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Fusarium head blight (FHB) damage in durum wheat (7riticum turgidum L. var. durum
Desft., turgidum) inflicted massive economic losses worldwide. Meanwhile, FHB resistant
durum wheat germplasm is extremely limited. ‘Tunisian108’ is a newly identified tetraploid
wheat with FHB resistance. However, genomic regions in ‘Tunisian108” that significantly
associated with FHB resistance are yet unclear. Therefore, a population of 171 backcross
inbred lines (BC,F,) derived from a cross between ‘Tunisian108’ and a susceptible durum
cultivar ‘Ben’ was characterized. Fusarium graminearum (R010, R1267, and R1322) was
point inoculated (greenhouse) or spawn inoculated (field) in 2010 and 2011. Disease sever-
ity, Fusarium-damaged kernel (FDK) and mycotoxins were measured. Analysis of variance
showed significant genotype and genotype by environment effect on all traits. Approximately
8% of the lines in field and 25% of the lines in greenhouse were more resistance than
Tunisian108. A framework linkage map of 267 DArt plus 62 SSR markers was developed
representing 239 unique loci and covering a total distance of 1887.6 cM. Composite interval
mapping revealed nine QTL for FHB severity, four QTL for DON, and four QTL for FDK
on seven chromosomes. Two novel QTL, OQfhb.ndsu-3BL and Qfhb.ndsu-2B, were identified
for disease severity, explaining 11 and 6% of the phenotypic variation, respectively. Also, a
QTL with large effect on severity and a QTL with negative effect on FDK on chromosome
5A were identified. Importantly, a novel region on chromosome 2B was identified with mul-
tiple FHB resistance. Validation on these QTL would facilitate the durum wheat resistance
breeding.
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Introduction

Fusarium head blight (FHB), caused primarily by the fungus Fusarium graminearum
Schwabe [teleomorph Gibberella zeae (Schw.) Petch], is a devastating disease of both
common (7. aestivum L., 2n = 6x = 42, AABBDD) and durum (7. turgidum L. var. durum
Desf., 2n = 4x = 28, AABB) wheat worldwide (Chen et al. 2007). Favorable conditions
for Fusarium infection from 1997-2000 caused an epidemic in the US resulting in $2.7
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billion loss in wheat and barley (Hordeum vulgare L.) (Nganje et al. 2002), and $6.2 bil-
lion in the Northern Great Plains from 1993 through 2001 (Nganje et al. 2004).

FHB is commonly referred to as “wheat scab”; a descriptive nomination that harkens
back to the first documented FHB-outbreak, which occurred in England in 1884 (Stack
2003). FHB can cause bleached spikes, spikelet sterility, poor seed filling, low seed
weight and tombstone seeds. Furthermore, grain marketing value is drastically affected
by scabby wheat due to mycotoxin contamination from deoxynivalenol (DON), zearale-
non (ZEN) and other masked toxins, and diminished milling and baking quality (Gilbert
and Tekauz 2000). Development of host genetic resistance is the preferred strategy to
reduce FHB effects, since cultural management practices and chemical controls are con-
sidered impractical or ineffective (Bai and Shaner 1994). Therefore, identification and
incorporation of FHB resistance factors is an emphasis for plant breeders.

In recent years, notable high-quality common wheat cultivars with available FHB-re-
sistance genes have been developed (Buerstmayr et al. 2012). However, introgression of
FHB resistance sources from hexaploid wheat to tetraploid wheat has been nominal. The
lack of resistance sources in tetraploid durum wheat has shifted efforts toward utilization
of wild emmer (Oliver et al. 2005), alien species (Oliver et al. 2007) and exotic lines
(Ghavami et al. 2011). North Dakota State University (NDSU) durum wheat breeding
program screened approximately 7,500 durum wheat accessions and identified five lines
with moderate levels of Type Il resistance (Elias et al. 2005; Huhn et al. 2012). The five
resistant lines (Tunisian 7, 18, 34, 36 and 108) are from the International Center for Agri-
cultural Research in the Dry Areas (ICARDA), and are the only FHB-resistant durum
lines identified to date. Ghavami et al. (2011) revealed that the genetic backgrounds of
these five Tunisian lines are distinctly different from adapted cultivars. Huhn et al. (2012)
reported that these five Tunisian lines could possess novel QTL for FHB resistance. Fur-
ther, lines derived from these sources have shown resistance levels that can rival the best
resistant hexaploid wheat (e.g., Sumai 3), with FHB severity of 10 to 25% (Ghavami et
al. 2011). Objective of the current study was to identify genomic regions significantly
associated with FHB resistance in an exotic Tunisian durum line 108.

Materials and Methods
Development of backcross inbred line (BIL) population

The present study used a BIL population developed from a cross of two durum wheat
genotypes: ‘Ben’ and ‘Tunisian 108’ (Tun108). The recurrent parent ‘Ben’ is a medium
height, high-yielding commercial spring durum wheat cultivar (Elias and Miller 1998)
with 70-95% of infection to FHB according to our field and greenhouse results. The
donor parent ‘Tunisian108’ is an exotic Tunisian durum wheat genotype with moderate
resistance to FHB. A total of 171 BC,F, BILs along with their parental genotypes (‘Tu-
nisian108” and ‘Ben’) and fourteen checks were evaluated for FHB resistance in this
study.
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Phenotypic evaluation

Phenotypic evaluation was performed in two field trials and two greenhouse experiments
during 2010 and 2011. The field trials were conducted in Prosper, North Dakota and the
data for disease severity was recorded during both years. In the field, lines including the
population and check plants were sown in randomized complete block design (RCBD)
with two replicates. Plants were sown in 2-m row in May of both years. The field nursery
was mist-irrigated and then inoculated using infected corn kernels (Stack 1989). The in-
oculum was a mixture of three different isolates of F. graminearum (R010, R1267, and
R1322) to maximize the infection likelihood and to simulate natural environmental con-
ditions. All genotypes reached anthesis almost similar time. The inoculation initiated at
the beginning of heading stage and was repeated for two more times at 10 day intervals.
In greenhouse experiments, each replication consisted of three plants in a 15 cm clay pot.
The mixture of F. graminearum isolates (R010, R1267, and R1322) was applied. A 10 pl
droplet containing a mixture of conidia (50,000 conidia/ml) was used to inoculate four to
six spikes per replication. Inoculum was injected directly into the second or third single
spikelet near the bottom of the spike in anthesis stage, following procedure described by
Stack (1989). Each inoculated spike was covered by misted plastic bag for 72 hours. Dis-
ease severity was scored as the percentage (0 to 100%) of infected spikelets per spike 21
days after inoculation (Stack 1989). Disease severity was scored for 10 spikes as the
decimal percentage (0 to 100%) of visually infected spikelets per whole spikes 21 days
after anthesis (Gosman et al. 2005). Deoxynivalenol (DON), 15-acetate deoxynivalenol
(15ADON), Fusarium-damaged kernel (FDK) were measured in field experiment in
2011.

Statistical analysis

Analysis of variance for single and combined years for disease severity, FDK, DON, and
15ADON was conducted using Proc GLM of SAS version 9.1 (SAS Institute, Cary, NC).
Prior to the combined analysis, error variances from the two locations were tested for
homogeneity using a ratio of the two F values. Using Proc Corr command (SAS 9.1),
Pearson’s correlation between field and greenhouse experiments and seasons was con-
ducted. Also, broad-sense heritability (h?) was estimated.

Genotypic analysis

DNA from the 171 BIL population lines, nine checks, and two parental lines was ex-
tracted according to conditions prescribed by Triticarte Pty. Ltd. (http://www.triticarte.
com.au/). All lines were genotyped using Diversity Array Technology (DArT) assay, per-
formed by Triticarte Pty. Ltd. (Canberra, Australia; http://www.triticarte.com.au) (Akbari
et al. 2006). An array of 2300 DArT markers, distributed across the entire durum wheat
genome, was used to screen all the lines. In addition, 305 microsatellite markers were
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tested for polymorphism on the parental lines using standard polymerase chain reaction
(PCR) conditions (Roeder et al. 1998).

Genetic map construction and QTL analysis

The genotypic marker data for all the polymorphic DArT and SSR on 171 BILs was used
to construct the linkage maps using MAPMAKER v.2.0 (Lander et al. 1989). A set of
DArT markers were selected and used as anchors based on available genetic maps (Man-
tovani et al. 2008; Peleg et al. 2008; Ghavami et al. 2011; Huang et al. 2012). The main
criteria for anchor marker selection were that they have been mapped only to one specific
chromosome in earlier studies (Mantovani et al. 2008; Peleg et al. 2008; Ghavami et al.
2011; Huang et al. 2012), and in total, cover as much of each chromosome as possible.
A minimum LOD score of 3.0 and maximum distance of 30 ¢cM was used to assign mark-
ers to a particular group or chromosome. The remaining markers were then added to this
initial map. Map distances were calculated from recombination fractions using the Kosa-
mbi mapping function (Kosambi 1944). Linkage maps were drafted using MapChart
(Voorrips 2002). QTL analysis was carried out by composite interval mapping (CIM)
using QTL Cartographer V2.5 (Wang et al. 2012). To detect authentic QTL, model 6 with
forward and backward step-wise regression, five markers as cofactors to control genetic
background, and a 10 ¢cM genome-wide scan window was used. A minimum LOD score
of 2.0 was used for determining the presence of a putative QTL. Confidence intervals (CI)
were obtained using positions £1 LOD away from the peak and the QTL with overlapping
Cls were considered as the same. Permutation test using 500 iterations also was per-
formed to determine threshold LOD scores for each trait in each environment with 5%
error rate. QTL above threshold LOD scores were considered significant. Average pheno-
typic values for homogeneous environments (field and greenhouse) were separately uti-
lized in QTL mapping.

Results

Phenotypic analysis

There were significant differences among genotypes including the parents for FHB dis-
ease severity when evaluated in the field and the greenhouse (Fig. S1*¥). Wide range of
FHB infection rate were measured for control cultivars and lines. The highest disease
severity were assessed for line D87450 and the lowest phenotypic values for disease se-
verity were measured for Sumai 3 across the experiments (data not shown). Correlations
were computed for years and disease severity. FHB severity values for field trials were
significantly correlated across years (r=0.26, P <0.0005). FHB severity values for
greenhouse trials also were significantly correlated across years (r = 0.16, P <0.04). The
only significant correlation between field and greenhouse environments resulted for 2011
(r=0.18, P<0.01). Broad sense heritability was estimated for disease severity in field

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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experiments (23.15%) and greenhouse screening (44.4%). Generally, more lines showed
high resistance in greenhouse than in field (Figure S1). Transgressive segregation for re-
sistance to FHB severity was observed within the population (Figure S1). Fourteen lines
in the field experiments and 43 lines in greenhouse screening performed significantly
better than the resistant parent, while only 5 lines (TB-83, TB-87, TB-89, TB-50, TB-
120) showed high level of resistance across the experiments. These 5 lines showed only
10 to 20 percent of disease severity in greenhouse screening and 20 to 30 percent of dis-
ease incidence in the field across the experiments.

Genetic map

Seventy one out of 305 SSR markers detected polymorphism between the two parental
genotypes ‘Tunisian108’ and ‘Ben’ and segregated in the population as expected. DArT
genotyping identified an additional 310 polymorphic marker loci. Thus, totally 381 mark-
er loci (71 SSRs and 310 DArTs) were used to genotype the mapping population. How-
ever, there were 30 highly distorted DArT markers, and thus being excluded. This left a
total of 351 markers (71 SSRs and 280 DArTs) for map construction. Using a minimum
LOD of 3 as critical value, nine SSRs and thirteen DArTs were further excluded. There-
fore, a total of 329 marker loci (62 SSRs and 267 DArTs) were mapped to 239 unique
positions located on 13 chromosomes (all except 4B were covered) at a minimum LOD
of 3 (Figure S2). The number of marker loci mapped on individual chromosomes varied
from 7 on 3A to 66 on 3B. This map covered a total genetic distance of 1887.6 cM, with
an average distance of 7.89 ¢cM between any two marker loci. The total genetic distance
for B genome chromosomes was 1116.8 cM, and 770.8cM for A genome chromosomes.
Individual chromosome lengths varied from 16.9 ¢cM for 3A to 217.3 ¢M for 5B. Com-
parative investigation indicated that 211 out of 329 (64.13%) DArT and SSR mapped
marker loci on the BIL population were consistent with recently available bread and du-
rum wheat maps (Akbari et al. 2006; Crossa et al. 2007; Marone et al. 2012). Although
DArT analysis revealed 11 polymorphic marker loci for chromosome 4B, they were ex-
cluded from mapping process due to unexpected distortion. Lack of polymorphic micro-
satellite loci for chromosome 4B was another reason this portion of the genome was not
mapped. Due to same reasons, only a few DArT markers covered 3A chromosome.

OTL mapping

QTL analysis for FHB resistance in this population identified a total of nine regions sig-
nificantly associated with FHB severity, four regions significantly associated with myco-
toxin (DON and 15ADON), and four regions significantly associated with FDK
(Table S1). These QTL were located on seven different chromosomes, including 1A, 1B,
2B, 3B, 5A, 5B, and 7B, with one QTL on chromosomes 1A (DON), two QTL on chro-
mosome 5A (FHB severity in Greenhouse and FDK), two QTL on chromosome 1B (FDK
and FHB severity in field), five QTL on chromosome 2B (FHB severity in greenhouse
and field, ISADON, DON and FDK), three QTL on chromosome 3B (FHB severity in
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greenhouse and field, and 15ADON), two QTL on chromosome 5B (FDK and FHB se-
verity in greenhouse), and two QTL on chromosomes 7B (FHB severity in greenhouse
and field). Fourteen out of seventeen QTL identified for FHB resistance mapped to a B-
genome chromosome. The QTL on chromosome 2B was present in both the 2010 green-
house and 2011 field environment. The phenotypic variation controlled by these QTL
ranged from 4.8% (Qfhb.ndsu-7B) to 23.7% (Ofhb.ndsu-5A). The positive alleles for in-
creased resistance at twelve loci, including the QTL on chromosome 2B and 3B and Qfhb.
ndsu-54, were contributed by the moderately resistant Tunisian parent (‘Tunisian108”),
while positive alleles for increased resistance at five loci (on chromosome 1A, 1B, 5A, 5B
and 7B) were contributed by the susceptible parent ‘Ben’ with negative additive effects
(Table S1). Further study revealed that the 5 most resistant lines were carrying all of the
positive alleles introgressed from Tunisian 108.

Discussion

For several decades, new sources of resistance to FHB in bread wheat have contributed
greatly to the breeding and cultivar development effort. The Tunisian germplasm utilized
in this study presents an excellent resource for developing FHB-resistant durum cultivars.
In this study, a number of lines were identified with medium to high level of FHB resist-
ance. These lines provided resistance comparable with that shown in resistant hexaploid
genotypes (e.g., ‘Sumai 3’ and ‘Wangshubai’). Ghavami et al. (2011) observed transgres-
sive segregation for FHB severity in a Tunisian-derived durum population; the same phe-
nomenon was observed in the current investigation, where approximately 8% of lines (14
lines) in the field experiment and 25% of lines (43 lines) in the greenhouse screening
showed lower levels of disease severity than the resistant parent. While only 5 lines were
consistently resistant across the experiments.

Seventeen QTL were identified, however, only QTL on chromosomes 2B and 3B were
consistently presented both in greenhouse and field over years, due to significant geno-
type by environment interaction (Table S1). Except for the QTL on chromosomes 1A, 2B
and 3B, others have been identified previously in different durum wheat populations
(Ruan et al. 2012). Interestingly, majority of the resistance QTL were located on B-ge-
nome. A QTL was identified on the long arm of chromosome 1B using the combined field
data. This QTL was not observed in either of the individual field year environments, de-
spite the homogeneity of the 2010 and 2011 field data. The QTL was derived from the
recurrent parent ‘Ben’, with r> = 16.3. Several other researchers also have reported FHB
resistance factors on chromosome 1B albeit at different locations (Shen et al. 2003; Liu et
al. 2012). The novel QTL QOfhb.ndsu-2B showed significant effect for FHB resistance in
field and greenhouse screening, with r? of 6-10% for different traits. The Qfhb.ndsu-2B
spans a 16.9 ¢cM marker interval. The marker (gwm71) linked to this interval has been
mapped to the short arm of chromosome 2B in various studies (Roeder et al. 1998; Mar-
one et al. 2012). To date, a number of FHB QTL have been mapped to the short arm of
chromosome 2B (Gervais et al. 2003; Somers et al. 2006) but they are not located in the
same region as Qfhb.ndsu-2B. Moreover, three QTL identified on the long arm of chro-

Cereal Research Communications 47, 2019



84 PIRSEYEDI et al.: Genetics of FHB Resistance in Durum Wheat

mosome 3B were present in both the field and greenhouse experiments, and likely are the
same. The chromosome 3B QTL identified here is apparently different from both F4b/ in
T. aestivum reported by Anderson et al. (2001), and Ofhs.ndsu-3BS on T. turgidum var.
durum (Tun34) reported by Ghavami et al. (2011). To date, there are at least three reports
(Bourdoncle and Ohm 2003; Paillard et al. 2004; Liu et al. 2007) for 3BL-FHB Type 11
resistance QTL with three associated microsatellite loci (Xgwm247, Xgwm131b and
Xgwm285). None of these markers were polymorphic for Tunisian-derived population.
The tightly associated microsatellite locus (Xbarc229) has been mapped on long arm of
chromosome 3B (Roeder et al. 1998), which confirms the location of the 3B resistance
FHB-QTL identified in this investigation.

A QTL with large effect (r> = 24%) was identified on chromosome 5A, derived from
“Tunisian108’, which might be at the same position shown in other findings in hexaploid
wheat (Buerstmayr et al. 2003a,b; Gervais et al. 2003; Shen et al. 2003; Paillard et al.
2004). A QTL showing negative additive effect on FDK was also identified on chromo-
some 5A, which was derived from ‘Ben’. Moreover, two QTLs were mapped on chromo-
some 7B. The markers associated with these loci were previously mapped on the proxi-
mal and the distal segments of the short arm of chromosome 7B (Mantovani et al. 2008,
Marone et al. 2012). The resistance QTL located on the distal region of the short arm of
chromosome 7B was derived from the recurrent parent ‘Ben’, and was previously identi-
fied in moderately resistant cultivars ‘Dream’ (Schmolke et al. 2005) and ‘Cansas’ (Klahr
et al. 2007). The QTL located on the proximal region of the short arm of chromosome 7B
has not been previously reported. Resistance alleles identified on chromosomes 1B, 5B
and 7B in this study are from the recurrent parent ‘Ben’ (non-donor parent), with differing
levels of contribution to the phenotypic variation (16.3%, 5.0%, and 4.8%, respectively).
Resistance factors conferred by the recurrent (non-donor) parent are a widely reported
phenomenon (Shen et al. 2003; Mardi et al. 2006; Ghavami et al. 2011). This occurrence
is expected, considering the transgressive segregation observed for FHB resistance pre-
sent in the population, the partial resistance and partial susceptibility of the population
parents, and the general nature of FHB resistance as a quantitative trait. To date the 5
highly resistant lines in this experiment are recognized as promising lines in durum wheat
project of NDSU, which can be used for further resistance breeding. Since these lines
carrying positive alleles for all resistance QTL introgressed from resistant parent, the as-
sociated SSR markers in Table S1 can be used for marker assisted selection in further
breeding program.
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Tunisian108/Ben//Ben BC,F; population; GH presents FHB severity in greenhouse, F represents FHB severity
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