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A major QTL for resistance to soil-borne cereal mosaic virus derived from an old Italian durum
wheat cultivar
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( Received 22 August 2011, final version received 9 November 2011 )

The genetic basis of resistance to soil-borne cereal mosaic virus (SBCMV) in the Triticum turgidum L. var. durum
cv. Neodur was analyzed in this study, using a linkage mapping approach. We performed phenotypic and
molecular analyses of 146 recombinant inbred lines derived from the cross Cirillo (highly susceptible) x Neodur
(highly resistant). A major quantitative trait locus (QTL) that explained up to 87% of the observed variability for
symptom severity was identified on the short arm of chromosome 2B, within the 40-cM interval between the
markers Xwmc764 and Xgwmli128, with wPt-2106 as the peak marker. Three minor QTLs were found on
chromosomes 3B and 7B. Two markers coding for resistance proteins co-segregate with the major QTL on
chromosome 2B and the minor QTL on chromosome 3B, representing potential candidate genes for the two
resistance loci. Microsatellite markers flanking the major QTL were evaluated on a set of 25 durum wheat
genotypes that were previously characterized for SBCMYV resistance. The allelic composition of the genotypes at
these loci, together with pedigree data, suggests that the old Italian cultivar Cappelli provided the SBCMYV-
resistance determinants to durum cultivars that have been independently bred in different countries over the last
century.

Keywords: Soil-borne cereal mosaic virus; durum wheat; SBCMV resistance; marker-assisted selection

Introduction

Soil-borne cereal mosaic virus (SBCMYV), soil-borne
wheat mosaic virus (SBWMYV), and Chinese wheat
mosaic virus (CWMYV) are closely related furoviruses
(Shirako et al. 2000; Torrance and Koenig 2005;
Hariri and Meyer 2007) that can infect durum wheat
(Triticum turgidum L. var. durum), common wheat
(T. aestivum L. var. vulgare), and numerous other
cultivated and spontaneous Gramineae (Canova
1964; Verchot-Lubicz 2005). These viruses are trans-
mitted to the roots of their host plants by Polymyxa
graminis Led., a soil-borne plasmodiophorid protist
that can preserve its infectivity in soil for 10 years or
more (Rao and Brakke 1969; Kendall and Lommel
1988). SBCMYV is prevalent in Europe, CWMYV in
Asia, and SBWMYV (the furovirus type member) in
North America (Diao et al. 1999; Kanyuka et al.
2003; Ratti et al. 2005; Budge et al. 2008).

In Italy, SBCMYV is widespread in the main wheat
growing areas, and especially in the northern and
central regions of Italy, where it causes grain yield
losses often above 50% on susceptible cultivars of
durum wheat (AABB genome) and common wheat

(AABBDD genome) (Vallega et al. 2002; Rubies-
Autonell et al. 2006). Despite this serious economic
impact, the presence of SBCMV, SBWMYV, and
CWMYV in the main wheat growing areas worldwide
has gone essentially undetected for many decades.
This has been mainly because visible symptoms
induced by these pathogens, which include stunting
and chlorotic mottling, were attributed to other
causes (e.g. abiotic stress) (Kanyuka et al. 2003). To
date, the only economically viable means of control-
ling SBCMV, SBWMYV, and CWMYV is the adoption
of resistant cultivars (Kanyuka et al. 2003).

The durum wheat cultivars tested thus far in Italy
show a wide and continuous array of reactions to
SBCMYV and only a few have proven to be highly
resistant to SBCMV; of note, none of the nearly 200
cultivars assayed showed immunity to SBCMV
infection (Maccaferri et al. 2005a, 2005b; Rubies-
Autonell et al. 2006; Ratti et al. 2006; Vallega et al.
2006; Rubies-Autonell et al. 2008). Interestingly, a
high proportion of the SBCMV-resistant cultivars
identified were derived from the SBCM V-resistant cv.
Edmore that was bred in the USA about 30 years ago.
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This thus suggests that this cultivar and its derivatives
carry a major gene or gene-block for SBCMV
resistance.

In bread wheat, the genetic analysis of furovirus
resistance has identified up to three major loci
(Shaalan et al. 1966; Dubey et al. 1970; Modawi
et al. 1982; Merkle and Smith 1983; Barbosa et al.
2001; Bass et al. 2006). Shml is located on chromo-
some 5D and has been shown to be effective against
SBWMYV in North America (Narasimhamoorthy
et al. 2006) and against SBCMV in Europe (Bass
et al. 2006).

In durum wheat, extensive surveys were per-
formed to assess reactions to SBCMYV in a wide panel
of germplasm (Vallega et al. 1999; Ratti et al. 2006;
Rubies-Autonell et al. 2008) and a major gene located
on chromosome 2B has been recently identified in a
segregating population, together with some genes that
have small, but statistically significant effects on
resistance to SBCMV (Ratti et al. 2009; Maccaferri
et al. 2011). Apart these indications, little information
is available on genetic determinants of SBCMV
resistance in durum wheat and the identification of
new sources of resistance and of molecular markers
that are tightly linked to resistance genes is needed.
Breeding for resistance to SBCMYV based on pheno-
typic analysis is extremely disadvantageous, due to
the difficulty to obtain spatially uniform field infec-
tions that are repeatable over time. The use of
markers in marker-assisted selection (MAS) pro-
grams would, therefore, be extremely useful for the
development of virus-resistant genotypes.

The main objectives of this study were to identify
molecular markers linked to the locus specifying
resistance to SBCMYV in the durum wheat cv. Neodur
(a cv. Edmore derivative), to validate these markers in
a set of further cultivars previously scored for
SBCMV resistance and susceptibility under field
conditions and to find candidate genes for genetic
determinants of resistance which might help in
cloning the quantitative trait loci (QTLs) for resis-
tance to SBCMV.

Materials and methods

Plant material

A population of 146 Fg recombinant inbred lines
(RILs) was obtained from a cross between durum
wheat cultivars Neodur (a cv. Edmore derivative;
highly resistant to SBCMYV) and Cirillo (highly
susceptible to SBCMYV) by advancing random indivi-
dual F, plants to the F; generation by single-seed
descent. After the last selfing, each line was bulk
harvested to provide seeds for field experiments and
DNA extraction.

A group of 25 durum wheat cultivars besides
Cirillo and Neodur (Table 1) that were previously
scored for SBCMV resistance under field condi-
tions (Ratti et al. 2006) were genotyped using the

microsatellite markers flanking the resistance QTL
identified in this study.

Evaluation of resistance to SBCMV

The RIL population and the two parents were
evaluated for SBCMV resistance during the 2007—
2008 growing season, in a field characterized by
severe and uniform SBCMYV infection, which is
located at Cadriano (BO; 44°35’N 11°27’E; northern
Italy). Genotypes were sown on 7 November 2007, in
plots of 2.0 m” that were distributed according to a
randomised complete block design, with three repli-
cates. Cultivar Grazia, well known for its high
susceptibility to SBCMV (Vallega et al. 2003), as
well as the two parents, was included in the field trial
and inserted at regular intervals (every seven RILs) in
each replication, to monitor infection levels and
homogeneity throughout the trial field. The sowing
density was 500 seeds m>. The previous crop had been
durum wheat and standard agronomic management
practices were applied during the growing season.
Plants were not treated against fungal diseases; mild
infections of Fusarium spp. occurred towards the end
of the growing cycle.

Visual evaluation of SBCMV symptoms and
enzyme-linked immunosorbent assay (ELISA) were
used as indicators of resistance/susceptibility (Hunger
and Sherwood 1985). Symptom severity (SS) was
scored in the field on three dates in 2008, 11 March,
27 March, and 15 April (corresponding to growth
stages 27, 30, and 36 in the Zadoks scale; Zadoks
et al. 1974), on a 0 to 4 scale. Values from 0 to 1.0
indicated no symptoms or slight symptoms; from 1.1
to 2.0 mild mottling and stunting; from 2.1 to 3.0
mottling and stunting; and from 3.1 to 4.0 severe
mottling and stunting with virus-killed plants (Valle-
ga and Rubies-Autonell 1985).

The relative virus concentrations (E) were deter-
mined on homogenized extracts from leaves collected
on 11 March and 15 April in 2008 (growth stages 30
and 36 in the Zadoks scale; Zadoks et al. 1974), using
a double antibody sandwich enzyme-linked immuno-
sorbent assay (DAS-ELISA), according to the proce-
dure described by Vallega et al. (2003). Extracts were
obtained from the bulked basal halves of the second
and third youngest leaves of 10 randomly chosen
plants/plot, with the dead parts in the leaf samples
removed. The bulked leaf samples from each plot
were processed separately. The antiserum was pre-
pared using SBCMYV purified from infected plants of
the durum wheat cv. Grazia. Infection by wheat
spindle streak mosaic virus (WSSMYV), a soil-borne
pathogen that is also present in Italy (Rubies-
Autonell and Vallega 1987), was excluded after
ELISA and real-time PCR indexing. At maturity,
genotypes were characterized for agro-morphological
traits. Plant height (cm) was measured during the
milk waxy maturation, from the ground to the tip of
the ear (excluding awns) on five main culms per plot.
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Table 1. Analysis of durum wheat cultivars, previously scored for resistance and susceptibility under field conditions, with
SSR markers flanking the QTL (Vallega et al. 2003; Ratti et al. 2006; Rubies-Autonell et al. 2008).

Genotype R/S Year, Country Pedigree Xbcd348 Xgwml128
Neodur HR 1987, FRA  184-7/Valdur//Edmore® N N
Meridiano HR 1999, ITA Simeto/WB881/Duilio®/F21 N N
Tonio =(ex Ares) HR 1995, ITA Lira/Vic® - N
Svevo R 1996, ITA Linea Cimmyt/Zenit® N N
Saragolla R 2004, ITA Iride’/Linea PSB 0114 N -
Lloyd R 1983, USA  Cando/Edmore N N
Capeiti 8 R 1940, ITA Eiti 6/Cappelli N C
Cappelli R 1915, ITA Strampelli” selection from Jennah N N
Khetifa
AC Melita R 1994, CAN  Medora/Lloyd C N
Italo R 1994, ITA Turchia//Creso/Capeiti8 N N
Duilio R 1984, ITA Cappelli//Anhinga/Flamingo N N
Iride R 1996, ITA Altar84//Ionio = (ex Ares) N N
San Carlo R 1997, ITA Grazia//Degamit N C
Cirillo HS 1992, ITA Jucci/Polesine//Creso/Montanari C C
Simeto HS 1988, ITA Capeiti 8/Valnova C C
Grazia HS 1985, ITA M 6800127/Valselva C C
Ciccio S 1996, ITA F6Appulo/Valnova//Valforte/Patrizio - -
Agridur S 1988, FRA  Edmore//CIMMYT 303/Chandur N N
Ofanto S 1990, ITA Adamello/Appulo N C
Creso S 1974, ITA Yt 54-N10-B/2*//3*TC 60/3/Cp B 14 N C
Valnova S 1975, ITA Giorgio-324//Senatore-Cappelli/Yuma C C
Produra S 1976, ITA ((TME/TC602)/(ZB x Wells))//((TC60/ N C
BYE2)/(Tecur125E/TC602))
Valforte S 1985, ITA ((Yt54-N10B)BY2)LD390 II C C
14587) x (Cappelli2 x Yuma)
Karel S 1990, ITA Mex.198/Maristella N -
Messapia S 1986, ITA Mexa/Crane//Tito N -
Fortore S 1995, ITA Capeiti 8/Valforte C C
Varano S 1997, ITA Capeiti 8/Creso//Creso/3/Valforte/ N -

Trinakria

N, Neodur allele; C, Cirillo allele; -, different allele or null allele; HR, highly resistant; R, resistant; HS, highly susceptible; S, susceptible.
Bold type, cv. Cappelli derivates independently bred in Italy, USA, Mexico, Canada and France.

“Edmore (R) =D6530/D65114 where D6530 = Cappelli (D-650)/D-561.

Duilio (R) = Cappelli//Anhinga/Flamingo.

“Zenit (R) = Valriccardo//Vic where Valriccardo = VZ-156/Cappelli//Cappelli*2/Yuma.

Iride (R) = Altar 84/Ionio = (exAres).
*Vic (R) =Edmore//Ward.

The plots were harvested mechanically early in June
and the grain yield (t ha ') was determined. The
thousand kernel weight and the test weight were
measured and expressed as g and kg hl~!, respec-
tively. The test weight measurements were obtained
using a Shopper chondrometer equipped with a
1 L-sized container.

DNA extraction and linkage analysis

DNA from the parents and the RILs were extracted
following the cetyltrimethylammonium bromide
(CTAB)-based method (Hoisington et al. 1994). A
total of 674 simple sequence repeat (SSR) and 50
sequence-tagged site (STS) markers (Xue et al. 2008)
were initially used to screen for polymorphisms
between cultivars Neodur and Cirillo. The SSRs
used belong to the following marker groups: Gate-
rsleben wheat microsatellites (GWM; Roder et al.

1998; M. Roéder, personal communication); Wheat
Microsatellite Consortium (WMC; Gupta et al. 2002);
Beltsville Agricultural Research Centre (BARC; Song
et al. 2005); Colorado wheat Expressed Sequence Tag
(EST)-derived microsatellites (CWEM; Peng et al.
2005); Du Pont wheat (DuPw; Eujayl et al
2002); Clermont-Ferrand D genome (CFD; www.
graingenes.com) and Clermont-Ferrand A genome
(CFA; Sourdille et al. 2003). PCR reactions were
performed as reported by Marone et al. (2009). The
amplification products were analyzed using capillary
electrophoresis (ABI3130), with multiplexing of dif-
ferent fluorescent dyes. Electropherograms were ana-
lyzed with GeneMapper version 4.0.

Diversity arrays technology (DArT) markers
(Wenzl et al. 2004; Akbari et al. 2006) were generated
by Triticarte Pty Ltd (Canberra, Australia; http://
www.triticarte.com.au), which is a whole-genome
profiling service laboratory. For the DArT assay,
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the DNA from the mapping population was subjected
to Pstl/Taql digestion and size purification, and
probed against the durum DArT array at the
Triticarte laboratory. Individual genotypes were
scored for the presence (1) or absence (0) of hybridi-
zation based on fluorescence signal intensities. A total
of 208 PCR-based and 218 DArT markers were used
to construct a linkage map using the Kosambi
mapping function within the JoinMap 4 software
(van Ooijen and Voorips 2004) considering a mini-
mum limit of detection (LOD) score of 4.0. Four-
hundred and fourteen markers were incorporated
into the map, while the remaining 12 were considered
as unlinked. The goodness of fit for all loci to an
expected 1:1 segregation ratio was tested using chi-
squared analysis. Linkage groups were assigned to
chromosomes by comparing the marker positions
with the previously published wheat maps (Blanco
et al. 1998, 2004; Korzun et al. 1999; Elouafi et al.
2001; Nachit et al. 2001; Elouafi and Nachit 2004;
Xue et al. 2008) and with the hexaploid wheat SSR
consensus map (Somers et al. 2004).

Statistical analysis and QTL detection

Data from the field experiment were analyzed using
an ANOVA test, the homogeneity of the phenotypic
variance between replications was verified, and the
means were separated by Fischer’s protected least
significant difference at p < 0.05 for all traits, to test
the differences between each RIL and the two
parents. All data were statistically analyzed using a
statistical software package (Statistica, Statsoft Inc.,
Tulsa, OK, USA). QTL analysis was performed
using the software package MapQTL® version 5.0
(Van Ooijen 2004): the LOD profiles from simple
interval mapping (SIM) were inspected and the
marker closest to each LOD peak was selected as
the cofactor to perform the multiple QTL mapping
(MQM) analysis further. Minor QTLs were
searched by taking into consideration 64 lines with
the unbroken Cirillo (susceptible) molecular haplo-
type at the major SBCMYV resistance QTL to
eliminate its effect. The markers used as cofactors
were wPt-2106 on chromosome 2B, Xgwm376 and
wPt-2720 on chromosome 3B, and wPt-2883 on
chromosome 7B. The LOD significance threshold
levels of the respective traits were calculated with
the permutation test option provided in MapQTL,
using 10,000 permutations.

Results

Phenotypic evaluation

Means of the parental lines, means and ranges of
the RIL population, are reported for each trait in
Table 2. ANOVA indicated that the differences
between the parents and among the 146 RILs were
significant for all traits considered (p <0.001). The
SBCMYV infection levels throughout the field trial

Table 2. Phenotypic variations among the parental lines and RIL population for the agronomic traits evaluated under natural SBCMYV infection in the field.

TW (kg h1 ™"

TKW (2)

E mean (unit) GY (tha™h PH (cm)

E2 (unit)

SS mean (score) El (unit)

SS3 (score)

SS2 (score)

SS1 (score)

0.94 1.14 1.04 3.38 68.5 34.0 63.8

1.40

1.46 1.39 1.35

RILs mean

51.6-71.6

62.3

26.9-41.1
37.2

49.3-86.3
68.9

1.37-6.50

3.65
1.17
1.39
0.97

0.0-2.05

0.43
1.74
1.85
0.73

0.0-2.03

0.58
1.68
1.88
0.98

0.0-2.07

0.28
1.80
1.83
1.03

0.1-3.25
0.28
3.10
2.87
0.72

0.0-3.42

0.30
3.29
3.18
0.79

0.0-3.55

0.26
3.38
3.22
0.95

0.0-3.33

0.

RILs range

28

NEODUR
CIRILLO
GRAZIA
LSDg 001

57.0

28.0

48.9

2.64
2.

52.8

27.1
5.18

52.3

22

3.98

6.85

1.41

SS1/2/3, symptom severity evaluated on 11 March, 27 March and 15 April.

E1/2, ELISA reading on 11 March and 15 April.

LSD, least significant difference; GY, grain yield; PH, plant height; TKW, thousand kernel weight; TW, test weight.
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were severe and uniform, as indicated by the limited
range of the mean SS and the mean E values observed
for the check cv. Grazia (Table 2).

The mean SS of the two parents differed signifi-
cantly in all field observations; indeed, the mean SS
over the three scoring dates were 0.28 for the resistant
cv. Neodur, and 3.10 for the susceptible cv. Cirillo,
with the latter very similar to that of the susceptible
check Grazia (2.87). The mean E values also con-
firmed the phenotypic differences observed between
the two parents (Table 2).

When the segregating population was considered,
a wide range of reactions to SBCMV was observed
among the RILs, both in terms of SS (0.1 to 3.25) and
E values (0.0 to 2.05) (Table 2). The frequency
distribution of the RILs (mean values over the three
and two sampling days for SS and E values,
respectively) was fitted with bimodal curves for both
of these traits, which suggested a simple genetic basis
for SBCMYV resistance (Figure 1). Indeed, as can be
seen in Figure 2, which shows the correlation between
mean SS and mean E values (r=0.90, p <0.001),
most of the RILs grouped into two clearly distin-
guishable clusters based on their responses in terms of
both mean SS and mean E value. On the other hand,
the two frequency distributions and the mean SS
versus mean E values correlation suggest the presence
of RILs with intermediate SBCMYV reactions as well
as a general tendency to express less extreme
responses than their parents.

Based on the SS evaluation, 82 RILs were
classified as resistant (SS =0.0—1.25), while 64 were
classified as susceptible (SS =1.26—-3.25). The result-
ing segregation ratio was statistically different from
the expected 1:1 ratio (p <0.05), based on chi-
squared analysis, with more resistant genotypes
than susceptible ones.

A number of agronomic traits whose expression is
heavily affected by virus infection were also evaluated
(Table 2). The mean grain yield of the resistant
parental cv. Neodur (3.65 t ha~') was about three-
fold higher than that of the susceptible cv. Cirillo
(1.17 t ha — ). The mean grain yield of the susceptible
check Grazia was 1.39 t ha~'. Neodur was also
characterized by significantly higher values for plant

35
Neodur a
0

Cirillo

0
01040609121417192225273033
SS mean

M.A. Russo et al.

height and test weight, with respect to Cirillo (Table
2). These differences probably reflect in part the
decrease in productivity and in plant height due to
the impact of SBCMV on the susceptible cultivar.
Indeed, symptom scores above 3.0 were associated
with mean grain yield and mean plant height reduc-
tions of 48.2 and 18.5%, respectively, when compared
with the resistant genotypes (SS < 1).

Linkage mapping and QTL analysis

A total of 202 PCR-based and 212 DArT markers were
assigned to 30 linkage groups. All chromosomes were
represented; for four chromosomes a single linkage
group was identified, while the remaining chromo-
somes were associated to two or three linkage groups.
Globally, each chromosome was covered by a number
of markers ranging from 8 to 51. The final map for
QTL analysis consisted of 414 markers covering 1917
cM, with chromosome 6B having the greatest cover-
age, with 51 markers, covering about 183 cM.

This map was used to perform MQM analyses,
which confirmed the presence of a major SBCMV
resistant locus on the short arm of chromosome 2B
within the 40-cM interval between markers Xwmc764
and Xgwmll128, with wPt-2106 as the peak marker
(Figure 3). The LOD values were very high, ranging
from 19.4 to 37.8 for SS, and from 11.2 to 19.8 for E
values, depending on the dates of the observations. In
general, greater effects were seen for the third date for
SS and on the first date for E values. The percentages
of explained variability ranged from 51.8 to 87.6%
for SS and from 32.9 to 49.1% for E values. A
positive additive effect (from 0.6 to 1.23 in terms of
SS score) was found for the Neodur allele, which was
effective in increasing resistance (Table 3).

Minor QTLs were searched by taking into con-
sideration 64 lines with the unbroken Cirillo (suscep-
tible) molecular haplotype at the major SBCMV
resistance QTL to eliminate its effect. Three signifi-
cant minor QTLs were identified for SS3 (symptom
severity evaluated on 15 April), two out of them
located on the long arm of chromosome 3B (LOD
values 3.1 and 3.2, peak markers Xgwm376 and wPt-
2720, respectively) and one positioned on the short
arm of chromosome 7B (LOD value 3.6, peak marker

30

25

20 Cirillo

15

No RIL

10

5

0
00020305070910121415171920
E mean

Figure 1. Frequency distributions of the average values over the three and two dates for SS (a) and E value (b), respectively, in

the RIL population derived from the cross Cirillo x Neodur.
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2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2t Neodur
0.0

-0.2
-0.5 0.0 0.5 1.0 15 2.0 25 3.0 3.5

SS mean

\
Cirillo

E mean

Figure 2. Correlation between mean SS and E values
recorded in the population derived from the cross Cirillo x
Neodur.

wPt-2883 — Table 3 and Figure 4). They explained
from 30.4 to 40.1% of observed variability in the 64
RILs. Also for these minor QTLs, the allele of
Neodur was effective in increasing resistance.

QTL analysis was also carried out for the
agronomic traits aiming to confirm the effect of virus
susceptibility on agronomic traits. A QTL for grain
yield and plant height was identified on chromosome
2BS, in coincidence with the QTL for resistance to
SBCMYV; the LOD values were 9.1 for grain yield
(27.7% explained variability), and 13.9 for plant
height (39.5% explained variability). As Cirillo and
Neodur are characterized by similar yield perfor-
mance and plant height in absence of virus infection
as shown by the results of the national durum wheat
yield trials (www.cerealicoltura.it), the negative ad-
ditive effect for these traits indicated the tendency of
the Cirillo allele for decreased grain yield and plant
height due to its susceptibility to SBCMYV. These data
confirm the outcome of the correlation analysis, and
indicate a strong effect of the susceptibility to
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Figure 3. Partial genetic map of the region on chromosome
2B carrying the major QTL controlling SS and E value
registered on 15 April, grain yield and plant height, and the
corresponding curves of the LOD values obtained by MQM
analysis. LOD significance threshold, calculated by permu-
tation test, was 3.0 (p <0.05).

SBCMYV on grain yield and plant height, but not on
test weight, for which no QTLs in the region of
chromosome 2BS were identified (Table 3).

Identification of candidate genes for resistance to
SBCMYV in Neodur

The sequence information available for the DArT
(www.triticarte.com.au) and the EST-derived SSR
markers employed to construct the Cirillo x Neodur
linkage map have allowed to establish a syntenic
relationship between the durum wheat and the rice
genome for the region corresponding to the QTL on
wheat chromosome 2BS. A BLASTX search was
carried out for the EST-based Xbcd348 and
Mag3976 markers, positioned upstream and down-
stream the major QTL. The sequence of the first
marker identified the rice locus Os04g0129500, located
on the chromosome 4, and putatively coding for a
Sec23/Sec24 zinc finger protein (E value 6e-16, with
100% identity on a segment of 45 aa). This result
confirmed the syntenic correspondence previously
found between the chromosome 4 of rice and the bin
positioned in the telomeric region of the 2BS (2BS3-0.
84-1.00) in wheat (http://wheat.pw.usda.gov/wEST/
binmaps/wheat2_rice.html). The BLASTX search
carried out with the Mag3976 marker as a query
identified with good probability only a protein se-
quence of barley (BAJ96737, E value 5e-24, 81%
identity in a region of 67 aa). The barley sequence was
then used as a query in a BLASTP search to find the
most similar genes in rice. Two rice sequences were
identified, both with an E value 0.0, and one of them
was localized on the chromosome 4 (Os04g0352400),
nearly 15,000 kb far away from the Os04g
0129500 locus (http://mips.helmholtz-muenchen.de/
plant/rice/). Therefore, the region between the loci
050420129500 and Os04g0352400 on the chromosome
4 of rice might correspond to the region genetically
delimited by the markers Xbcd348 and Mag3976 on
the chromosome 2B in durum wheat (Figure 5).

The nucleotide sequence of the QTL peak marker
wPt-2106 on 2BS in the Cirillo x Neodur map is not
available and other markers located in the same
region were, therefore, investigated. An interesting
result was achieved with the DArT marker (wPt-
1601) positioned 1 cM apart from wPr-2106 by
Maccaferri et al. (2011) in the durum wheat map
Meridiano x Claudio. The BLASTX search per-
formed using the 508 bp sequence of the wPt-1601
marker (http://www.diversityarrays.com/sequences.
html) identified a barley sequence corresponding to
a putative Nucleotide-Binding Site — Leucin-Rich
Repeat (NBS-LRR) protein (BAJ96737). The E value
in this alignment was not very high (2e-2, 41%
identity for a region of 62 aa), probably because of
the low quality of the sequence (10% of bases called
as ‘n’); nevertheless, a BLASTP search carried out
using the BAJ96737 barley sequence as query identi-
fied a locus on the chromosome 4 of rice,
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Table 3. QTLs detected in the Cirillo x Neodur RIL population for SS (11 March, 27 March and 15 April), E values (11
March and 15 April), grain yield and plant height by MQM analysis.

QTL Interval Peak marker Chr Trait LOD R* (%) Add. Eff.?
SS1 19.4 51.8 0.62
SS2 34.7 85.1 1.23
SS3 37.8 87.6 1.1
1 wPt-2106-wPt-9958 (11.4 cM) wPt-2106 2B SS mean 37.1 86 0.99
El 19.8 49.1 0.53
E2 11.2 329 0.33
E mean 27.9 64 0.47
GY 9.1 27.7 —1.33
PH 13.9 39.5 —4.69
2 wPt-5390-Xgwm284 (20.2 cM) Xgwm-376 3B SS3 3.1 30.4 0.31
3 Xgwm?284-wPt-5432 (43.2 cM) wPt-2720 3B SS3 3.2 36.1 0.38
4 wPt-5283-Xgwm537 (33.2 cM) wPt-2883 7B SS3 3.6 40.1 0.38

LOD significance threshold, calculated by permutation test, was 3.0 for QTL number 1 and 3.1 for QTLs number 2, 3 and, 4 (p <0.05).
Chr, chromosome; LOD, limit of detection; Add. Eff., additive effect; GY, grain yield; PH, plant height.
SS1/2/3, symptom severity evaluated on 11 March, 27 March and 15 April.

E1/2, ELISA value on 11 March and 15 April.

“Effects on the analyzed traits of the alleles from the parent ‘Cirillo’.
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Figure 4. Partial genetic map of the regions on chromo-
somes 3B (a) and 7B (b) carrying the minor QTLs for SS
registered on 15 April, and the corresponding curves of the
LOD values. LOD significance threshold, calculated by
permutation test, was 3.1 (p <0.05).

050420205200, coding for a putatively NBS-LRR
protein positioned within the interval Os04g0129500—
050420352400 (Figure 5).

A similar approach was adopted for the minor
QTLs identified in this work. A relevant result was
obtained with the wPt-1191 marker, for which a 602 bp
long sequence was available (http://www.diversity
arrays.com/sequences.html). A BLASTN search
performed against the draft assembly of the gene-
rich regions of the bread wheat Chinese spring
genome, available in the cerals database (cerealsDB —
http://www.cerealsdb.uk.net/index.htm) has identi-
fied a 2873 bp long genomic contig which revealed to
be highly similar to a barley protein (BAJ90725, E
value 7e-72 with 78% identities on 196 aa following

Wheat Rice
2BS chromosome 4
)\é\,pt.1(73%44 030490129500
WMC) 4+ e----" R
>)<<% Ciaas T---" (1845K-1852K)
ac3s
R 050490205200
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wPt8404 T T TTe-ol _| osnago3s2400
Xwmcl54 T (16835K-16839K)
IIO cM
Xwmc597b T

Figure 5. Partial genetic map of the region on chromosome
2B carrying the major QTL for SBCMYV resistance and the
correspondence with putative synthenic loci on rice chro-
mosome 4. *This marker was mapped in the Meridiano x
Claudio population by Maccaferri et al. (2011).
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BLASTX search), encoding a putative NBS-LRR
protein.

Validating of identified SSR mavkers linked to the
major QTL on chromosome 2BS to predict resistance
to SBCMYV in durum wheat cultivars

The SSR markers flanking the QTL identified in the
Cirillo x Neodur mapping population, Xbcd348 and
Xbarc35 upstream and Xgwml128 downstream were
analyzed on a panel of durum wheat cultivars
previously tested for resistance to SBCMV.

Xbcd348 showed a simple amplification pattern:
two peaks of 330 and 334 bp were amplified in
Neodur, while only the 330 bp fragment was ampli-
fied in Cirillo. All resistant cultivars shared the
amplification profile of Neodur, except Ionio and
AC Melita, which were characterized by a null allele
and the same allele found in Cirillo, respectively. Six
of the susceptible genotypes had the allele of Cirillo,
while seven had the allele of Neodur. Ciccio was
characterized by a null allele.

The second marker, Xbarc35, produced a very
complex profile with three or four different peaks
amplified in each genotype (368 bp, 371 bp, and 374
bp in Neodur; 359 bp, 377 bp, 382 bp, and 391 bp in
Cirillo). All of the resistant cultivars except Ionio,
Cappelli, and AC Melita showed the amplification
profile of Neodur. Among the susceptible varieties,
Grazia and Varano shared a common amplification
profile with Cirillo; Karel and Fortore showed the
same peaks found in Neodur and the remaining
cultivars were characterized by different combina-
tions of peaks of 361, 371, 377, and 379 bp.

The third marker, Xgwmli128, yielded a peak of
158 bp in Neodur, and of 145 bp in Cirillo. The allele
of Neodur at the locus Xgwm 128 was identified in all
resistant cultivars except Capeiti and San Carlo,
where the Cirillo allele was found, and Saragolla
was characterized by a different allele of 148 bp. All
susceptible cultivars were characterized by the Cirillo
allele, except Ciccio, Karel, and Varano, which
showed null alleles, and Messapia showed a different
allele (154 bp). Due to their simpler amplification
profiles compared to Xbarc35, only the patterns of
Xbcd348 and Xgwmli128 are reported in Table 1.

Discussion

Obtaining reliable data on reactions to SBCMYV is
dependent on an adequate distribution of SBCMV
within the experimental field and on the appropriate
environmental conditions for infection. Although
they refer to one year, the field evaluation of the
Cirillo x Neodur segregating population was carried
out under optimal conditions. The uniform distribu-
tion of SBCMV throughout the field was confirmed
by replicating genotypes, as well as by monitoring of
the widespread planting of the susceptible check (cv.
Grazia). Thus, all genotypes were subjected to

approximately the same pathogen pressure under
the same conditions and at the same developmental
stage. Indeed, the parents of the segregating popula-
tion and lines were characterized by nearly the same
phenology, with Neodur slightly later than Cirillo in
terms of flowering date (data not shown). Finally, the
visual scoring of SS was accompanied by the evalua-
tion of the SBCMYV levels according to the presence
of the viral coat-protein, as revealed by ELISA.

The correlation between the mean SS and the
mean E values was high and statistically significant in
the RIL population, which indicates that the visual
score of SS in the field was generally confirmed by the
laboratory tests. Nevertheless, a few resistant geno-
types, including cv. Neodur, were characterized by
intermediate E values, and hence of virus concentra-
tion, in their leaves, as 1.0 to 1.5, and a clear resistance
in terms of field evaluation (SS < 1). The occurrence
of some intermediate phenotypes following the visual
scoring and ELISA evaluation was also clear from the
correlation plot (Figure 2), which suggests the pre-
sence of a major gene and of other genes with minor
effects that contribute to SBCMV resistance in the
Cirillo x Neodur segregating population.

The major gene identified in the present study
explained up to 87.6% of the observed variability for
resistance/susceptibility to SBCMYV in terms of SS,
and up to 49.1% in terms of E value. These are
relevant results, although a certain overestimation is
possible since the phenotypic data are from one
environment only. This gene thus represents a very
good target for the resistant breeding programs.

The locus identified in the present study might
correspond to a major QTL that was reported in a
preliminary study in the same chromosomal region in
bread wheat (Shm?2) by Bayles et al. (2007) and, in a
recent work, in the durum wheat cv. Meridiano by
Maccaferri et al. (2011). Considering the common
peak marker, wPt-2106, and the common resistant
ancestor (Cappelli) of the cultivars Neodur and
Meridiano, the gene for resistance to SBCMV in
Neodur might be the same as that identified in
Meridiano, even if more than one gene might be
located in this region, as suggested by the predomi-
nance of resistant genotypes with respect to suscep-
tible ones observed in the Cirillo x Neodur
population as well as in the population studied by
Maccaferri et al. (2011).

Three minor QTLs were also identified for SS3 on
chromosomes 3B and 7B, all contributed by Neodur.
Also these regions could correspond to those identi-
fied by Maccaferri et al. (2011) in the Meridia-
no x Claudio population based on common
molecular markers, with similar LOD and percentage
of explained variability values.

Since EST-derived SSR and STS markers were
utilized to develop the Cirillo x Neodur map, and
the sequence of 2000 wheat DArT clones has
recently been released (http://www.diversityarrays.
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com/sequences.html), a BLAST search was carried
out to find candidate genes co-mapping with the
resistant QTLs. Based on sequence similarity and
colinearity data between wheat and rice, we propose
that the markers wPt-1191 and wPt-1601 belong to
genes coding for NBS-LRR proteins and might
represent candidate genes for one of the two minor
QTLs on chromosome 3B and for the major QTL on
2BS, respectively. Many members of NBS-LRR class
of resistance genes have been shown to play a key role
in plant resistance against viruses. Encoded proteins
operate through a ‘gene-for-gene’ recognition of
pathogen avr factors, which for viruses consists of a
number of virus gene products. Interestingly, all the
virus resistance NBS-LRR gene products lack a
transmembrane domain, consistent with the intracel-
lular lifestyle of viruses and the location of the avr
products (Maule et al. 2007). NBS-LRR genes often
occur in clusters in resistance loci (Lehmann 2002);
other two sequences coding for NBS-LRR proteins
(0s04g0219600 and Os04g0312000) are indeed pre-
sent in the rice region of the chromosome 4 corre-
sponding to the major QTL for SBCMYV resistance on
wheat 2BS. Even if the identified genes are not
involved in resistance to SBCMYV, they are strictly
associated with the factor responsible of resistance,
representing, therefore, a good starting point for the
fine mapping and cloning of resistance QTLs based
on co-linearity information to the rice genome.

The association between molecular markers and
genes for resistance to various pathogens identified in
a particular RIL population might not be conserved
when analyzed in different genetic backgrounds (Bass
et al. 2006). The diagnostic value of the Xbcd348 and
Xgwml128 markers associated with resistance to
SBCMYV was tested in a panel of 13 resistant and 14
susceptible durum wheat cultivars (Table 1). The
Xbcd348 marker was effective in predicting resistance
(all resistant genotypes except one showed the same
allele carried by Neodur), although it was Iess
effective in indicating susceptibility. When different
genetic backgrounds were tested with the Xgwm1128
marker, 10 cultivars carrying the allele of Neodur at
this locus had previously been described as resistant,
and only one cultivar carrying the Neodur allele had
been classified as susceptible. When both of the
Xbcd348 and Xgwmll28 markers were considered,
nearly all varieties showing the same allele as Neodur
at the two loci had the resistant phenotype. The only
exception was Agridur, which is a cultivar derived
from Edmore, where a double recombination event
broke the linkage between the resistance gene and the
flanking markers. The distance between these mar-
kers justifies the occurrence of double recombination
events, and alleles similar to cv. Neodur are expected
to be found when sequence-specific markers will be
developed from the sequence of the DArT markers
positioned at the peak of the QTL. The scarcity of
PCR-based molecular markers in the region where

the major QTL for resistance was identified in the
present study is a common feature of a number of
linkage maps that have been developed in both bread
and durum wheat (Huynh et al. 2008; Mantovani
et al. 2008; Suprayogi et al. 2009; Genc et al. 2010);
therefore, although not optimal, the Xbcd348 and
Xgwml1128 markers identified in the present study
represent a useful panel for the prediction of resis-
tance/susceptibility to SBCMYV in durum wheat.

An interesting question concerns the origin of the
resistance to SBCMYV identified in the present study
and its occurrence in the other cultivars that are all
characterized by a common ancestor. Based on the
pedigree data reported in Table 1, Cappelli (resistant to
SBCMYV) is a common ancestor for all of the resistant
genotypes analyzed here, except for San Carlo, which
might be characterized by a different resistance locus.
Cappelli also shares the same alleles as Neodur at the
SBCM V-resistant flanking loci. Therefore, it is likely
that Cappelli represents the original source of the
resistance to SBCMYV in durum wheat. In these terms,
the African population from which Cappelli was
selected at the beginning of the twentieth century might
have provided the resistance to SBCMYV to the derivate
genotypes bred independently in Italy, USA, Mexico,
Canada, and France. The wide use of Cappelli during
the first half of the twentieth century in the Italian (and
worldwide) breeding programs has been well described
(Bozzini et al. 1998; Maccaferri et al. 2003). A large
portion of the molecular variation detected among
modern cultivars (41.5%) can be traced back to alleles
present in the ancient founder Cappelli (Maccaferri
et al. 2003). Furthermore, bread and durum genotypes
probably share the source of this resistance, consider-
ing that the resistant locus Sbhm2 was mapped on
chromosome 2BS near the Xbarc35 marker (Bayles
et al. 2007), the same marker that is associated with
SBCMYV resistance in the Cirillo x Neodur population.

In conclusion, the Xbcd348 marker, in combina-
tion with Xgwmll28, represents a useful tool for
recovering resistance in crosses derived from Neodur,
and predicting resistance/susceptibility in durum
wheat varieties. In perspective, the availability of
information about DArT sequences can be used to
develop new PCR-based markers that are more
effective for MAS for SCBMYV resistance in wheat.
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