tightly linked with Stb resistance genes. The incorporation
of the known genes in new cultivars could contribute to
broadening the resistance to the pathogen (Goodwin,
2012; Raman and Migate, 2012). SSR markers, based on
PCR amplification of microsatellites sequences (Simple
Sequence Repeats) offer a much higher monolocus
polymorphism than any other marker system (Rdder et
al., 1998). Such kind of marker should be also attributed
to resistant genes by a genetic analysis of linkage

between markers and resistant genes (Ganal and Roder,
2007). The selection accomplished in RILs wheat, with
co-dominant SSR markers, offers the opportunity to
rapidly stabilize the selected resistant individuals into
homozygous estate.

In Morocco, recent resistance screening of 24 inscribe
variety in Morocco indicated that the majority of these
cultivars were highly susceptible to septoria (not
published yet). Breeding for resistant cultivars is the best
strategy to reduce the lost production and it is the most
economical and efficient means of control. However, in
Morocco little is known about genes conditioning
resistance and how they are effective against the local
population of the pathogen. In addition, there is still much
work to do in relation to the incorporation of the genes in
new cultivars broadening the resistance to the pathogen.
In this work, we further investigate the potential of SH
and derived breeding lines as sources of resistance to M.
graminicola in breeding programs to S. tritici, and to
identify which of the known genes are present and
effective in our RILs population in Morocco.

MATERIALS AND METHODS
Plant materials

One hundred Recombinant Inbreed Lines (RILS)
descendants and the both parents were used in this
study. The RILs population was generated at the National
Institute of Agronomic Research at the Biotechnology
Unit Rabat, Morocco. The recombinant inbreed lines
were obtained from a cross between “syn 6”, a resistant
synthetic hexaploid bread wheat developed at CIMMYT
by A. Mujeeb- Kazi and which has the pedigree (PGO
CROC_1/ Ae. Squarosa (224)/3/ 2*BORL95), and cv.
Mehdia, which is a susceptible Moroccan spring bread
wheat genotype developed by the wheat breeding
program at the National Institute of Agronomic Research,
Morocco. The population was developed and advanced
in green house through single seed descent by Dr. Diria
Ghizlan of the Biotechnology Unit Rabat (INRA) and
tested for phenotypic and marker analysis.

Septoria severity field evaluation

The 100 RILs (F9) and the parental lines used as controls
were evaluated for resistance to S. tritici in Sidi Allal Tazi
(SAT) and in Merchouch (MCH) Stations for three years.
The climate in SAT station located in Ghab region is
Mediterranean with an oceanic influence, with mild winter
(22°C) and warm summer (37°C). The average annual
rainfall in the SAT is 520 mm. The soils of the station are
dominated by Dhess followed by shots. In MCH station,
the climate is semi-arid with cold winter (-1°C) and a very
hot summer (45°C). The average annual rainfall of the
station is 396 mm. The soil station is dominated by the
vertisol.
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Table 1. SSR markers and primers that mark Septoria resistance genes used.

Markers Resistance genes Markers Resistance genes
Xgwm335 Stbl Xgwm146  Stb8

Xgwm389 Stbh2 Xwmc500  Stb14

Xgwdm132 Stbh3 Xgwm46

Xgwm111l Stb4 Xgwm285

Xgwm44 Stbh5 Xgwm 499

Xgwm369 Sth6 Xgwm344

All lines were planted in double row of 2 m followed by
an empty row per plot; the distance between rows is 30
cm and between seeds is 20 cm. The Moroccan
genotype « Achtar » was used as sensitive local cheek.
Sidi Allal Tazi Station was considered as reference
station for assessing disease and was considered as
septoria hot spot with serious plant diseases in recent
years. Field testing often relies on natural inoculums
either by windborne as cospores already present in the
environment or by spreading infected straw from the
previous season’s crop as source of inoculums. However,
we observed that pathogen overwinters in infected
residue and is mainly dispersed by rain-splashed
pycnidio spores (Shaw, 1987; Goodwin, 2012).

Scoring of S. tritici symptoms was performed combining
Saari prescot scale (1975) and double digit scale (Eyal et
al., 1987). The first digit (D1) represented the vertical
disease progress ranging from 0-9 for evaluating the
severity, and the second digit scale (00-99) (D2)
represented severity measured as diseased leaf area in
percentage (0 = 0% and 9 = 90%). Four plants in each
replication were selected randomly to record the disease
rating and their mean was applied. Data were
transformed to the logit scale for statistical analysis using
residual maximum.

DNA extraction

The healthy young leaves (one week old seedlings) were
individually collected from the parents and the 100 lines
of RILs and placed in 2 mL microcentrifuge tubes. The
leaves were lyophilized for 72 h and stored at -80°C. For
DNA extraction, 30 mg lyophilized leaves were ground to
a fine powder with two stainless steel beads in grinder
tissue. Total genomic DNA was isolated using a CTAB
method with minor modifications (Saghai-Maroof et al.,
1984). DNA quantity and quality were assessed with
agarose gel and UV-Photometer. The Hexaploid wheat
cultivars, Vernapolis, Ouasis, Nova prata, and Chinse
spring harboring known resistance genes were used to
analyze the RILs population.

SSR marker genotyping

For DNA amplification, 12 SSR pair of primers was used,
8 markers from them marked different Stb loci (Table 1).

Primers that amplified at least one polymorphic band
between parents were used to screen the RILs. PCR
amplification followed the M13 tailed primer PCR method
with the M13 oligonucleotide labeled with one of the four
fluorescent dyes. 6-FAM, VIC, NED and PET added in
the reaction mix were used. The PCR reaction was
performed in 13 pl volumes including 25 ng of template
DNA (3 ul), 1.5 U of Taqg DNA polymerase (Home
polymerase, Kansas University USA), 1x ASB PCR
buffer, 2.5 mM MgCl,, 200 uM of each dNTP, 250 nM of
reverse regular primers and 200 nM of forward regular
primers, 50 nM fluorescence-labeled M13 primer and
0.3% Tween20.

The reaction mixture was denatured at 95°C for 5 min,
followed by 4 cycles at 96°C for 1 min, 68°C for 3 min
with a decrease of 2°C in each subsequent cycle, and
72°C for 1 min; this was then followed by 4 cycles at
96°C for 1 min and 58°C for 2 min with a decrease of 2°C
in each subsequent cycle, and 72°C for 1 min; 39 cycles
at 96°C for 20 s, 50°C for 2 s and 72°C for 30 s; and a
final extension step of 72°C for 5 min and 12°C for 5 min.
After multiplexing PCR products labeled with four
different fluorescent dyes, the electrophoresis was
carried out on the Applied Biosystems ABI PRISM 3730
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA). Gene Mapper software v 1.97 (Applied
Biosystems) was used for fragment analysis and allele
calling.

Statistical analysis

Analysis of phenotypic and genotyping data obtained
from a set of 9 SSR markers previously mapped to a
unique and single chromosome location had be done by
the software XISTAT and the statistical package Gensta
for Windows 7th edt (Genstat 5 Committee, 2002). The
RILs descendants were clustered by the weighted
Neighbor Joining (NJ) method using the dissimilarity
matrix. These analyses were carried out using the
DARwin 5.0.148 software program (available at
http://darwing.cirad.fr/darwin/Home.php).

RESULTS AND DISCUSSION
Septoria phenotyping

The S. tritici susceptible parent Mehdia characterized
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Table 2. Descriptive statistics for Septoria field resistance.

Site Mean of parents® Means Min Max Standard deviation
Syn 6 Mehdia MPV RILs

SAT 31 92 63.5 5955 11 96 29.51

MCH 11 92 515 3566 11 96 29.79

(SAT: Sidi Allal Tazi station; MCH: Merchouch station; * mean of three years).
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Figure 1. Histograms showing frequency distribution of the mean disease severity for Septoria tritici blotch (STB)
reaction among 100 recombinant inbred lines (RILs) from the cross ‘syn6’ x ‘Mehdia’ evaluated during three years at
(A) SAT station, and (B) MCH Station. Arrows indicate the mean value of both parental lines ‘Mehdia’ and ‘Syn6’ and

mid-parent value (MPV).

with high severity levels exceeding 90% septoria tritici
infection in both fields’ evaluations, that is, SAT and
MCH. The resistant septoria tritici parent syn6 had very
low severity levels of 11 and 31% in MCH and SAT
respectively during the three years of study. The RILs
descendants varied from 11% to 96% in both stations. In
SAT, Septoria severity level was higher with an average
of 59.55%, while that in Merchouch station was 35.66%
of the RILs (Table 2).

In SAT station of 100 descendants RILs evaluated, 33
were specifically resistant to highly resistant (Figure 1A),
14 were moderately resistant, 4 were moderately
susceptible and 49 descendants were susceptible to
highly susceptible. In MCH station, 63 descendant RILs
were specifically resistant to highly resistant and 26
descendants were susceptible to highly susceptible
(Figure 1B). Sidi Allal Tazi site is more favorable for
pathogen development and selection because it is a
humid agro ecological zone than in Marchouch site which
is a favorable agro ecological zone. The high level of
disease severity at SAT station is explained also by high
variability genetic of S. tritici in Gharb region due to
sexual and asexual pathogen multiplication (El bakali et

al., 2012; Diria et al., 2014). Sidi Allal Tazi Station is
considered as a reference station for assessing disease
and is considered as septoria hot spot with epidemic level
in recent years.

The cultivar ‘syn 8 may therefore be a source of
resistance to STB for wheat breeding. The resistant
descendants RILs developed, harboring resistance genes
and with height yield and good quality may therefore be a
valuable source for wheat breeding especially in
Mediterranean environments and in Morocco or may be
proposed to the official catalogue for inscription.

SSR genotyping

Parents and some RILs were evaluated by 13 SSR pair
of primers. The amplification products were specific for
SSR marker Xgwm44 linked to Stb5 gene (Arriano et al.,
2001), whereas Xgwm285 and Xgwm499 markers were
monomorphic for the resistant and susceptible parents in
the field. So we have no Stb5 gene in our resistance lines
and the SSR markers Xgwm285 and Xgwm499 could not
discriminate between resistant and susceptible lines. The
nine primers that amplified at least one polymorphic band



Table 3. Alleles frequency of
Xgwm369 marker linked to Stb6 in
Mehdia cv. and Syn6 cv. Cross.

Frequency
Alleles 0 1
151 bp 0.96 0.04
172 bp 0.50 0.50
174 bp 0.85 0.15
205 bp 0.66 0.34

between parents were used to screen the RILs and to
identify SSR markers associated with adult plant to S.
tritici resistance and to know which Stb genes are
effective in Gharb region in Morocco.

The SSR marker Xgwm335 linked to Stb1l mapped on
chromosome 5BL at distance of 7.4 cM (Adhikari et al.,
2004a) showed in this study three profiles. The first
amplified three DNA bands (187, 232 and 234 bp) were
present in Mehdia susceptible parent and also in
Vernapolis. The second profile showed two alleles (187
and 232 bp). The third profile had only one allele (187 bp)
and it showed that the genotypes of resistant parent
Syn6, Chinese spring and Ouasis contained Stbl gene
(McIntosh et al.,, 2007). The first three alleles were
amplified from both resistant and susceptible descends of
RILs. It was suggested that Stb1 gene exists in Syn6 and
in the RILs population, but Stbl alone did not confer
resistance to septoria in Gharb region in Morocco.

The Stb6 gene linked to SSR marker Xgwma369 is
mapped on chromosome 3AS at 2 cM distance.
Vernapolis and Chinese spring cultivars are known to
have Stb6 gene (Chartain et al., 2005b; Mclintosh et al.,
2007). The SSR marker Xgwm369 showed four alleles
(151, 172, 174 and 205 bp). Vernapolis, Chinese spring
and Mehdia susceptible parent had unique allele (205
bp). 34% of the descendants of RILs had allele (205 bp)
that means having Stb6 gene. The resistant parent Syn6
had two alleles (151 and 172 bp); only 4% and 50% of
descendants of RILs had alleles 151 bp and 172 bp
respectively. A new allele (174 bp) is present in 15% of
descendants RILs but absent in the two parents (Table
3).

The results obtained for Stb6 were inconclusive
because there are descendants with allele 205 bp and
are resistant, and others having alleles 151 bp and 172
bp and are susceptible. That means the Stb6 gene exists
in Mehdia and in 34% of RILs population but it is
ineffective in Gharb region of Morocco.

The SSR marker Xgwmc500 is linked to Stb14 mapped
on chromosome 3BS at 2 cM distance, and it confers
resistance to Canadian isolate MG2 present in Salamouni
cultivar (MclIntoshet al., 2007) which showed four alleles
(166, 172, 176 and 180 bp) in this study. Allele 180 bp is
absent in both parents and allele 176 bp is present in
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both parents. Only alleles 166 bp and 172 bp are present
in susceptible parent Mehdia but absent in resistant
parent Syn6. This marker did not discriminate between
resistant and susceptible RILs descendants. The both
alleles (166 and 172 bp) are present in resistant and
susceptible RILs descendants.

The SSR marker Xgwm146 is linked to Stb8 mapped
on chromosome 7BL at 3.5 cM distance (Adhikari et al.,
2003) showing two profiles; the first profile amplified two
DNA bands (172 and 189 bp) in Syn 6 resistant parent
and the second profile had one band (172 bp) in Mehdia
susceptible parent and also in Vernapolis cultivar. The
results obtained for Stb3 and Stb4 were inconclusive
(Adhikari et al., 2004a, b).

The amplification products obtained for SSR marker
Xgwm46 are monomorphic for one allele (162 bp) and
polymorphic for allele 155 bp present in resistant parent
and absent in the susceptible parent. Xgwm355 marker
showed three alleles (122, 137 and 143 bp), the two first
amplified in resistant parent and 143 bp amplified in
susceptible parent. The both markers (Xgwm46 and
Xgwm355) could not discriminate between resistant and
susceptible lines. The alleles present in the resistant
parent are also present in susceptible RILs descendants.

Consideration of genetic variation of M. graminicola
population is essential to understand the virulence on the
different cultivars. Differences in the population around
the world could be attributed to variation in regular
recombination, different migration patterns, and presence
and importance of the sexual form. Sexual reproduction
creates large numbers of genetically diverse isolates.
Populations in this fungus are in genetic equilibrium as
well as in drift migration equilibrium (Chen et al., 1994)
attributed to a high rate of sexual recombination
(McDonald and Linde, 2002; Zhan et al. 1998, 2004; EI-
Chartouni et al., 2011). Indeed, this ineffectiveness of
these Stb genes is expected because S. tritici pathogen
had a high genetic diversity and frequent sexual
recombination in Morocco especially in Gharb region
(Elbakali et al., 2012; Diria et al., 2014).

The SSR marker Xgwm389 is closely linked to Stbh2
mapped on chromosome 3BS at 0.9 cM distance. In this
study, this marker gives two alleles (133 and 150 bp).
Vernapolis, Chinese spring, Nova prata and Mehdia had
allele 133 bp which is being considered a carrier of Stb2
(Adhikari et al., 2004b). The second allele (150 bp) was
present at the resistant parent “syn6” (Figure 2), at 48%
of the descendants RILs with field resistance to S. tritici
leaf blotch (Table 4). The cluster analysis based on
septoria field reaction and SSR marker Xgwm389 data
using weighted Neighbor Joining (NJ) method is
presented in Figure 3. The dendrogram identified mainly
two major clusters, first cluster consisted of descendants
RILs with septoria field resistance and with allele 150 bp,
second cluster consisted of descendants RILs with
septoria field susceptibility and with allele 130 bp (Figure
3).
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Figure 2. ABI generated electropherograms of SSR marker Xgwm389 on chromosome 3BS showing: (A)
Polymorphisme: Vernapolis (Stb2); (B) Medhia (susceptible parent); (C) Syn6 (resistant parent); and (D)
Resistant descendant.

Table 4. Alleles frequency of Xgwm389 marker linked to Stb2 in

Mehdia cv. and Syn6 cv. Cross.

Frequenc
Alleles 0 g 1y Mean Standard deviation
133 bp 0.47 0.53 0.53 0.502
150 bp 0.48 0.52 0.52 0.502

Vernapolis harboring Stb2 gene showed the 133 bp
allele like 52% of the susceptible lines that have the
same allele (133 bp) (Table 4). It is suggested that Sth2
gene is present in our RILs populations, but it is broking
and there is another gene closely linked to Stb2 on short
arm of chromosome 3B conferring resistance to Syn6
and RILs population.

From the SSR markers testing and polymorphs
between the two parents, only Xgwm389 markers had
discriminated the septoria resistant lines from the
susceptible. In all three years of field evaluation, most
RILs that exhibited low Septoria tritici severity had 150 bp

allele as the resistant parent “Syn 6” and most lines that
had high disease severity had allele 133 bp present at
Vernapolis (the considered carrier of Stb2), Chinese
spring and Mehdia susceptible parent (Figure 3).
However, it was suggested that Stb2 gene is broking but
there is another gene closely linked to Stb2 on short arm
of chromosome 3B conferring resistance to Syn6 and
RILs population.

Conclusion

The analysis showed that there is another gene for
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Figure 3. Dendrogram (NJ method) of 100 descendants RILs based on genetic distances calculated
using data of Xgwm389 marker. Lines with orange color: high resistance; red color: resistance; purple color:
moderate resistance; green color: very susceptible; blue light: susceptible; and blue color: moderate
susceptibility; A101 resistant parent; A102 susceptible parent.

resistance to septoria on the short arm of chromosome
3B conferring resistance to the Moroccan races of
Septoria tritici who is closely linked to Stb2. The synthetic
hexploid wheat ‘syn6’ and the resistant descendants
harboring a gene closely linked to Stb2 and Stbl
resistance genes may therefore be a valuable source of
resistance to STB for wheat breeding especially in
Mediterranean environments. In addition to Stb2, this
chromosome arm contains also gene Sr2 for resistance
against stem rust (Spielmeyer et al., 2003), and major
guantitative trait loci (QTL) for resistance against
Stagonospora nodorum blotch (Schnurbuschet al., 2003)
and Fusarium head scab (Liu and Anderson, 2003) that
could be exploited to develop linkage blocks with multiple
resistances. This gene is closely linked to microsatellite
marker Xgwma389, which can be used for marker-assisted
selection and pyramiding this new gene with other
resistance genes in the same chromosome for more
durably resistant wheat.
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