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Fusarium culmorum is one of the most important causal
agents of root rot of wheat. In this study, 10 F. culmo-
rum isolates were collected from farms located in five
agro-ecological regions of Morocco. These were used to
challenge 20 durum wheat genotypes via artificial inoc-
ulation of plant roots under controlled conditions. The
isolate virulence was determined by three traits (roots
browning index, stem browning index, and severity of
root rot). An alpha-lattice design with three replicates
was used, and the resulting ANOVA revealed a signifi-
cant (P < 0.01) effect of isolate (I), genotype (G), and
G x I interaction. A total of four response types were
observed (R, MR, MS, and S) revealing that different
genes in both the pathogen and the host were activated
in 53% of interactions. Most genotypes were susceptible
to eight or more isolates, while the Moroccan cultivar
Marouan was reported resistant to three isolates and
moderately resistant to three others. Similarly, the Aus-
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tralian breeding line SSD1479-117 was reported resis-
tant to two isolates and moderately resistant to four
others. The ICARDA elites Icaverve, Berghisyr, Berghi-
syr2, Amina, and Icaverve2 were identified as moder-
ately resistant. Principal component analysis based on
the genotypes responses defined two major clusters and
two sub-clusters for the 10 F. culmorum isolates. Isolate
Fc9 collected in Khemis Zemamra was the most viru-
lent while isolate Fc3 collected in Haj-Kaddour was the
least virulent. This work provides initial results for the
discovery of differential reactions between the durum
lines and isolates and the identification of novel sources
of resistance.

Keywords : durum wheat, Fusarium culmorum, root rot,
sources of resistance

Fusarium root rot (FRR) is one of the most important dis-
eases of cereals worldwide whose damages are exacerbated
by moisture stress on the plants (Akinsanmi et al., 2004;
Burgess et al., 2001; Chakraborty et al., 2006). Hence, the
changing climates are favoring the occurrence of these
pathogens (Backhouse et al., 2004; Burgess et al., 2001;
Smiley et al., 2005).

Despite the importance of FRR, very little is known
about either the infection or colonization process of the
pathogen or the early host responses (Beccari et al., 2011).
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The most characteristics symptoms are found at the plant
stem base where brown discolorations occur. Then, FRR
symptoms becomes more evident as the plant advances
towards maturity and are commonly expressed by lodging,
discoloration of leaves, interference of water and nutrient
translocation, and reductions of grain yield and quality, ac-
companied by the characteristic whitehead symptom (El
Yacoubi et al., 2012; El Yousfi, 2015; Mitter et al., 2006;
Strausbaugh et al., 2005). The symptoms of FRR are of-
ten associated with those of Fusarium crown rot (FCR)
because this disease is also able to infect the crown and
stems; the main difference is that FCR does not generally
infect the roots (Paulitz, 20006).

Soil-borne Fusarium diseases have been neglected in
comparison to the floral disease Fusarium head blight
(FHB), which has been the focus of many studies in the
past 40 years. Studies on root resistance are generally lim-
ited by the difficulty to identify genotype-specific interac-
tions in below-ground pathosystems (Okubara and Paulitz,
2005). Therefore, breeding for FRR resistance is restricted
by limited insights into the Fusarium wheat root pathosys-
tem (Kazan et al., 2012; Mudge et al., 2006; Wang et al.,
2006).

F. culmorum and F. pseudograminearum are the most
common and globally important causal agents of FRR and
FCR of cereals (Smiley et al., 2005; Wallwork et al., 2004).
F. culmorum causes the typical symptoms of wheat head
blight, root and crown rot, and mycotoxin contamination of
the grain (Chekali et al., 2013; Cook, 2010; Scherm et al.,
2013; Tunali et al., 2008; Wagacha and Muthomi, 2007). It
is a major constraint to cereal production in many parts of
the world, especially in arid and semi-arid regions (Back-
house et al., 2004; Cook 1981; Rossi et al., 1995; Tunali et
al., 2008; Van Wyk et al., 1987). Moreover, this pathogen
has been shown to be one of the predominant Fusarium
spp. in the cooler areas such as north, central and west Eu-
rope (Parry et al., 1995) and Canada (Demeke et al., 2005).
It has also been identified as one of the predominant Fu-
sarium species in Germany (Muthomi et al., 2000), Turkey
(Gebremariam et al., 2018; Tunali et al., 2008), and Japan
(Chung et al., 2008). Kosiak et al. (2003) ranked F. cul-
morum among the four most frequently isolated Fusarium
spp. from wheat, barley and oats in Norway. It has also
been reported that F. culmorum is one of the most common
Fusarium diseases of cereals in Tunisia (Chekali et al.,
2013; Oufensou et al., 2019) and the most prevalent agent
of FRR in Morocco (El Yacoubi et al., 2012; El Yousfi
1984; Khabouze, 1988).

The biology of F. culmorum causing FRR is different
from that of F. pseudograminearum involved in cereal

crown rots. F. pseudograminearum is predominantly as-
sociated with FCR (Akinsanmi et al., 2004; Chakraborty et
al., 2010). It is more frequent in Australia, China, Canada,
the Pacific Northwest of the United States, North Africa,
South Africa, and the Middle East (Alahmad et al., 2018;
Kazan and Gardiner, 2018; Wallwork et al., 2004; Xu
et al., 2018). F. pseudograminearum is more frequent in
warmer regions; whereas F. culmorum is able to grow at
lower temperatures (Doohan et al., 2003). Both pathogens
produce lesions on the coleoptile, roots, and subcrown in-
ternode and cause browning of the stem bases (Chekali et
al., 2013).

The colonization process of F. culmorum in the stem
base of wheat seedlings initiates by progression of the fun-
gus through the layers of the leaf sheaths at the stem base.
In response to this, the host reaction is thought to include
systemic signaling, resulting in the expression of defense-
associated genes in leaf sheaths in advance of those in-
fected by the fungus (Beccari et al., 2011). Covarelli et al.
(2012) reported that after stem base inoculation, F. culmo-
rum can extensively colonize stem tissues, but it is not able
to reach the spikes until plant maturity. However, other
studies concluded that none of the Fusarium species can
colonize spikes by this route (Burgess et al., 1975; Clement
and Parry, 1998; Gelisse et al., 2006; Purss, 1971; Snijders,
1990).

Differences in environmental factors and the relative ag-
gressiveness of the different Fusarium species and strains
are probably important reasons for the contrasting results
(Diaz Arias, 2012; Wang et al., 2015). It was reported that
toxin translocation might occur from the roots (Covarelli et
al., 2012; Winter et al., 2013), therefore, further attention
on this species should be expected where environmental
conditions favor root and crown rot diseases (Scherm et al.,
2013).

Wheat is prone to infection with many pathogens caus-
ing seed rot and damping-off diseases at different stages of
plant growth (Ishtiaq et al., 2019). Under field conditions,
Chekali et al. (2013) revealed that bread wheat and durum
wheat cultivars seem to be susceptible to FRR but that
some bread wheat cultivars had partial resistance. Durum
wheat (Triticum durum Desf) damage commonly exceeds
50% reduction in grain yield (Jones and Clifford 1978;
Smiley et al., 2005). Many studies have shown that durum
wheat is in fact the most sensitive crop to FRR in Morocco
(Lyamani, 1988; Mergoum, 1991; Nsarellah et al., 2000).
Therefore, the main objective of this study was to find nov-
el sources of resistance to Fusarium culmorum in durum
wheat.
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Materials and Methods

Plant material. A preliminary test involving 89 durum
wheat genotypes challenged with FRR mixtures, allowed
to identify 20 genotypes showing differential responses.
These 20 were used in this study and full information is
available in Table 1. This differential set included six Mo-
roccan cultivars, 10 ICARDA’s breeding lines, and four
lines with partial resistance against South Australian F.
pseudograminearum strains. These lines were all selected
from the same cross involving a complex pedigree that in-
cluded a resistance donor Triticum dicoccon (AUS18743),
a South Australian bread wheat x durum hybrid (WID902),
three crosses to the durum variety Kalka and two crosses to
a South Australian breeding line W199007.

Inoculum production. Infected durum wheat samples,
displaying the root rot symptoms, were collected dur-
ing 2014-2015 and 2017-2018 seasons from five agro-
ecological regions of Morocco. The roots of the samples
were sterilized in 3% sodium hypochlorite for 3 min, rinsed
thrice with sterile distilled water, and then dried on a ster-
ile paper towel before being mounted on potato dextrose
agar medium at 25°C for 3-7 days. The resulting fungal
colonies were isolated, purified and identified according

Table 1. List of durum wheat genotypes used in this study

to Nelson et al. (1983) and Leslie and Summerell (2006).
Single spores of each isolate were grown on SNA plates
for 10 days at 25°C. Ten isolates of F. culmorum were
chosen for this study, the site of collection are described
in Table 2. To harvest the fungus, 10 ml of sterile distilled
water were added to the plates, then conidia and mycelium
were scraped from the agar surface using a sterile scalpel.
The resulting suspension was filtered through two layers of
cheesecloth and the conidial concentration for each isolate
was adjusted to 10° spores/ml amended with Tween 20.

Inoculation and experimental design. The seeds of the 20
differential genotypes were surface sterilized in 2% sodium
hypochlorite for 10 min followed by 2 min in 70% ethanol,
and finally rinsed thrice with sterile distilled water. The
seeds were then sown in 10-1 pots prepared with an even
mixture (1:1:1) of autoclaved soil, peat and sand under con-
trolled greenhouse conditions set at 16 h photoperiod and a
temperature of 22+2°C. Each pot contained only one plant.
At early stem elongation stage (2nd detectable node, Z32)
(Zadoks et al., 1974), plants were carefully removed from
the soil mixture to avoid root injury and the root tips were
hurt using sterilized scissors. The roots were then dipped
into a spore suspension generated from one single isolate
for 10 min. For mock test, plants were dipped in sterile
distilled water. The inoculation tray hosted five genotypes

1D Name Origin
RRM19-001 Berghisyr2 ICARDA
RRM19-002 Berghisyr ICARDA
RRM19-003 Hesseptl ICARDA
RRM19-004 Hessept2 ICARDA
RRM19-005 Icaverve ICARDA
RRM19-006 Icambel2 ICARDA
RRM19-007 Icambel ICARDA
RRM19-015 Amina ICARDA
RRM19-016 Icaverve2 ICARDA
RRM19-017 Jabal ICARDA

Faraj Faraj ICARDA/INRA
Louiza Louiza CIMMYT/INRA
Karim Karim CIMMYT/INRA
Toumouh Toumouh ICARDA/INRA
Marouane Marouane INRA

Marjana Marjana INRA

SSD1476-137
SSD1476-233
SSD1479-117
SSD1479-106

SSD1476-137
SSD1476-233
SSD1479-117
SSD1479-106

South Australian Research and Development Institute
South Australian Research and Development Institute
South Australian Research and Development Institute
South Australian Research and Development Institute
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Table 2. Basic information of the isolates of Fusarium culmorum used in this study

Coordinates
Isolate of F. culmorum Site of isolation Climate
Longitude Latitude
INRA-Fcl Sidi Allal Tazi -6.34 34.47 Sub-humid
INRA-Fc2 Merchouch -6.72 33.62 Semi-arid
INRA-Fc3 Haj-Kaddour —5.42 33.83 Semi-arid
INRA-Fc4 Meknes -5.49 33.84 Semi-arid
INRA-Fc5 Youssoufia -8.55 32.23 Semi-arid
INRA-Fc6 Ksar El Kebir -5.91 34.97 Sub-humid
INRA-Fc7 Sidi El Aidi -7.62 33.12 Semi-arid
INRA-Fc8 Jemaa Shaim -8.85 32.35 Semi-arid
INRA-Fc9 Khemis Zemamra -8.70 32.63 Semi-arid
INRA-Fc10 Annoceur —4.86 33.69 Sub-humid

to ensure only root tips came into contact with the solution.
Three plants per genotype per isolate were treated, for a
total of 20 genotypes, three replicates, 10 isolates and one
mock treatment. The experiment designed was an alpha-
lattice design with three replicates, and four sub-blocks of
size five, corresponding to the five genotypes that fit to-
gether inside one inoculation tray, and 20 being the number
of pots that fit on one glasshouse bench.

Disease evaluation. At maturity (Z75), each plant was
carefully pulled from the pots and rinsed under running
water. The stem discoloration (stem browning index [SBI])
was evaluated as described by Wallwork et al. (2004). The
roots were rated for the extent of discoloration (root brown-
ing index, RBI) using a 0-4 scale: 0, no visible symptoms;
1, slightly necrotic; 2, moderately necrotic; 3, severely
necrotic; 4, completely necrotic. Both indexes for stem and
roots were combined into a root rot severity (RRS) value
assessed on a scale of 0-5: 0, no discoloration; 1, small
scattered necrotic lesions on subcrown internode or roots; 2,

distinct dark lesions of basal parts particularly on subcrown
internode and roots; 3, large necrotic lesions on crown,
subcrown internode and roots with loss of plant vigor; 4,
severe rotting of basal parts, plant chlorotic often wilted or
stunted, some culms dead; 5, plant was killed before reach-
ing maturity.

Statistical analysis. The three measured traits were sub-
jected to analysis of variance (ANOVA) using META-R
software (Alvarado et al., 2015) assuming genotypes and
isolates as fixed effects. The basic linear unbiased estimates
(BLUES) value was calculated for each genotype and each
isolate, and the least significant difference (LSD) value was
also derived for each isolate (P < 0.01). Principal compo-
nent analysis (PCA) was performed by GEA-R software
(Pacheco et al., 2015) using the BLUEs of RRS as inputs
to define the existing similarities between isolates. Based
on the LSD calculated for each isolate, the response of the
genotype to RRS was divided into four classes correspond-
ing to once, twice, three times, and more LSD value. To

Table 3. Roots browning index, stem browning assessment, and severity of root rot of wheat seedlings inoculated with Fusarium culmo-

rum

Ratio of total variation

Source of variation

Roots browning index Stem browning index Severity of root rot

Isolate (%) 21%%* 56** 11%*
Genotype (%) 15%* 6%* 17**
Genotype x Isolate (%) 48%** 27%* S53%*
Error (%) 17 11 19

LSD 0.21 0.17 0.22
Ccv 19.64 19.42 21.28
Heritability (%) 73 64 74

LSD, least significant difference; CV, coefficient of variation.
**P <(.01.
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each class was assigned a resistant (R), moderately resis-
tant (MR), moderately susceptible (MS), and susceptible (S)
disease response value, respectively.

Results

The ANOVA for the three traits (SBL, RBI, and RRS) re-
vealed significant differences among genotypes, isolates,
and genotypes by isolates (P < 0.01) (Table 3). The inter-
action explained most of the phenotypic variation for RBI
and RRS at 48% and 53%, respectively. For SBI the isolate
effect was instead superior to all other sources of varia-
tions with 56%. For all three traits, the effect of isolates
was superior to what explained by genotypes, suggesting
that a portion of the pathogenicity could not be captured by
this set of differential genotypes. The coefficient of varia-
tion of all experiments was below 22%, and the heritability
reached 73%, 64%, and 74% for RBI, SBI, and RRS, re-

spectively.

Genotypes reaction to the isolates. A total set of 20 du-
rum wheat genotypes were challenged with 10 F. culmo-
rum isolates (Table 4). In all cases the genotypes presented
differential responses to the isolates. Only the major Mo-
roccan commercial cultivar ‘Karim’ was susceptible to all
isolates. Five genotypes showed MR response to at least
one isolate, and other five were recorded as MR against
two or three isolates. The recently released Moroccan
cultivar ‘Faraj’ resulted susceptible (MS or S) against six
isolates, but MR against four. Seven genotypes resulted as
providing R response to at least one isolate, among these
was the Moroccan cultivar ‘Marouane’, with six resistance
(R or MR) responses, and the Australian resistance source
SSD1479-117, also with resistance (R or MR) responses.
It is worth mentioning also the ICARDA’s elite lines
‘Icaverve’ and ‘Berghisyr’ as these combined R responses

Table 4. Fusarium root rot severity response of 20 durum wheat genotypes inoculated with 10 Fusarium culmorum isolates

F. culmorum isolates INRA-Fc

Genotypes 1 2 3 4 5 6 7 8 9 10
Marouane R R MR MR R MR MS MS S S
SSD1479-117 R MS R MR MR MR MR S MS S
Icaverve MS MR R S MS MR S S MS MR
Berghisyr MS MR MR S S R MR MS S S
Berghisyr2 MR S S S S R MR MS S MR
Amina R S MR S MS MS S MS S S
Icaverve2 S S R MS MS MR S S S S
Faraj MR MR S S MS MS S MR MS MR
Marjana S MR MR S MS S MR MR MS S
Toumouh S MR S S MR MS S MR MS MS
SSD1479-106 MR MS MR MR MS S MS S S S
Jabal S MR MR S MS MS S S S MR
Hessept2 S MS S MR MR MS S S S MS
Hessept1 S S S MR MS S MR S S S
Luiza MR MS S S S MS S MS MS MS
SSD1476-137 S MS MR S MS S MS S S S
SSD1476-233 MS S MR S S S MS S S S
Icambel S S MR S MS S S S S S
Icambel2 S S S S S S S S S MR
Karim S S S S S S S S S
Combined sum of responses
R 3 1 3 0 1 2 0 0 0 0
MR 4 6 9 5 3 4 5 3 0 5
MS 3 5 0 1 10 6 4 5 6 3
S 10 8 8 14 6 8 11 12 14 12

Genotypes and isolates are sorted based on reciprocal similarities.

R, resistant; MR, moderately resistant; MS, moderately susceptible; S, susceptible.
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Fig. 1. A hierarchical cluster dendrogram showing similarity of
10 Fusarium culmorum isolates based on phenotypic data of 20
Durum wheat genotypes after seedling inoculation using the ward
method. Isolates are clustered in a total of four sub-clades includ-
ing two major clades and two sub-clades.
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with MR against isolate INRA-Fc10. No genotype showed
resistance against all isolates. From a breeding standpoint,
the pyramiding of Marouane, SSD1479-117, Berghisyr2,
and Faraj could provide resistances (MR or R) against nine
isolates, and MS response to the highly virulent isolate
INRA-Fc9.

Pathogenicity of F. culmorum isolates on durum wheat.
All isolates of F. culmorum significantly increased disease
incidence compared to mock inoculated plants. In order of
virulence, the isolate INRA-Fc3, INRA-Fcl, INRA-Fc2,
INRA-Fc6, INRA-Fc7, INRA-Fc4, INRA-Fc10, INRA-
Fc5, INRA-Fc8, and INRA-Fc9 resulted between eight to
all genotypes being recorded as susceptible (MS or S). In
particular, INRA-Fc9 was virulent on all genotypes, while
for INRA-Fc8 only MR reactions were recorded for the
three Moroccan cultivars ‘Faraj’, ‘Marjana’, and ‘Tou-
mouh’. This wide range of phenotypic responses shown
by the 20 genotypes against the 10 isolates, and the signifi-
cant interaction between genotypes and isolates prompts
to a more in-depth study of the virulence spectrum among
isolates. PCA test among the 10 isolates according to their
RRS disease response on the genotypes defined two main
clades and two sub-clades (Fig. 1). Clade I consisted of the
isolates INRA-Fc2, INRA-Fc8, INRA-Fc9, and INRA-
Fc10 originated from Merchouch, Jemaa Shaim, Khemis
Zemamra, and Annoceur, respectively. This cluster groups
three of the four most virulent isolates with a mild one (IN-
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RA-Fc2), and no evident geographical distribution (Fig. 2).
Clade II grouped the remaining isolates INRA-Fcl, INRA-
Fc3, INRA-Fc4, INRA-Fc5, INRA-Fc6, and INRA-Fc7
collected throughout Morocco, of which only INRA-Fc5
was identified as highly virulent. The cartographic distribu-
tion of isolates belonging to different clades is presented in
Fig. 2, but no obvious geographical dispersion pattern can
be observed.

Discussion

The study of resistance to fungi attacking the roots is hin-
dered by the difficulty of identifying genotype-specific
interactions in below-ground pathosystems and finding a
genotype with an acceptable level of resistance (Okubara
and Paulitz, 2005). FRR resistance is no exception, mak-
ing breeding for resistance a daunting challenge due to the
limited insights into the Fusarium wheat root pathosystem
(Kazan et al., 2012; Mudge et al., 2006; Wang et al., 2006).
Similarly to FHB, wheat resistance against FCR and FRR
is partial and often quantitative in nature (Beccari et al.,
2011; Bovill et al., 2006; Collard et al., 2005; Wallwork et
al., 2004).

Despite the efforts made by pathologists to find resis-
tance to FCR, only a few quantitative trait loci have been
detected (Bovill et al., 2010; Li et al., 2010a; Ma et al.,
2010; Poole et al., 2012; Wallwork et al., 2004; Zheng et
al., 2014). Wallwork et al. (2004) have reported that the
lines ‘2-49” and ‘Sunco’ were equally resistant to F. culmo-
rum and F. pseudogramineaum. FRR caused by F. culmo-
rum is less studied and limited reports of resistance exist.

The first wheat genotypes showing partial resistance
against seedling root rot have been described only very
recently (Wang et al., 2015) with the cultivar ‘Florence-
Aurore’ and breeding Line 162.11 that showed charac-
teristics of partial resistance to root colonization by F.
graminearum. Alternatively, Li et al. (2010b) suggested
that the observed partial resistance against seedling root rot
is likely dependent on the plant age. Previous reports have
demonstrated that Fusarium spp. release several virulence
factors after penetration that can rapidly overcome simple
defence mechanisms (Kang and Buchenauer, 1999, 2000;
Phalip et al., 2005; Proctor et al., 1995; Voigt et al., 2005).
Vergne et al. (2010) have defined that partial resistance is
first characterized by a quantitative limitation to the patho-
gen growth, and Beccari et al. (2011) have suggested that
the inability of the pathogen to enter the vascular tissue is a
major mechanism of FRR resistance. Thus, partial FRR re-
sistance is characterized by three aspects: (1) no evident re-
sistance during seedling against epidermis penetration and

invasion, but (2) resistance to the infection of cortical root
cells, which is assumed to result in a delayed and reduced
migration into the stem base, and (3) a resistance to vas-
cular bundle infection in stem tissues (Wang et al., 2015).
For seedling root rot disease, a few major wheat resistance
sources are reported (Li and Yin, 2008; Mitter et al., 2006;
Wildermuth et al., 2001).

In the present work, 10 isolates of F. culmorum, the main
causal agent of FRR in Morocco were used to challenge
20 durum wheat genotypes. The three traits tested resulted
in high heritabilities, suggesting a strong genetic control.
Significant statistical differences could be observed among
genotypes, isolates, and their interactions. Despite being
a relatively small dataset, an array of different responses
could be observed (Table 3). Fifty-three percent of the
total phenotypic variation could be explained by interac-
tions between host and pathogen genes. These findings
are in agreement with several authors who suggested that
resistance to root rot diseases can only be obtained by pyra-
miding several resistance genes. Nevertheless, moderately
resistant genotypes could already be found, with adequate
response to half of the tested isolates such as the Moroc-
can cultivar ‘Marouane’ and the Australian breeding line
‘SSD1479-117°. The pyramiding of the resistance loci of
‘Marouane’, ‘SSD1479-117°, ‘Berghisyr2’, and ‘Faraj’
would be sufficient to develop new varieties with good
resistance against most of the tested isolates. However, no
resistance could be identified against INRA-Fc9. A spe-
cial mention should be made for the SSD set developed
by South Australian Research and Development Institute
(SARDI). These entries have been developed over several
generations of crosses and selecting for resistance against
F. pseudograminearum utilising an outdoor terrace system
where crown rot is screened on adult plants (Wallwork et
al., 2004). Testing against F. culmorum isolates, one entry
confirmed its resistance against six of the 10 isolates.

The set of 20 lines presented here appears as an ideal
initial panel to develop differentials to distinguish F. cul-
morum virulence patterns. This first screening failed to
identify any two isolates with identical virulence/aviru-
lence response. Mitter et al. (2006) also reported that field
populations of F. culmorum isolates had high genetic di-
versity, even among isolates obtained from a single farm.
Furthermore, Tunali et al. (2008) showed that the incidence
of Fusarium spp. varies among 11 agro-ecological zones
in Turkey. PCA was used to attempt a high-level grouping
of the isolates. It defined two major clades and two sub-
clades, but these did not appear as matching any evident
geographical distribution. This result was remarkably
similar to what was observed by Gamba et al. (2017) when
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attempting to map the race structure of Pyrenophora tritici-
repentis across Morocco. Apparently, the unique socio-
agro-ecology of this country favors the specialization of
different pathotypes in different areas.

In conclusion, FRR caused by F. culmorum is a wide-
spread disease in the drylands of the Mediterranean basin
and it has major negative effects on durum wheat produc-
tivity. Here, we report a first attempt at better characterizing
the spectrum of virulence of this fungus and the differential
interactions between the durum lines and isolates. Further-
more, we report several interesting sources of resistance
that can be exploited by breeders, even though we remain
ignorant of the actual mechanism governing it. An inter-
national effort to incorporate these additional resistance
sources and use them to characterize more isolates should
help obtain the answers needed to fight this challenging
pathogen.
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