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Abstract: Wheat is the most widely grown crop and represents the staple food for one third of the
world’s population. Wheat is attacked by a large variety of pathogens and the use of resistant cultivars
is an effective and environmentally safe strategy for controlling diseases and eliminating the use of
fungicides. In this study, a collection of wild and cultivated tetraploid wheats (Triticum turgidum)
were evaluated for seedling resistance (SR) and adult plant resistance (APR) to powdery mildew
(Blumeria graminis) and genotyped with a 90K single nucleotide polymorphism (SNP) array to identify
new sources of resistance genes. The genome-wide association mapping detected 18 quantitative
trait loci (QTL) for APR and 8 QTL for SR, four of which were identical or at least closely linked to
four QTL for APR. Thirteen candidate genes, containing nucleotide binding sites and leucine-rich
repeats, were localized in the confidence intervals of the QTL-tagging SNPs. The marker IWB6155,
associated to QPm.mgb-1AS, was located within the gene TRITD1Av1G004560 coding for a disease
resistance protein. While most of the identified QTL were described previously, five QTL for APR
(QPm.mgb-1AS, QPm.mgb-2BS, QPm.mgb-3BL.1, QPm.mgb-4BL, QPm.mgb-7BS.1) and three QTL for SR
(QPm.mgb-3BL.3, QPm.mgb-5AL.2, QPm.mgb-7BS.2) were mapped on chromosome regions where no
resistance gene was reported before. The novel QTL/genes can contribute to enriching the resistance
sources available to breeders.
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1. Introduction

Wheat is the most widely grown crop in the world and provides nearly 55% of the carbohydrates
and 20% of the daily protein consumed worldwide. It contributes remarkably to human nutrition
as it represents the staple food for about one third of the world’s population [1]. With a predicted
world population of 9 billion in 2050, demand for wheat grain is predicted to increase by 50–110%
from today’s levels [2]. To meet this demand, innovative cropping systems and genetic improvement
for wheat yield, tolerance to abiotic stresses, pathogens and pests, and nitrogen and phosphorous use
efficiency, represent a priority for all countries [3].

Wheat is attacked by a large variety of pathogens, mostly of fungal origin. Powdery mildew (PM),
caused by Blumeria graminis (DC) Speer f. sp. tritici Em. Marchal (syn. Erysiphe graminis f. sp. tritici)
(Btg), is a disease of major importance, as foliar damage results in yield loss in many wheat growing
areas with humid or semi-continental environments [4]. The use of resistant cultivars has proved to be
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an effective and environmentally safe strategy for controlling wheat pathogens and eliminating the use
of fungicides [5,6]. However, natural populations of the pathogen consist of multiple races, and new
ones continue to be formed as a result of genetic recombination that could lead to the breakdown of
resistance genes. For example, the defeat of Pm17, Pm3a, and Pm4a was reported in some Eastern and
mid-Atlantic regions of USA [7–9] and of Pm8 in China [10]. Consequently, most resistance genes tend
to become ineffective within a short period, and therefore new sources of resistance to new races are
needed for a more effective and durable resistance [11]. The common management strategy has been
to replace cultivars when their resistance is no longer effective, and the diversification of sources of
resistance, provided that an adequate number of resistance genes are available [12].

Resistance to diseases in crops is typically classified in two main types: qualitative resistance, which
is determined by major race-specific resistance genes, and quantitative resistance controlled by several
genes (quantitative trait loci, QTL) with additive effects [13]. The race-specific resistance is attributed
to the presence of a major resistance gene (R gene) and to a corresponding pathogen avirulence gene
(Avr gene); the plant R gene codes for a receptor that is activated by a pathogen effector [14], and it
usually confers resistance at all plant stages. So far, 67 genes for PM resistance (Pm1-Pm67) that map
to all wheat chromosomes have been identified [15,16]. Some of these genes have been transferred
from wild and domesticated related species (T. turgidum, T. timopheevii, T. monococcum, T. spelta,
Ae. tauschii, Ae. longissima, Ae. speltoides, Ae. ovata, or from more distant species, such Secale cereale and
Dasypyrum villosum) to cultivated durum and bread wheat [17]. Ten PM resistance genes, all encoding
the nucleotide binding sites and leucine-rich repeat (NBS-LRR) proteins, have been cloned to date:
Pm3 [18], Pm38 [19], Pm8 [20], Pm46 [21], Pm2 [22], Pm21 [23–25], Pm17 [26], Pm60 [27], Pm5 [28],
Pm24 [29] and Pm41 [30].

A well-studied PM susceptibility gene is MLO (Mildew-Locus-O) which was first demonstrated
in barley in 1942 [31], and later reported in rice and wheat [32,33]. In barley, the recessive allele mlo
(natural and induced loss-of-function mutations of Mlo) confers broad-spectrum resistance against
most Bgt races and with long-standing efficacy [31,34]. Recently, Mlo mutants showing good Bgt
resistance have been generated in bread wheat by different technologies [35,36].

A second type of resistance to powdery mildew is determined by two to several non-race
specific genes with additive effects and commonly effective at adult-plant stage (often designated
polygenic resistance, horizontal resistance, quantitative resistance, adult plant resistance, APR).
Quantitative resistance is usually analyzed by quantitative genetics methods, including estimating
genetic components, heritability, and effective gene numbers. So far, several studies have mapped
more than 100 QTL on all chromosomes [17], none of which have yet been cloned. The classical
genetic analysis of quantitative traits is carried out on segregating biparental populations evaluated
for the traits of interest and genotyped with DNA-based molecular markers. The genetic dissection
of a complex trait into discrete quantitative trait loci exploits the association between molecular
markers and QTL [37]. This approach requires the cost- and time-consuming development of large
mapping populations (usually recombinant inbred lines and doubled-haploid lines) segregating for
the quantitative trait, and the linkage analysis is restricted to loci in genomic regions containing
polymorphisms between the two parental lines. The resolution power is rather poor due to the low
number of crossing-over and the strong linkage disequilibrium (LD), making further analysis necessary
for fine mapping of the detected QTL region covering many cM [38].

The alternative approach to the traditional linkage-based QTL mapping is the Genome-Wide
Association Study (GWAS) based on LD and that uses a variety of genotypes (germplasm accessions,
landraces, breeding lines, cultivars) representing the products of hundreds of recombination cycles,
thus giving a more precise location of individual QTL [39]. The major limitations of GWAS lie in the
large frequency of false-positive associations resulting from population structure, relative kinship
among individuals, and multiple testing of thousands of markers, and of false-negatives that result
after application of Bonferroni or false discovery rate corrections [40]. Merits and demerits of GWAS in
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some major crops (maize, wheat, rice, sorghum and soybean), the correction required to address the
limitations of GWAS, and the utilization for crop improvement were discussed by Gupta et al. [41].

In this paper, we report the assessment of the genetic diversity for seedling resistance (SR) and
adult plant resistance (APR) to powdery mildew in a panel of wild and cultivated tetraploid wheats
including seven subspecies of Triticum turgidum (durum, turanicum, polonicum, turgidum, carthlicum,
dicoccum and dicoccoides) by exploiting genomic resources and single nucleotide polymorphism (SNP)
markers. The primary objectives were to perform a GWAS to identify (a) new sources of PM resistance
genes; (b) provide the precise map position of associate SNP markers on the high-density SNP-based
consensus durum map [42]; (c) identify candidate genes. Each T. turgidum subspecies is easily
crossable with both cultivated durum and common wheats and simply breeding procedures enable
an efficient introgression of desirable alleles from each subspecies into the cultivated gene pool [43].
The identification of genetic loci controlling SR and APR to powdery mildew will provide additional
genetic resources to breeders for improve commercial cultivars of durum and bread wheat, as well as the
opportunity to develop tightly linked markers to be used in marker-assisted selection (MAS) programs.

2. Results

2.1. Powdery Mildew Resistance in the Tetraploid Wheat Collection.

The tetraploid wheat collection, including 221 accessions of wild and cultivated genotypes
belonging to seven T. turgidum subspecies, was evaluated for APR in a greenhouse experiment. The PM
susceptible control cv. Ciccio, repeated ten times in each replication, always showed high levels of
infection type (IT) (7–8) by the pathogenic fungus. Mean values of APR for each examined accession
are reported in Table S1, and means, standard deviations and ranges for the whole collection and for
each T. turgidum subspecies are reported in Table 1. Phenotypic variation in the whole collection ranged
from highly resistant genotypes (22.6% of the accessions with IT from 0 to 2) to highly susceptible
genotypes (22.5% of the accessions with IT from 6 to 9). The percentage of resistant accessions within
the examined subspecies was highly variable, with values ranging between 0% for ssp. turanicum to
8.0% for ssp. durum, 83.3% for ssp. dicoccum and 88.9% for ssp. dicoccoides.

Table 1. Summary of phenotypic data of 221 tetraploid wheat accessions evaluated for their reaction
to Blumeria graminis f. sp. tritici at adult plant and seedling stages. All lines were classified into two
groups with resistant lines (R) scoring 0–2 at seedlings and adult plants, and susceptible lines (S) scoring
2.1–4.0 for seedlings and 2.1–9.0 for adult plants. SD = standard deviation. RR = Resistant accessions at
seedling and adult plant stages.

Triticum turgidum
Subspecies

N. of
Accessions

Adult Plants
(Infection Type Scale 0–9)

Seedlings
(Infection Type Scale 0–4) RR

Mean SD Min. Max. R S Mean SD Min. Max. R S

durum 125 4.9 1.7 0.0 7.8 10 115 3.8 0.7 0.5 4.0 5 120 3
turanicum 20 5.6 1.1 3.1 8.0 0 20 3.9 0.2 3.4 4.0 0 20 0
polonicum 19 2.2 2.2 0.0 7.5 10 9 3.4 1.2 0.5 4.0 3 16 3
turgidum 18 3.7 0.4 0.1 5.6 3 15 3.9 0.2 3.5 4.0 0 18 0
carthlicum 12 3.1 2.3 0.1 6.3 4 8 2.9 1.5 0.5 4.0 4 8 3
dicoccum 18 0.8 1.6 0.0 5.6 15 3 2.0 1.7 0.0 4.0 10 8 9
dicoccoides 9 0.6 1.0 0.0 3.1 8 1 1.2 1.2 0.0 4.0 8 1 8
Whole collection 221 4.0 2.3 0.0 8.0 50 171 3.5 1.1 0.0 4.0 30 191 26

The seedling response (Stakman scale 0–4) [44] to Bgt isolate O2 ranged from 0 to 4 in the whole
collection, with 12.7% of highly resistant accessions (IT from 0 to 1.0) and 56.1% of highly susceptible
accessions (IT = 4.0). Few accessions of cultivated durum wheat showed PM resistance (5 out of
125 genotypes), while a high percentage of ssp. dicoccum and ssp. dicoccoides accessions showed
high resistance levels (55.6% and 88.9%, respectively). No resistant accession was found within the
ssp. turanicum and ssp. turgidum.
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The frequency distributions of infection type for APR and SR (Figure 1) were shifted toward low
IT levels (PM resistance accessions), and the Shapiro–Wilks test [45] indicated significant deviations
from normal distribution. The square root, arcsine and log transformation of IT values did not improve
the normality of the original phenotypic data (data not shown). Overall, more examined accessions
showed APR (22.6%) than seedling resistance (13.6%), suggesting that some genes for APR might be
different from those expressed at seedling stage. Twenty-six out of 221 accessions (11.8%), including
nine genotypes of ssp. dicoccum and eight genotypes of ssp. dicoccoides, showed a combined resistance
at seedling and adult plant stages (Table 1 and Table S1), and can be considered a good source of PM
resistance to be used in wheat breeding programs.
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Figure 1. Frequency distribution of adult plant resistance (a) and seedling resistance (b) to powdery
mildew in a collection of 221 tetraploid wheats.

2.2. Association Analysis for Bgt Resistance

The tetraploid wheat collection was genotyped by the Illumina 90K iSelect array containing 81,587
SNPs [46]. After removing failed and monomorphic markers, SNPs with more than 20% missing data
or with a minor allele frequency of less than 5.0%, and unmapped markers, a total of 19.393 SNPs
mapped in the durum consensus map [42] were retained for GWAS. The total length of the genetic
map was 2554.8 cM with an average distance of 7.6 cM between adjacent markers (Table S2). A total of
8377 markers localized on the genome A and 11,002 on the genome B, with a total length of 1278.8 and
1276.2 cM, respectively. The lengths of individual chromosomes varied from 131.2 cM (chromosome
6A) to 217.0 cM (chromosome 5A), while the number of markers ranged from 912 (4A) to 2057 (2B).
The SNP density varied from a minimum of 5.2 for chromosomes 4A e 5A to a maximum of 11.6 for
chromosome 1B.

In order to consider possible confounding effects of population structure and relative kinship,
and then to minimize false-positive associations, data for APR and SR were preliminarily analyzed by
four statistical models (GLM, GLM+Q, MLM+K, MLM+K+Q), taking into account the Q matrix and the
Kinship (K) matrix. The inspection of Q–Q plots (Figure S1) indicated significant deviations of observed
-log10(p) values from the expected -log10(p) distributions for the GLM and GLM+Q models and a closer
observed and expected distributions for the MLM+K and MLM+K+Q models. The MLM+K+Q model
was definitively used for the GWAS analysis as it produced the best results. However, the MLM+K+Q
for the seedling response to Bgt infection continued to produce significant deviations. In order to
reduce the number of false positives (type 1 error), the threshold value for declaring the significance of
SR QTL was raised to the more stringent 5.6 LOD value (corresponding to 0.000005 p) determined by
the Bonferroni method [47].

The GWAS analysis detected 18 significant QTL for APR and 8 QTL for SR distributed on all
chromosomes excluding 6A (Table 2 and Figure 2). Table 2 shows the map position of detected QTL
according to the durum consensus map [42], the physical position of the tag-SNP marker for each QTL
according to the durum wheat genome assembly [48], the frequency of the resistance and susceptibility
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alleles to Bgt, and the LOD score and the determination coefficient (R2) of each QTL. Four QTL
for APR were detected on chromosomes 3AL, 3BL, 6BL and 7BS (QPm.mgb-3AL.1, QPm.mgb-3BL.2,
QPm.mgb-6BL.1, QPm.mgb-7BS.1), co-located in the same confidence intervals of four QTL for SR
(QPm.mgb-3AL.2, QPm.mgb-3BL.4, QPm.mgb-6BL.3, QPm.mgb-7BS.2), thus indicating different tightly
linked loci or that the same loci might control APR and SR.

Table 2. Quantitative trait loci (QTL) for adult plant resistance and seedling (isolate O2) resistance
to Blumeria graminis f. sp. tritici in a tetraploid wheat collection. Marker position is referred to the
durum wheat consensus map [42] and physical position to the genome assembly of Triticum turgidum
ssp. durum cv. Svevo.v1 [48].

QTL Marker Chrom. Genetic
Position (cM)

Physical
Position (bp) SNP Allele Allele

Frequency p Value R2 (%)

R S R S -log10(p)

Adult plants
QPm.mgb-1AS IWB6155 1AS 10.8 9,960,116 A C 31 157 3.0 5.6
QPm.mgb-1AL IWB1562 1AL 105.5 535,547,520 A G 35 184 3.4 5.9
QPm.mgb-1BL IWB62270 1BL 115.7 560,384,200 A G 60 160 3.4 6.0
QPm.mgb-2AL.1 IWA6963 2AL 208.7 774,519,768 A G 100 116 3.0 5.0
QPm.mgb-2BS IWB26314 2BS 3.1 4,844,683 C T 15 202 3.4 5.9
QPm.mgb-3AL.1 IWB60083 3AL 83.4 549,634,714 G A 38 183 4.0 7.2
QPm.mgb-3BL.1 IWB63106 3BL 133.0 731,241,583 G T 68 119 4.2 9.2
QPm.mgb-3BL.2 IWA7938 3BL 181.7 797,223,552 G A 49 164 3.8 6.9
QPm.mgb-4AL IWB31143 4AL 63.6 555,057,750 A G 24 196 3.0 5.0
QPm.mgb-4BL IWB9483 4BL 124.4 674,637,578 C T 202 13 3.2 5.6
QPm.mgb-5AL.1 IWA7773 5AL 84.2 431,817,017 A G 210 10 3.1 5.2
QPm.mgb-5BS IWA7400 5BS 7.2 11,753,122 C T 188 32 3.0 5.2
QPm.mgb-5BL IWB1762 5BL 112.5 545,353,694 T C 36 170 3.6 6.5
QPm.mgb-6BL.1 IWB34994 6BL 104.0 569,080,772 T C 26 182 3.0 5.5
QPm.mgb-6BL.2 IWB15419 6BL 130.8 666,669,725 C A 13 201 3.6 6.4
QPm.mgb-7AS IWB8620 7AS 111.0 224,203,539 T C 26 192 3.4 5.9
QPm.mgb-7BS.1 IWB20808 7BS 45.2 71,150,010 T C 17 204 3.5 6.2
QPm.mgb-7BL IWB73442 7BL 82.1 411,065,432 A G 111 108 3.7 6.5
Seedlings
QPm.mgb-2AL.2 IWB32264 2AL 112.0 510,733,662 A G 12 207 5.9 11.6
QPm.mgb-3AL.2 IWB2350 3AL 80.8 540,811,043 G A 15 205 6.4 12.5
QPm.mgb-3BL.3 IWB27448 3BS 65.0 149,866,560 A G 23 196 6.2 12.0
QPm.mgb-3BL.4 IWB10450 3BL 171.0 787,574,962 C T 24 192 9.5 20.2
QPm.mgb-5AL.2 IWB55657 5AL 217.0 666,966,392 G A 11 207 7.0 13.8
QPm.mgb-6BL.3 IWB42940 6BL 114.1 642,292,418 T C 15 183 6.2 14.2
QPm.mgb-7AL IWB35735 7AL 191.4 705,221,250 C T 50 168 6.4 12.6
QPm.mgb-7BS.2 IWB35777 7BS 50.2 91,214,298 T C 30 184 6.8 14.4

R = Resistance allele; S = Susceptibility allele; R2(%) = Percentage of phenotypic variation explained by the single
nucleotide polymorphism (SNP) marker.

Thirteen alleles for APR and all 8 alleles for SR showed a lower frequency (from 5.1% for
QPm.mgb-5AL.2 to 27.3% for QPm.mgb-2AL.1) than the respective alleles for PM susceptibility (from
72.7 to 94.9%). Three alleles for APR (QPm.mgb-4BL, QPm.mgb-5AL.1, QPm.mgb-5BS) showed a higher
frequency (from 85.5 to 95.5%) than their respective susceptibility alleles (from 5 to 15%). Two QTL
for APR had alleles for resistance and susceptibility with the same frequency (QPm.mgb-2AL.1 and
QPm.mgb-7BL). The phenotypic variation (R2) ranged from a minimum of 5.0% for QPm.mgb-2AL.1 to
20.2% for QPm.mgb-3BL.4.

The number of resistance alleles of the detected QTL-tagging SNPs was significantly correlated
with both APR and SR (correlation coefficients of −0.816 and 0.810, respectively). In general, wheat
accessions with more favorable alleles showed stronger PM resistance. The scatter plots (Figure 3)
clearly indicated a linear relationship between the number of favorable alleles and Bgt resistance.
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SNPs identified by GWAS in the tetraploid wheat collection at seedlings and adult plants are in blue
and red font, respectively. Previously mapped QTL on the confidence intervals (grey segment on the
chromosome bar) are reported on the right side of each chromosome. The number in square brackets
after each QTL indicates the relevant reference [49–92]. Meta-QTL reported by Marone et al. [74] are in
green font. For better readability and comparison with simple sequence repeats (SSR)-based maps,
some representative SSR markers are reported on the right side and the distance on the left side of each
chromosome (1A-7B). Black segment on each chromosome bar represents the centromere.
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Figure 3. Linear regression of powdery mildew response of adult plants (a) and seedlings (b) to number
of resistance alleles of QTL-tagging SNPs in each accession of the tetraploid wheat collection.

2.3. Candidate Genes

The most prevalent types of fungal disease resistance genes in plants, including powdery mildew
and rusts, contain nucleotide binding sites (NBS) and leucine-rich repeats (LRR) [93–95]. As candidate
genes we considered the NBS-LRR genes present in the confidence intervals of the detected QTL
for APR and SR. Maccaferri et al. [48] analyzed a large global tetraploid wheat collection of about
1856 accessions including different subspecies of T. turgidum, and the LD decay determined for each
subspecies was 195 Kb for wild emmer, 1.4 Mb for domesticated emmer, 1.6 Mb for durum landraces
and 4.5 Mb for cultivated durum wheat. In order to increase the likelihood of identifying potential
candidate genes for PM resistance, the stringent LD decay value estimated for domesticated emmer
(1.4 Mb, equivalent to a genetic distance of 0.35 cM) was considered as the confidence interval for
each detected QTL. Table 3 reports the NBS-LRR candidate genes for the QTL for APR and SR, where
marker position refers to the durum consensus map [42] and physical position to the genome assembly
of durum wheat cv. Svevo.v1 [48]. Most of the putative candidate genes were classified as disease
resistance protein RPM1, leucine-rich repeat receptor-like protein kinase, NBS-LRR disease resistance
protein, F-box protein family-like. Interestingly, the marker IWB6155, associated with the APR QTL
QPm.mgb-1AS at 10.8 cM on chromosome arm 1AS, was located within the gene TRITD1Av1G004560
coding for a disease resistance protein RPM1. Two more SNP markers, IWB42940 and IWB35735,
associated to the QTL QPm.mgb-6BL.3 and QPm.mgb-7AL for SR, were found very close (3 and 10 Kb)
to the genes TRITD6Bv1G207200 and TRITD7Av1G271480 coding for FBD-associated F-box protein
and Pm3-like disease resistance protein, respectively.
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Table 3. Candidate genes for the quantitative trait loci (QTL) for seedlings and adult plants resistance to
Blumeria graminis f. sp. tritici in a tetraplod wheat collection. Physical position to the genome assembly
of Triticum turgidum ssp. durum cv. Svevo.v1 [48].

QTL-Tagging SNP Chr. Gene-ID Physical Position (bp) Gene Annotation

Adult plants
IWB6155 1AS TRITD1Av1G004560 9,960,116–9,964,051 Disease resistance protein RPM1

IWB1562 1AL TRITD1Av1G205580 535,763,118–535,766,921 Disease resistance protein
(NBS-LRR class) family

IWA6963 2AL TRITD2Av1G295560 774,749,507–774,761,574 NBS-LRR resistance-like protein

IWB26314 2BS TRITD2Bv1G002930 5,515,403–5,637,942 LRR receptor-like protein kinase
family protein

IWB63106 3BL TRITD3Bv1G240250 731,784,051–731,787,435 Disease resistance family protein
IWA7938 3BL TRITD3Bv1G266330 796,494,720–796,500,214 NBS-LRR-like resistance protein
IWA7773 5AL TRITD5Av1G155690 433,018,841–433,022,231 Receptor protein kinase, putative
IWA7400 5BS TRITD5Bv1G004470 10,953,479–1,0956,756 LRR receptor-like protein kinase
IWB20808 7BS TRITD7Bv1G026230 72,100,728–72,102,713 Receptor-like kinase, putative
Seedlings
IWB2350 3AL TRITD3Av1G193390 540,583,802–540,591,916 Receptor-like protein kinase
IWB10450 3BL TRITD3Bv1G261700 787,289,090–787,289,936 F-box protein family-like
IWB42940 6BL TRITD6Bv1G207200 642,323,094–642,579,232 FBD-associated F-box protein
IWB35735 7AL TRITD7Av1G271480 705,323,881–705,327,860 Pm3-like disease resistance protein

3. Discussion

3.1. Detection of QTL for Bgt Resistance

The identification of new sources of PM resistance was carried out in two different greenhouse
experiments by inoculating a tetraploid wheat collection with a natural mixture of Bgt races for the
assessment of adult plant resistance and with the virulent Bgt isolate O2 for the seedling resistance.
The bimodal-like distribution of seedling response to Bgt infection (Figure 1) suggested the presence
of major genes controlling SR, while the distribution of APR indicated both the expression of major
resistance genes and the segregation of quantitative loci with additive effects. The co-presence of
qualitative and quantitative resistance in modern wheat cultivars was already detected in previous
investigations on the effectiveness and environmental stability of quantitative PM resistance [96,97].
Major genes for SR usually confer PM resistance in all plant stages [98]. However, this type of resistance
is overcome by the evolution of natural Bgt populations and the emergence of new virulent races,
leading to the breakdown of PM resistance genes [99,100]. The decline in effectiveness of some Pm
resistance genes was already observed in the eastern United States [7–9] and in China [10]. Quantitative
resistance loci provide more durable and environmentally stable resistance than race-specific resistance
genes, and therefore cultivars with quantitative resistance are normally selected in practical breeding [97,
101–103].

In the current study, 18 QTL for APR were detected at the threshold of 0.001P (LOD ≥ 3.0) by
the GWAS model MLM+Q+K selected as the most fitting model based on the deviations of observed
-log10(p) values from the expected -log10(p) distributions (Q–Q plots, Figure S1). This threshold
value is frequently used for QTL detection for several quantitative traits as well as for disease
resistance [72,104,105]. Most QTL for APR (13 out of 18) were previously detected (Figure 2, Table S1),
and this indicated the suitability of the GWAS model and of the threshold value used for claiming the
QTL significance. However, a significant deviation (Q–Q plots, Figure S1) was observed for the SR.
We used the same MLM+Q+K model for the SR too, but we applied a more stringent threshold value
(LOD ≥ 5.6), determined by the Bonferroni method, in order to reduce the number of false-positive
QTL. Using this threshold value, eight QTL for SR were detected, four of which mapped in the same
confidence intervals where QTL for APR were mapped. Six of these QTL were mapped in previous
studies (Figure 2, Table S3).

GWAS may result in false-positive (type 1 error) and false-negative (type 2 error) QTL as
a function of population structure, relative kinship and threshold values used for claiming the
significance of a marker-trait association [106,107]. In this study, 31 QTL for SR were identified at
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LOD ≥ 3.0, but 23 did not pass the stringent Bonferroni threshold value. These loci may have a greater
proportion of false positives and were therefore excluded from the results reported in Table 2. However,
increasing stringency could lead to the potential loss of sensitivity and to a higher number of false
negatives [107,108]. Thus, for example, the marker IWB15419 was found to be associated with a QTL
for SR at LOD = 4.7, but it was not reported in Table 2 as it did not pass the stringent experiment-wise
Bonferroni threshold (LOD ≥ 5.6). This marker was found to be linked to the QTL QPm.mgb-6BL.2 for
APR (LOD 3.6) and was also previously detected [74–76]. Again, the marker IWB1762, significantly
associated with the QTL QPm.mgb-5BL for APR on chromosome arm 5BL, was not considered to be
associated to a QTL for SR as below the Bonferroni threshold value. We previously detected this QTL
(Pm36) in a biparental segregating population derived from two backcross inbred lines [67]; this QTL
was also detected by [64,68–72]. These examples might be cases of false negatives and this suggests
that some of the lower-confidence QTL likely represent real associations, as was also reported by [105]
in the detection of QTL for stem rust resistance. The lower-confidence QTL for PM resistance found in
this study are currently under investigations to discriminate real associations from false-negative ones.

The 18 QTL for APR and 8 QTL for SR were distributed on 13 of the 14 T. turgidum chromosomes
(Table 2 and Figure 2). Four QTL for APR located on chromosome arms 3AL, 3BL, 6BL and 7BS were
identical or at least closely linked to four QTL for SR (Figure 2). The explained genetic variance (R2) of
APR QTL was relatively small (range from 5.0% to 9.2%); similar values were reported in GWAS for
stem rust [104,105,109] and powdery mildew [72,110,111]. The relatively high number of detected QTL
for APR suggested that different mechanisms of PM resistance [17] could be involved in the diverse
genetic background of the examined tetraploid wheat accessions.

The resistance alleles of three QTL for APR (QPm.mgb-4BL, QPm.mgb-5AL.1 and QPm.mgb-5BS)
showed a high frequency in the cultivated germplasm denoting the continuous work of durum breeders
to improve this trait [6]. Eight out of nine dicoccoides accessions and 9 out of 19 dicoccum accessions were
resistant at both adult and seedling stages, thus confirming several investigations reporting the utility
of the wild and semi-domesticated gene pool for searching new source of resistance genes controlling
wheat diseases [112–114]. In fact, 17 PM resistance genes have been already reported on chromosomes
2A, 2B, 3B, 4A, 5B, 6B and 7A of ssp. dicoccoides [17].

3.2. Comparison of Significant QTL with Previously Mapped QTL/Pm Resistance Genes

Several studies on QTL mapping for PM resistance in wheat have been published during the past
few decades (see the recent review by Kang et al. [17]). The relationship between each QTL identified in
the current study with previously mapped Bgt resistance QTL/genes is illustrated in detail in Figure 2
and Table S3. The wide chromosomal intervals consider that some previously reported PM resistance
genes were localized in lower saturated SSR-based maps and the inherent limitations of the durum
consensus map [42]. Thirteen out of 18 QTL for APR and six out of eight QTL for SR were mapped
in similar positions where PM resistance QTL/genes were previously mapped (Figure 2 and Table
S3), thus validating these QTL in different genetic backgrounds. These QTL likely represent alleles
of previously mapped genes. An allelism test is required to determine which of the detected QTL
are alleles of previous mapped genes or, alternatively, if they are novel resistance genes. Anyhow,
these QTL can be considered stable QTL and useful for marker-assisted breeding programs.

The detected QTL were compared with the major Pm resistance genes that have been mapped or
localized so far on wheat chromosomes. McIntosh et al. [15,16] catalogued reported 67 Pm resistance
genes characterized for differential reactions to single Bgt races. The comparison showed that 12 QTL
co-localize with Pm genes on chromosome arms 1AS (QPm.mgb-1AS – Pm3), 2AL (QPm.mgb-2AL.1
– Pm4 – Pm23), 3BS (QPm.mgb-3BL.2 – QPm.mgb-3BL.4 Pm41), 5BL (QPm.mgb-5BL – Pm36), 6BL
(QPm.mgb-6BL.2 – QPm.mgb-6BL.3 – Pm54), 7AL (QPm.mgb-7AL – Pm1 – Pm37 – Pm59 – Pm60), 7BL
(QPm.mgb-7BL – Pm40 – Pm47) (Figure 2). A further comparison was made with the meta-QTL for
PM resistance reported by Marone et al. [74]. This study examined 23 publications describing a
total of 101 QTL for powdery mildew resistance detected in 19 segregating populations of durum
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and bread wheat; 24 meta-QTL, comprising 2–6 initial QTL, distributed on 15 chromosomes of an
SSR-based consensus map, were identified. Eight QTL detected in the current work were found in the
confidence intervals of seven meta-QTL on chromosome arms 1AS (QPm.mgb-1AS – MQTL1), 2AL
(QPm.mgb-2AL.1 – MQTL5), 3AL (QPm.mgb-3AL.1 – QPm.mgb-3AL.1 – MQTL10), 4AL (QPm.mgb-4AL
– MQTL11), 4AL (QPm.mgb-4AL – MQTL15), 7AS (QPm.mgb-7AS – MQTL21), 7AL (QPm.mgb-7AL –
MQTL22) (Figure 2).

While most of the QTL for Bgt resistance identified in the current study had been described
previously (see Figure 2 for a detailed comparison), 5 out of 18 QTL for APR (QPm.mgb-1AS,
QPm.mgb-2BS, QPm.mgb-3BL.1, QPm.mgb-4BL, QPm.mgb-7BS.1) detected on chromosome arms 1AS,
2BS, 3BL, 4BL and 7BS, and 3 QTL for SR (QPm.mgb-3BL.3, QPm.mgb-5AL.2, QPm.mgb-7BS.2) on 3BS,
5AL and 7BS were mapped on chromosome regions where, to our knowledge, no Bgt resistance genes
were reported before. They might be novel Bgt resistance loci.

3.3. Candidate Genes for PM Resistance

In wheat, the linkage disequilibrium is high [48,115], and GWAS should be considered a first
step to identify candidate genes [116]. Several hundreds of genes could be found in the confidence
intervals of the significant markers linked to the trait of interest, and this makes impossible the
identification of the causal genes [116]. We tried to find potential candidate genes for disease resistance
in the gene sequences where the significant QTL-tagging SNPs were located, but we could not find
candidate genes with obvious relations to disease resistance mechanisms. The only exception was
the SNP marker IWB6155 significantly associated to QPm.mgb-1AS (Table 2), mapped at 10.8 cM
on 1AS and physically located in the gene sequence TRITD1Av1G004560 (9,960,116–9,964,051 bp)
(Svevo reference genome assemby) [48]. This gene has an NBS-LRR domain and encodes for a disease
resistance protein RPM1 [117]. In wheat and many other crops, disease resistance genes often encode
for NBS-LRR receptors [93,94]. In fact, all the cloned PM resistance genes in wheat encode NBS-LRR
proteins [18–30]. QPm.mgb-1AS was mapped to the genomic region where reside the well-known
PM resistance gene Pm3 [49] and the QTL QPm.caas-1AS [50], QPm.osu-1A [51] and Pm223899 [52].
The coincidence of QPm.mgb-1AS with Pm3 was excluded as the QTL-tagging SNP IWB71713 (intron
variant), located inside the Pm3 sequence, is physically located at 5,209,229–5,213,669 bp of the Svevo
reference genome [48], and resides at 4.6 cM on the durum consensus map [42], while our candidate
gene TRITD1Av1G004560 is physically located at 9,960,116–9,964,051 bp and mapped at 10.8 cM in
the durum consensus map [42]. The molecular characterization of the loci QPm.caas-1AS [50] and
QPm.osu-1A [51] discovered that these QTL had a coincident location with Pm3a, while a linkage
analysis placed Pm223899 distally by the Pm3 locus (0.3 cM) to an interval of about 831 Kb [52].

An additional QTL-tagging SNP IWB42940 associated to QPm.mgb-6BL.3 was found closely linked
(30,676 bp) to the NB-LRR resistance gene TRITD6Bv1G207200 encoding for an FBD-associated F-box
protein. In the confidence interval of QPm.mgb-6BL.3, the QTL QPm.caas-6BL.2 [73], CP3 [74] and
PM_6B1 [72] were previously mapped; the different associated markers do not allow to determine
the coincidence of the loci or if they are different linked resistance loci. Another 11 candidate genes
(Table 3), all encoding disease-related proteins, reside at a genetic distance lower than 0.35 cM and less
than 1.400 kb.

3.4. Concluding Remarks

In the past, in different parts of the world, new Bgt races able to overcome the genetic resistance of
cultivated germplasm and generating serious PM epidemics have been identified [7–10]. The validation
of previously identified resistance genes and the novel QTL/genes for PM resistance identified in
the current study can contribute to enriching the PM resistance source available to wheat breeders.
The tetraploid wheat accessions can be easily crossed with cultivated common and durum wheat, thus
contributing to diversifying the source of Bgt resistance genes. The SNP markers closely linked to
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PM resistance QTL/genes can be employed directly or transformed into KASP markers in order to
accelerate marker-assisted breeding programs.

4. Materials and Methods

4.1. Plant Materials

A collection of 221 accessions of wild, semi-domesticated and cultivated tetraploid wheat
(Triticum turgidum L., 2n = 4x = 28; AABB genome) from different countries of origin were used in
this study to evaluate their resistance to powdery mildew. The panel included seven subspecies of
T. turgidum: ssp. durum (125 old and modern cultivars of durum wheat), ssp. turanicum (20 accessions),
ssp. polonicum (19 accessions), ssp. turgidum (18 accessions), ssp. carthlicum (12 accessions), ssp. dicoccum
(18 accessions) and ssp. dicoccoides (9 accessions). The name/number of the genotypes, pedigree,
country, and year of release are reported in Table S1.

4.2. Disease Evaluation

The tetraploid wheat collection was evaluated for adult-plant resistance (APR) and seedling
resistance (SR) to powdery mildew in two distinct greenhouse experiments in 2015. A randomized
complete block design with two replicates was used for the evaluation of APR, with plots consisting of
1 m rows, 30 cm apart, with 50 germinating seeds per plot. Ten plots of the disease reference cultivar
Ciccio (PM susceptible) were placed randomly in each replicate. The experiment was carried out
under controlled greenhouse conditions (temperature 15–25 ◦C and humidity 60–80%). A mixture of
naturally occurred Bgt races was used as inoculum. The disease severity of each line was recorded
when most of the accessions were at the anthesis stage and the infection on the susceptible check cv.
Ciccio was at its maximum. The evaluation of plant response to Bgt was repeated after 15 days to
limit the number of escapes, and the mean of the two records was subsequently considered for each
replicate. The modified version of Cobb’s scale (0–9) as described by Peterson et al. [118] was used for
scoring the disease severity. The scale 0–9 is based on PM severity and is expressed as the percentage
of leaf surface area covered by mycelia where 0 = immune (no visible sign of infection); 1= 10% of leaf
area covered by mycelia; 2 = 20%; 3 = 30%; 4= 40%; 5 = 50%; 6 = 60%; 7 = 70%; 8 = 80%; 9 = dal 90% al
100. The average of the two replicates of each accession are reported on Table S1.

The PM evaluation at seedling stage was carried out under controlled greenhouse conditions with
the Bgt isolate O2 [119]. Twelve seeds of each accession were sown in round pots with a diameter of
15 cm and grown to the two-leaf stage. Inoculation was performed by blowing the spores into a plastic
tower at a density of 4×103 conidia cm−2. Twelve days post-inoculation, when the susceptible cv. Ciccio
showed fully developed disease symptoms, 6–8 seedlings of each genotype were individually assessed
for the infection type (IT) according to the 0–4 Stakman scale [44] not encompassing symbols (e.g.; +),
where ITs of 0 = immune (no visible sign of infection); 1 = no mycelia and presence of resistance spots;
2 = 10–20% of leaf area covered by mycelia; 3= 20–50% of leaf area covered by mycelia; 4 = 50–100% of
leaf area covered by mycelia). An average of 6–8 seedling values of each line were reported on Table S1.

4.3. DNA Extraction and SNP Marker Analysis.

Genomic DNA from the 221 lines was isolated from freeze-dried leaf tissue following the protocol
by Dellaporta [120] and checked on 1.5% denaturing agarose gel. A total of 50 ng of genomic DNA of
each accession was sent to TraitGenetics GmbH (Gatersleben, Germany) [121] for genotyping by the
wheat 90K Infinium iSelect array developed by Illumina CSProR (San Diego, CA, USA) and described
by Wang et al. [46]. The genotyping assays used an Illumina iScan reader and analyzed using Genome
Studio software version 2011.1 (Illumina, Inc., San Diego, CA, USA).
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4.4. Phenotypic Data Analysis and QTL Detection

Statistical analyses of APR and SR data were carried out using the software MSTAT-C.
The Shapiro–Wilks test [45] was used to test the normality of the APR and SR distributions. Genetic
diversity and population structure of the tetraploid wheat collection have been previously analyzed
by SSR [115] and SNP markers [122], to which references should be made for a detailed description.
SNP markers with a minimum allele frequency (MAF) of less than 5% and with >20% missing data
points were not included in the data matrix. The durum wheat consensus map [42] was used as a
reference map for chromosome localization and map positions of SNP markers associated to QTL.
Unmapped markers were also removed and a total of 19,393 mapped markers were used for the
subsequent genome-wide association study (GWAS) analysis. Mean values of 6–8 seedlings inoculated
with the Bgt isolate O2 and the mean values across replicates of APR were used in the GWAS using the
software TASSEL v.5 [123]. Original seedling resistance values, expressed according to the Stackman
disease scale 0–4 [44], were converted to a 0–9 linear disease scale, where 0 = immune and 9 = very
susceptible, as described by Zhang et al. [124] to meet the data format required for association analysis.
The IT were converted as follows: 0 = 0; 0.01 − 0.70 = 1; 0.71 − 1.00 = 2; 1.01 − 1.30 = 3; 1.31 − 1.70 = 4;
1.71 − 2.00 = 5; 2.01 − 2.30 = 6; 2.31 − 2.70 = 7; 2.71 − 3.00 = 8; 3.01 − 4.00 = 9. The converted datasets
were then used for the GWAS. Most lines from the tetraploid wheat collection were skewed towards the
resistance values to PM and the frequency distribution deviated from the normal curve. The original
data were transformed by arcsin, radq and log, but the transformed results do not substantially differ
from the presented analysis (results not shown). The association between SNP markers and PM
resistance was tested by four models implemented in TASSEL, that is a) general linear model (GLM),
b) GLM including the Q-matrix derived from the principal component analysis (GLM+Q), c) mixed
linear model based on the kinship-matrix (MLM+K), and d) MLM including both the K-matrix and
the Q-matrix (MLM+K+Q). The quantile–quantile (Q–Q) plots showing the observed p-values and
the expected p-values were used for model comparison and selection of the optimal model for the
association mapping analysis. The model MLM + K+Q with 1000 permutations fit well for APR (Figure
S1), and the threshold of p value at 0.001 (−log10(p) ≥ 3) was set up to declare significant marker-trait
associations. However, the observed p-values for SR deviated from the expected p-values by the four
examined models. A more stringent threshold value determined by the Bonferroni method (= 0.05/m
where m is the total number of markers) (p = 0.00005 equivalent to LOD = 5.6) was used to reduce the
chances of obtaining false-positive results (type I errors) for SR. QTL were designated according to the
catalogue of gene symbols for wheat [15].

Comparison of QTL locations detected in the current study with previously reported QTL/Bgt
genes was carried out considering confidence intervals of 10–20 cM to take into account that some of
the QTL reported in the literature were identified in biparental populations characterized mainly with
SSR markers and with low resolution maps. Graphical representation of linkage groups and QTL was
determined by the MapChart 2.2 software.

4.5. Candidate Genes

Putative candidate genes associated with APR and SR were identified using the genome assembly
of T. turgidum cv. Svevo [48]. As many fungal disease resistance genes, including powdery mildew
and rusts, are characterized by nucleotide binding sites (NBS) and leucine rich repeats (LRR) [13,93,94],
all the NBS-LRR genes reported in the Svevo genome assembly were downloaded from the Ensamble
Plants website [117]. Putative candidate genes were considered the NBS-LRR genes associated to the
QTL-tagging SNPs within a physical distance of 1400 Kb (equivalent to a genetic distance of 0.35 cM)
as determined by the LD decay in a collection of ssp. dicoccum accessions [95].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/21/
7910/s1. Table S1: List of accessions of Triticum turgidum subspecies included in the tetraploid wheat collection
and infection type values for resistance to powdery mildew at seedlings and adult plants. Table S2. Number of
SNP markers polymorphic in the tetraploid wheat collection and map position according to the durum wheat
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consensus map [42] used as reference map. Table S3. Comparison of significant QTL for powdery mildew
resistance at seedlings and adult plants to previously reported Pm genes/ QTL based on map positions of the
consensus durum map [42]. Figure S1. Genome-wide association analysis for adult plant resistance and seedling
resistance in a tetraploid wheat collection. Quantile-quantile (Q-Q) plots of the observed –log10 (p) values (y axes)
against the expected distribution of –log10 (p) values (x axes) for the models: (a) GLM, (b) GLM+Q, (c) MLM+K,
(d) MLM+K+Q. Red line = Adult plants. Blue line = seedlings
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Abbreviations

QTL Quantitative Trait Loci
APR Adult Plant Resistance
SR Seedling resistance
Bgt Blumeria graminis f. sp. tritici
IT Infection Type
PM Powdery Mildew
GLM General Linear Model
MLM Mixed Linear Model
Q Q matrix defined by Principal Components
K Kinship matrix
Q–Q Quantile-Quantile plot
LD Linkage Disequilibrium
SNP Single Nucleotide Polymorphism
MAF Minor Allele Frequency
NBS-LRR Nucleotide Binding Sites and Leucine-Rich Repeat proteins
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