RESEARCH

2 CHILEAN

CHILEAN JOURNAL of AGRICULTURAL RESEARCH

Quantitative inheritance of resistance to Septoria tritici blotch in durum wheat in

Tunisia

Samia Berraies', Karim Ammar?, Mohamed Salah Gharbi®, Amor Yahyaoui*', and Salah Rezgui*

Septoria tritici blotch, causal agent Mycosphaerella graminicola (Fuckel) J. Schrot. (anamorph: Zymoseptoria tritici Desm.),
is the major foliar disease of wheat (Triticum aestivum L.) in Tunisia causing frequent epidemics on 7. turgidum L. var.
durum (Desf.) Bowden, and important yield and grain quality losses. To determine the inheritance of resistance to septoria,
a cross was made using resistant (‘Salim’) and susceptible (‘Karim’) cultivars. Parents, and the 149 derived recombinant
lines, were tested for resistance to septoria under field conditions during the 2009 and 2010 crop seasons. The inheritance of
resistance to septoria was quantitative where a continuous and normal distribution (W = 0.93) was shown among segregate
progenies. During 2009 and 2010 crop seasons, the mean disease severities of recombinant inbred lines (RILs) ranged from
29.1% to 41.8%, respectively, and 53% of RILs were associated with lower disease severity than the mid-parent value. The
severity was significantly affected by Genotype x Year interaction (p < 0.01). Broad sense heritability was 0.55 suggesting a
quantitative inheritance of resistance to M. graminicola. These results would imply that genetic resistance to STB could be
attributed to additive gene effects. Thus, using identified sources of tolerance to STB in a breeding program would enhance
the development of cultivars that are adapted to the prevailing isolates in field conditions.
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INTRODUCTION

Septoria tritici blotch (STB) is currently the most
important leaf blight disease of durum wheat (Triticum
turgidum L. var. durum [Desf.] Bowden) in Tunisia,
causing serious yield losses and affecting grain quality.
In highly susceptible cultivars, STB can induce reduction
in grain yield over 50% during favorable conditions for
the fungus (Eyal et al., 1987; Hardwick et al., 2001).
In Tunisia, fungicide application is commonly used as
a control strategy; however, this strategy is costly, not
reliable from year to year, and has become less effective
over the years. The lack of effectiveness of chemical
treatment could be due to possible STB resistance to
commonly used fungicides (Stergiopoulos et al., 2003;
Fraaije et al., 2005; Mavroeidi and Shaw, 2005; Torriani
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et al., 2009; Jorgensen et al., 2010). The prevalence of
sexual recombination of the pathogen could also play a
major role in the recurrent epidemics in durum wheat in
Tunisia (Hamada et al., 2008; Boukef et al., 2012). The
complexity of STB populations (Boukef et al., 2012)
coupled with monoculture of highly susceptible cultivars,
unpredictable rainfall, and excessive use of fungicides
(two to three applications) imposes a well-planned
integrated management of the STB disease where host
resistance could play the lead role in this control measure.

Host resistance is a major component of sustainable
integrated disease management (IDM) strategies;
hence breeding for resistance to STB has been a major
component of the national breeding program of Tunisia.
However, the availability of effective sources of resistance
is a key component of the breeding program, but limited
sources of resistance are known and often confer only
partial resistance (Goodwin, 2007; Arraiano et al., 2007).

Extensive screening for sources of resistance to STB
has been undertaken within bread and durum wheat lines
and with their wild relatives (Rosielle, 1972; Krupinsky
et al., 1977; Eyal et al., 1983; Yechilevich-Auster et al.,
1983; May and Lagudah, 1992; McKendry and Henke,
1994). Several investigations reported that STB resistance
is either quantitative or qualitative, and the inheritance of
the resistance may follow dominant, partially dominant,
epistatistic, recessive, additive, and non-additive
gene action (McCartney et al., 2002; Chartrain et al.,
2009). Qualitative resistance is isolate-specific, may

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 74(1) JANUARY-MARCH 2014 35



be monogenic or oligogenic, and the near-complete
nature of resistance follows the gene-for-gene model
(Somasco et al., 1996; Arraiano, 2001; McCartney et al.,
2002; Brading et al., 2002). Other authors claimed that
resistance was often quantitative, polygenic and provides
partial resistance to a wide variety of isolates (Jlibene et
al., 1994; Simon and Cordo, 1998; Zhang et al., 2001;
Chartrain et al., 2004; Arraiano and Brown, 2006). The
partial resistance is durable under field conditions and
is expressed as a reduction in epidemic development
(Chartrain et al., 2004).

During the last decade 18 major resistance genes (Stb1-
Stb18) to STB have been identified and mapped in the
wheat genome (Arraiano et al., 2007; Goodwin, 2007;
Chartrain et al., 2009; Tabib Ghaffary et al.,2011a; 2011b).
These developments have greatly improved the efficiency
of marker-assisted selection in bread wheat. However,
only few studies on the inheritance of STB in durum wheat
have been reported (Gilchrist et al., 1993). The findings
from these studies indicate that resistance to STB can be
explained by models involving additive and dominant gene
effects. Several authors found that the additive gene action
is more important than that of dominance (Van Ginkel
and Scharen, 1987; 1988; Gilchrist et al., 1993); whereas
epistasis was of minimal importance. In recent years,
some durum wheat varieties, with improved resistance to
STB, have been released in Tunisia. These cultivars can
be also be used as parental material to eventually diversify
resistance sources in breeding for resistance to STB. The
objective of this study was to investigate the nature of gene
action governing the expression of the resistance to STB
using recombinant inbred line (RIL) population derived
from the cross between a resistant cv. Salim and the highly
susceptible cv. Karim.

MATERIALS AND METHODS

Plant material and population development
Recombinant inbred lines (RILs) were developed from
the cross involving ‘Salim’ as the resistant parent and the
susceptible ‘Karim’. The resistant ‘Salim’ was released in
Tunisia in 2009 and showed good level of resistance to
STB over at least the last 5 yr and at different locations
within the country (unpublished data). The susceptible
cultivar covers more than 60% of the durum wheat area
and was appreciated because of its stable yields and good
industrial quality. Hence improving ‘Karim’ resistance is
highly sought by breeders to respond to farmers’ needs.

After an initial cross between the two parents ‘Salim’ x
‘Karim’, F, and F, seeds were produced. A single seed was
selected from each resistant F, plant and used to produce the
F; generation. The development of the RILs population was
generated using this single seed descent (SSD) approach
in subsequent F; and Fs generations. The population used
in our study consisted of 149 RILs (Fs). Adult plants in Fs
generation were assessed for reaction to STB.

Experimental trials
The evaluation of 149 RILs (recombinant inbred lines) was
conducted under field conditions at the Institut National
de Recherches Agronomiques (INRA) Beja experimental
station, located at North West Tunisia (36°43°30” N,
9°10°55” E; 9°11°20”). This station is located in the
sub-humid region characterized by high rainfall with
mild winter which are favorable conditions for natural
infection of septoria. For the RILs populations and the
parental lines, experiments were seeded in an augmented
design (Petersen, 1994) with seven blocks. Parents were
used as controls and were replicated as single 1-m row
in each block and the remaining rows of the block were
assigned to single 1-m row of RILs. Experiments were
repeated in 2008-2009 and 2009-2010 growing seasons
using augmented design as experimental design.

The experiments were inoculated by spraying plants
at late tillering stage (GS22) (Zadoks et al., 1974) with a
suspension of a mixture of Septoria isolates originating
from the same field. The inoculum was produced by
growing the fungus in liquid yeast glucose medium for 5 to
8 d. The spore suspension was adjusted to a concentration
of 10° spore mL! and 0.5 mL L' Tween 20 was added
before spraying with an air pumped sprayer.

Disease evaluations
The reaction of 149 RILs and parental lines to the artificial
inoculation was recorded at early grain filling stage
(GS71) (Zadoks et al., 1974) using modified Saari and
Prescott’s double-digit (00 99) scoring method that was
based on the severity scale to assess wheat foliar diseases
(Saari and Prescott, 1975; Eyal et al., 1987). The first digit
(D1) indicates the relative height of the disease on the
plant and corresponds to the vertical disease progression
using the original 0-9 Saari-Prescott scale (Saari and
Prescott, 1975) as a measure. The second digit (D2) refers
to severity measured as diseased leaf area. For each score,
the disease severity percentage was calculated based on
the following formula (Sharma and Duveiller, 2007):

% Disease severity (DS) = (D1/9) x (D2/9) x 100.

The RILs were classified into three categories:
susceptible lines with severity responses similar to the
susceptible parent ‘Karim’, relatively resistant lines with
severity responses similar to the resistant parent ‘Salim’,
and lines segregating with intermediate response to STB.

Statistical analysis

The ANOVA for disease severity was performed using
PROC GLM with the option pdiff using the unilateral
t test (LSIoos, SAS, 8.0) to identify resistant lines.
The frequency distribution of the RILs was tested for
normality by the W-test (Shapiro and Wilks, 1965)
PROC UNIVARIATE of SAS (p < 0.05). The frequency
distributions and normality curves for RILs STB
reactions were generated using STATISTICA 6.0. Broad
sense heritability (BSH) was estimated with the equation
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BSH = 8,(8> + Ou/ry + O.2/r), where O, was the
genotypic variance within the RILs; 8.2 was the error
variance; and r and y was the number of replicates and
years respectively. The 0,° and d.> were estimated using
PROC VARCOMP of SAS 8.0.

RESULTS

The frequency distribution of better resistant RILs to
STB as compared to ‘Salim’ was higher during the 2009
cropping season compared to 2010 (Table 1). Although
the frequency of RILs with a susceptible response to STB
was almost twice that those noted during 2010, a higher
number of RILs with intermediate response between the
parental lines was observed in 2010 experiment. These
favorable conditions for disease development induced
higher disease severity scores for both parental cultivars in
2010. The STB severities for ‘Karim’ ranged from 39.5%
to 69.5% during 2009 and 2010 respectively. However,
for ‘Salim’ the response to STB infection ranged from
6.3% to 8.9% during both seasons, respectively. These
differences in disease responses could be attributed to the
seasonal conditions, particularly rainfall and temperature
regimes that prevailed during winter 2010. It is apparent,
that, the higher scores of disease severity in 2010 enabled
greater discrimination between RILs as compared to
parental mean values that were lower during the 2009
than 2010 crop season (Table 1).

The distribution of RILs population and parental lines
was also studied to discriminate between resistant and
susceptible groups and identify potential transgressive
segregants resistant to STB. The distribution analysis
indicated that the mean of disease severity of the parental
lines ‘Karim’ and ‘Salim’ during both crop seasons
showed significant differences in susceptibility (54.5%)
and resistance (7.6%) respectively. The mean DS of
RILs during 2009 and 2010 were 29.1% and 41.8%,
respectively; these means are comparable to the mid-
parent value (MPV) suggesting that resistance is probably
under polygenic control with additive loci (Table 2).
The distribution of RILs (recombinant inbred lines) was
continuous for STB severity suggesting polygenic control
of resistance and quantitative inheritance (Figures la, 1b,
and 1c). The Shapiro-Wilks W-test (W =0.93) was clearly
significant (p < 0.0001) and revealed that RILs data fit a

Table 2. Tests for normality, means of disease severity (DS) in 149
recombinant inbred lines (RILs) derived from the wheat cross ‘Salim’
x ‘Karim’ assessed during two cropping seasons: 2009 and 2010.

Mean of
Normality test parents Mean
Parameter w P Skewness Karim Salim MPV RILs
DS 2009 087 <0.0001 1.11 3951 635 2293 29.12
DS 2010 095 0.0002 040 6949 899 3924 4186
DS 2009/2010 093  <0.0001 098 5450 767 3108 3549

W corresponds to the Shapiro-Wilks test; MPV corresponds to mid parent
value.

normal distribution (Table 2). Skewness value indicates
that positive deviation from zero would suggest that
distribution is skewed towards resistance. In our study, the
reactions of RILs to STB infection showed that most of
them appeared to have intermediate response to infection
by S. tritici and were slightly skewed toward the mean of
the resistant parent. On the basis of frequency distribution
and normality test, results indicated that resistance to STB
is most likely controlled by several genes.

The ANOVA (Table 3) showed that year of evaluation,
RILs and the interaction RILs x year were highly
significant (p < 0.01). These results also support the
conclusion that the 2010 crop season enhanced disease
severity as compared to 2009. The mean disease ranged
from 5.4% to 90.9% showing a wide range of phenotypic
variation in the population.

During both seasons, 67 RILs were associated with
lower disease severity as compared to the MPV. However,
we observed that only three lines were consistently more
resistant than the resistant parent ‘Salim’ during these 2 yr
even though the relative severity reduction noted within
these lines did not differ significantly from the resistant
parent (LSIyos = 12.34). The average disease score ranged
from 2.4% to 8.3% for the lines 8, 23, and 41. The
observed transgressive segregation toward resistance in
the RILs suggested that resistance to STB was conferred
by several genes that have an additive effect. This result
has been attributed to the skewed distribution of rating for
STB toward the resistant ‘Salim’. However the susceptible
parental line tended to transmit important frequency of
septoria susceptible genes to the derived RILs.

Broad sense heritability was 0.55 suggesting a
quantitative inheritance of septoria resistance. This result
is expected since severity indices and overall assessment
were carried out under field conditions. This result would

Table 1. Disease severity (DS) distribution and mid-range values assessed during 2009 and 2010 cropping seasons in recombinant inbred lines
(RILs) and parental lines of wheat ‘Salim’ (resistant cultivar) and ‘Karim’ (susceptible cultivar).

Cropping seasons DSgis < DSsaim DSsuiim < DSgirs < DSkarim DSrus = DSkurim

Beja 2009 Number of lines 31 77 41

Mean DS 3.05 21.31 63.45

Standard deviation 1.39 9.34 19.75
Beja 2010 Number of lines 5 118 26

Mean DS 739 35.86 75.73

Standard deviation 225 14.60 701
Beja 2009/2010 Number of lines 3 129 17

Mean DS 6.28 33.11 73.85

Standard deviation 0.96 11.92 12.12
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Figure 1. Frequency distribution of the mean disease severity for
Septoria tritici blotch (STB) reaction among 149 recombinant inbred
lines (RILs) from the cross ‘Salim’ x ‘Karim’ evaluated during 2009
(a), 2010 (b), and (c) both cropping seasons.

Table 3. Disease severity (DS) mean square of 149 recombinant
inbred lines (RILs) derived from the cross between resistant (‘Salim’)
and susceptible (‘Karim’) wheat cultivars evaluated during 2009 and
2010 cropping seasons.

Source df Mean square
Year 1 13464.95™
Block (Year) 12 67.59™
RIL 148 487.38™
Year x RIL 148 260.78**
Error 12 4792
CV 20.15.

""" Significant differences at p < 0.05 and p < 0.01 respectively; ns: non
significant at 0.05 level.

be attributed to the various components of septoria
population prevailing in the field and the response could
be perceived as an average severity score that would
encompass the mean response of all isolates characterized
by differential virulence patterns. Moreover, derived

RILs may have displayed several resistant genes in one
single line that have an additive effect as depicted by
transgressive segregants (Table 1).

DISCUSSION

Genetic studies on inheritance of resistance to STB
have generally been conducted at the seedling growth
stage in the greenhouse and have been oriented towards
examining the effects of simple Mendelian inheritance
using single gene model (Arama et al., 2000). In practical
plant breeding situations, screening for resistance to STB
is carried out under field condition allowing full exposure
of the genetic material to real natural multi-virulence
pathogen population. Recombinant inbred lines (RILs)
used in this investigation were evaluated under inductive
septoria infection conditions that were prevailing at Beja
experimental station. Furthermore, inoculation has been
carried out at tillering growth stage to enhance infection.
The increase of susceptibility in 2010 could be result
from a shift in virulence of the STB population within
the same field as outlined by Berraies et al. (2013). This
could be also explained by weather conditions during
each cropping season which determine the differences of
resistant and susceptible RILs numbers during 2009 and
2010 crop seasons (Table 1). However, only three lines
(8,23, and 41) were consistently more resistant than the
resistant parent during both cropping seasons. These
results suggest that effective selection could be achieved
only under higher disease pressure as occurred in 2010.

The mean values of RILs were almost equal to the
average of the mid-parent value (Table 2), confirming that
resistance to STB is under polygenic control combined
with an additive effect (Kahraman et al., 2004). Moreover,
the frequency distribution for the 149 RILs was not
consistent with a single gene model for STB resistance
and was continuous and followed normal distributions.
Our results support the polygenic and quantitative
inheritance of resistance to STB (Van Ginkel and Scharen,
1987; 1988; Lynch and Walsh, 1998; Tabib Ghaffary et
al., 2011b). The relative skeweness toward the resistant
parent during both seasons (Figures 1a, 1b, and 1¢) would
imply that multiple genes with complementary additive
effects but with partial dominance toward resistance are
conferring resistance derived from ‘Salim’.

Many breeding programs and strategies have been
developed to improve cultivar resistance aiming to
sustain resistance (Delourme et al., 2006; Rimmer,
2006; Stuthman et al., 2007) that would remain effective
over many years in an environment conducive to STB
epidemics.

The relative frequency of the emergence of new virulent
strains attributed to the frequent genetic recombination
(Boukef et al., 2011) represent a major risk for resistance
breakdown (McDonald and Linde, 2002), resulting in a
succession of epidemic cycles particularly when rainfall
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and mild temperature are favorable for development of
STB. Therefore the increase in virulent genes within
the pathogen population may favor increased level of
aggressiveness and would contribute to shorten the
length of resistance periods of the host. The quantitative
inheritance of resistance found in our study could allow
lower selection pressure on pathogen populations that
may eventually adapt, but over longer time, to multiple
resistances encountered in RILs. Quantitative resistance
is usually controlled by several genes. For one location, it
is apparent that more factors are involved in the resistance
because of disease severity, the low variability among
the RILs, and consequently the low additive variance.
Under the assumption of absence of epistasis and linkage,
resistance gene action in RILs is additive since the
population size could be considered as large and contain
the extreme resistant genotypes (Choo and Reinbergs,
1982; Snape et al., 1984).

In this study, the sample size of 149 RILs may give a
high probability that the best recombinants are included
in the population when the resistance is controlled by
several genes. However, another assumption of RILs
model assumes that all the alleles for resistance come
from the resistant parent. The observation of transgression
may indicate that the susceptible parent ‘Karim’ may also
have alleles for resistance of minor effects associated. The
relatively lower transgressive segregants along with lower
heritability estimates support the quantitative inheritance
of resistance to STB observed in these RILs. Moreover,
these estimates indicate that differential resistance gene
expression is likely to occur under both genetic and
growing condition as expressed by high genotype by year
interaction (G x Y) (Table 3). The continuous variations
in the response of RILs to STB suggest that resistance
is conferred by additive effects of these genes. Hence,
considering the relatively greater evolutionary aspects
of Zymoseptoria tritici (M. graminicola) and the high
genetic diversity attributed to several factors (Linde et al.,
2002; Zhan et al., 2003); quantitative breeding scheme
could be an alternative to develop cultivars with more
durable resistance. The use of molecular markers based
tools would improve selection efficiency for sustainable
resistance to STB and enhance the introgression of
individual resistant genes into susceptible but high
yielding cultivars (Chartrain et al., 2009). However,
marker assisted selection should be combined with
consistent scoring methods to develop tolerant/resistant
cultivars to STB (Chartrain et al., 2004). The resistance
to STB should be assessed under field conditions to show
the relative efficiency and durability of identified resistant
cultivar.

CONCLUSIONS

Breeding for resistance to Septoria tritici blotch (STB)
under field conditions would reduce infection level and

enhance the development of tolerant cultivars. Our results
suggest that resistance to septoria leaf blotch (STB) in this
population is under polygenic control and quantitatively
inherited. In order to design efficient breeding strategies
to enhance resistance to STB in durum wheat, the genetic
variance and heritability estimates indicated that the
environment represents a major component inducing
various virulent genes within the pathogen within the
same field. Rainy winter coupled with mild temperature
along with prevalence of virulent populations of STB
particularly during 2010 cropping season, appeared
to explain most of the environmental component.
However, phenotypic selection is still possible using the
most susceptible cultivar as reference and identifying
recombinant inbred lines segregating progenies. Further
research is needed to identify the chromosomal location
of this resistance to STB. However, pyramiding of various
resistant genes in adapted germplasm could be efficient
to select for resistance under field conditions where a
mixture of virulence of STB is prevailing.
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