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Abstract
Key message A total of 19 meta-QTL conferring resistance to tan spot were identified from 104 initial QTL detected 
in 15 previous QTL mapping studies.
Abstract Tan spot, caused by the fungal pathogen Pyrenophora tritici-repentis (Ptr), is a major foliar disease worldwide in 
both bread wheat and durum wheat and can reduce grain yield due to reduction in photosynthetic area of leaves. Developing 
and growing resistant cultivars is a cost-effective and environmentally friendly approach to mitigate negative effects of the 
disease. Understanding the genetic basis of tan spot resistance can enhance the development of resistant cultivars. With that 
goal, over 100 QTL associated with resistance to tan spot induced by a variety of Ptr races and isolates have been identified 
from previous QTL mapping studies. Meta-QTL analysis can identify redundant QTL among various studies and reveal 
major QTL for targeting in marker-assisted selection applications. In this study, we performed a meta-QTL analysis of tan 
spot resistance using the reported QTL from 15 previous QTL mapping studies. An integrated linkage map with a total length 
of 4080.5 cM containing 47,309 markers was assembled from 21 individual linkage maps and three previously published 
consensus maps. Nineteen meta-QTL were clustered from 104 initial QTL projected on the integrated map. Three of the 19 
meta-QTL located on chromosomes 2A, 3B, and 5A show large genetic effects and confer resistance to multiple races in 
multiple bread wheat and durum wheat mapping populations. The integration of those race-nonspecific QTL is a promising 
strategy to provide high and stable resistance to tan spot in wheat.

Introduction

Tan spot, also known as yellow spot, is a major foliar dis-
ease worldwide on both hexaploid bread wheat (Triticum 
aestivum L., 2n = 6x = 42, AABBDD) and tetraploid durum 
wheat (T. turgidum L. 2n = 4x = 28, AABB). Tan spot is 
caused by a fungal pathogen Pyrenophora tritici-repentis 
(Ptr) (Died.) anamorph Drechslera tritici-repentis (Died.) 
Shoemaker (synonym Helminthosporium tritici-repentis) 
and characterized by large lesions with tan-color surrounded 
by chlorotic haloes on the leaves of susceptible infected 
wheat lines. Tan spot can cause grain yield losses ranging 
from 5 to 31% due to a reduction in photosynthetic area of 
leaves (Shabeer and Bockus 1988; Bhathal et al. 2003). In 
Australia, annual loss due to tan spot was AUD212 M and 
potential loss could reach AUD676 M (Murray and Brennan 
2009). Crop rotation and fungicide applications are viable 
practices to reduce the effect of tan spot. However, develop-
ing and growing resistant cultivars is more cost-effective and 
environmentally friendly. Understanding the genetic basis of 
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tan spot resistance can enhance the development of resistant 
cultivars.

Ptr produces necrotrophic effectors (NEs), also known 
as host-selective toxins (HSTs), which subvert the wheat 
immune system (Faris et al. 2013) and lead to necrotic and/
or chlorotic lesions. Three Ptr NEs including Ptr ToxA, Ptr 
ToxB, and Ptr ToxC have been characterized. Ptr ToxA is 
a small protein and induces necrosis (Manning 2005). Ptr 
ToxB is also a protein but induces chlorosis rather than 
necrosis (Ciuffetti et al. 2010). Ptr ToxC is an unknown low 
weight molecule, and like Ptr ToxB, it also induces chlorosis 
but not necrosis (Effertz et al. 2002). Existence of a putative 
Ptr ToxD also was reported (Meinhardt et al. 2003; Ciuffetti 
et al. 2003). Some isolates do not produce Ptr ToxA but can 
induce necrosis, implicating the existence of other unchar-
acterized NEs (Ali et al. 2010; Guo et al. 2018). Currently, 
Ptr isolates are classified into eight races based on the three 
known NEs (Strelkov and Lamari 2003). Race 1 produces 
Ptr ToxA and Ptr ToxC; Race 2 produces Ptr ToxA; Race 3 
produces Ptr ToxC; Race 4 produces none; Race 5 produces 
Ptr ToxB; Race 6 produces Ptr ToxB and Ptr ToxC; Race 7 
produces Ptr ToxA and Ptr ToxB; and Race 8 produces all 
three known NEs.

Previous studies revealed that the interaction between 
wheat and the three known NEs follows an inverse gene-
for-gene model (Ciuffetti et al. 2010), i.e., the recognition 
of a NE by a dominant host gene leads to susceptibility. 
Three dominant host sensitivity genes have been identified 
in wheat by evaluating reaction to infiltration of cultures 
containing NEs and named as Tsn1, Tsc1, and Tsc2 (Singh 
et al. 2010; Faris et al. 2013). Tsn1, conferring sensitivity 
to Ptr ToxA, is located on chromosome 5B and was the first 
dominant sensitive gene cloned in wheat (Faris et al. 2010). 
Tsn1 harbors serine/threonine protein kinase (S/TPK), nucle-
otide binding (NB), and leucine-rich repeat (LRR) domains. 
Tsc1 is located on chromosome 1A and confers sensitivity to 
Ptr ToxC (Effertz et al. 2002). Tsc2 located on chromosome 
2B confers sensitivity to Ptr ToxB (Abeysekara et al. 2010; 
Friesen and Faris 2004; Orolaza et al. 1995). Dominant sus-
ceptibility loci were also found on chromosome 3A, 3B, 
and 3D (Singh et al. 2006, 2008; Tadesse et al. 2006, 2008), 
which might interact with other uncharacterized NEs. Clon-
ing other dominant sensitivity genes will facilitate the under-
standing of the interactions between wheat and Ptr NEs.

In addition to the dominant host sensitivity genes, over 
100 QTL associated with resistance to tan spot induced by 
various races and isolates have been identified in previous 
QTL mapping studies, suggesting that the Ptr-wheat system 
is more complex than just an inverse gene-for-gene model 
(Faris et al. 2013). Some QTL were race-nonspecific, con-
tributing resistance to multiple races in bread wheat (Chu 
et al. 2008; Faris et al. 2012; Faris and Friesen 2005; Kari-
yawasam et al. 2016) and durum wheat (Chu et al. 2010). 

Removal of the dominant susceptibility genes coupled with 
the introgression of other quantitative resistance loci should 
confer high and stable resistance to tan spot. Given the large 
number of identified QTL, it is prominent to remove redun-
dancies and target major QTL in wheat breeding programs.

Meta-QTL analysis involves combining data from vari-
ous mapping studies, and it can be useful for identification 
of redundant QTL, for candidate gene discovery, and for 
selecting major QTL for marker-assisted selection (MAS) 
in breeding applications (Goffinet and Gerber 2000). In 
meta-QTL analysis, a consensus linkage map is constructed 
based on individual linkage maps, and QTL identified from 
each study are projected onto the consensus map. Meta-QTL 
analysis can reduce a QTL to a smaller region to facilitate 
the discovery of the causal gene and enable the selection 
of more closely linked markers for effective MAS. Meta-
QTL analysis can also estimate the global effect of a QTL 
region commonly identified from multiple populations and/
or environments and prioritize the identified QTL for MAS 
(Yu et al. 2014; Maccaferri et al. 2015). Meta-QTL analysis 
has been conducted for Fusarium head blight resistance (Liu 
et al. 2009; Löffler et al. 2009; Venske et al. 2019), grain 
weight (Avni et al. 2018), leaf rust resistance (Soriano and 
Royo 2015), root-related traits (Soriano and Alvaro 2019), 
and stem rust resistance (Yu et al. 2014) in wheat, but not for 
tan spot resistance. In this study, a meta-QTL analysis of tan 
spot resistance was performed using results from previous 
mapping studies. We expect to obtain a deeper and broader 
understanding of the genetic basis of tan spot resistance in 
wheat and to prioritize meta-QTL for MAS in breeding.

Materials and methods

Construction of a consensus linkage map

R package “LP merge” (Endelman and Plomion 2014) 
was used to assemble an integrated map with three previ-
ously published consensus linkage maps (Somers et  al. 
2004; Marone et al. 2012; Maccaferri et al. 2014) and 21 
individual linkage maps (Supplementary Table S1). The 
21 individual linkage maps were derived from 21 map-
ping populations including 10 tetraploid wheat popula-
tions and 11 hexaploid wheat populations. Of the 21 map-
ping populations, 18 were previously employed for QTL 
mapping of tan spot resistance. The 21 populations are 
Attlia × CDC Go (ACDC, Zou et al. 2017), Altar × Lang-
don (AL, Virdi et al. 2016), BR34 × Grandin (BG, Faris 
and Friesen 2005), Ben  ×  PI41025 (BP, Galagedara 
2018), Calingiri  ×  Wyalkatchem (CW, Shankar et  al. 
2017), Divide × PI272527 (DP527, Zhang et al. 2017), 
Ernie × Betavia (EB, Li et al. 2011), IGW2547 × Annuello 
(IA, Shankar et al. 2017), Joppa × 10Ae564 (Joppa10Ae, 
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Zhao et  al. 2018), LMPG-6  ×  PI626573 (LP573, Liu 
et al. 2017), Louise × Penawawa (LP, Kariyawasam et al. 
2016), Lebsock  ×  PI94749 (LP749, Chu et  al. 2010), 
MAGIC population (BMW, Stadlmeier et  al. 2019), 
Rusty × Iumillo (RIum, Liu et al. 2019), Rusty × PI387336 
(RP336, Liu et  al. 2019), Rusty  ×  PI387696 (RP696, 
Liu et  al. 2019), Rusty  ×  PI466979 (RP979, Liu et  al. 
2019), Rusty  ×  PI183883 (Sharma et  al. 2019), Sala-
mouni  ×  Katepwa (SK, Faris et  al. 2012), TA4152-
60  ×  ND495 (TN, Chu et  al. 2008), and TA161-
L1 × TAM105 (TT, Kalia et al. 2018). Brief information 
of the 21 linkage maps and mapping populations is listed in 
Supplementary Table S1.

Of the 21 linkage maps, 11 were constructed with SNP 
markers. However, seven were constructed with SNP mark-
ers genotyped using Illumina iSelect 9K, or 20K, or 90K 
arrays and four using genotype-by-sequencing (GBS). To 
better bridge SNP markers genotyped by different platforms 
across individual linkage maps, four tetraploid wheat popu-
lations (BP, DP527, Joppa10Ae, and RP883) originally gen-
otyped with Illumina iSelect 9K or 90K SNP array were re-
genotyped using GBS as described by Poland et al. (2012). 
A TASSEL-GBS pipeline was used for SNP discovery and 
genotype calling as described in Glaubitz et al. (2014). The 
Triticum aestivum IWGSC1.0 RefSeq v1.0 was used as a ref-
erence genome (Appels et al. 2018). The resultant GBS SNP 
markers were named based on their physical positions on the 
reference genome. SNP markers with more than 50% miss-
ing values were removed. Furthermore, SNP markers with 
segregation ratios exceeding 0.7:0.3 were considered dis-
torted markers and therefore eliminated. We re-constructed 
the linkage maps using both Illumina iSelect array SNP 
markers and GBS SNP markers for the four mapping popu-
lations. The SNP markers were grouped for each mapping 
population using MSTmap (Wu et al. 2008) implemented in 
the R language package ASMap (Taylor and Butler 2015). 
For each linkage group, markers were ordered using Join-
Map 4.0 (Van Ooijen 2006), and distances between mark-
ers were calculated using the Kosambi mapping function 
(Kosambi 1943).

The other 10 of the 21 individual linkage maps were con-
structed with DArT and/or SSR markers. Three previously 
published consensus maps built with SSR and/or DArT 
markers were included to increase connectivity among indi-
vidual maps with SSR and/or DArT markers (Supplementary 
Table S2). The three previously published consensus maps 
were the 2004 Bread Wheat SSR Integrated map (Somers 
et al. 2004), the 2012 Durum Wheat SSR/DArT Integrated 
map (Marone et al. 2012), and the 2014 Durum Wheat SSR/
DArT Integrated map (Maccaferri et al. 2014). They were 
assembled from six, six, and 12 individual linkage maps, 
respectively, none of which is same as any of the 21 indi-
vidual mapping populations used in this study. The detailed 

marker information of the 21 linkage maps and the resulted 
integrated map are listed in Supplementary Table S2.

To assess the quality of the resulted integrated map, we 
compared it to two other previously constructed wheat con-
sensus maps (Wang et al. 2014; Maccaferri et al. 2015), 
where correlation of the shared marker order between the 
maps was calculated for each linkage group. In addition, 
the SNP markers mapped on the integrated linkage map 
were subjected to BLAST searches against the reference 
genome of T. aestivum IWGSC1.0 RefSeq v1.0 (Appels 
et al. 2018) to obtain their physical positions. The correla-
tion of the mapped SNP marker orders between the inte-
grated linkage map and physical position was calculated for 
each chromosome.

Collection of tan spot resistance loci identified 
in previous studies

Tan spot resistance loci were collected from 15 previous 
mapping studies that employed 18 mapping populations. Of 
the 18 mapping populations, eight were evaluated with iso-
lates of race 1; twelve were evaluated with race 2 isolates; 
five were evaluated with race 3 isolates; six were evaluated 
with race 5 isolates; five were evaluated with locally col-
lected isolates; and eight were evaluated for multiple Ptr 
races. No significant QTL associated with tan spot resistance 
was identified in the population RP979, for which only race 
2 isolate 86-124 was evaluated (Liu et al. 2019). Among the 
remaining 17 populations, there were 135 QTL in total with 
LODs greater than 3.0 (Supplementary Table S3), which 
were used for further meta-QTL analysis.

To better organize the QTL identified from different stud-
ies, QTL were renamed according to the population they 
were identified in, the Ptr isolate and race associated with the 
QTL, growth stage, and the chromosomal location. Multiple 
QTL that mapped to the same linkage group from the same 
population and were associated with the same isolate(s) 
were distinguished by a number following the chromosome 
designation, e.g., BG_OH99(race3)_Seedling_3B.1 and 
BG_OH99(race3)_Seedling_3B.2, whereas QTL located 
on the same linkage group from the same population but 
detected in different environments or trials were distin-
guished by a unique letter following the chromosome des-
ignation, e.g., CW_Seedling_2A.a, CW_Booting_2A.b and 
CW_Seedling_2A.c. QTL associated with infection caused 
by uncharacterized local isolates were renamed based on the 
population name and chromosomal location. There were 29 
QTL associated with resistance to race 1, 34 QTL associated 
with race 2, 12 QTL associated with race 3, and 13 QTL 
associated with race 5. There were 65 QTL mapped to the 
A sub-genome, 59 QTL mapped to the B sub-genome, and 
11 QTL mapped to the D sub-genome. Chromosome 5A 
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possessed the highest number of QTL (22) and Chromosome 
5D harbored a single QTL.

Meta‑QTL analysis

Meta-QTL analysis was carried out using BioMercator V4.2 
(Sosnowski et al. 2012). Individual QTL were first projected 
onto the resulted integrated map. Given N QTL projected on 
one linkage group, BioMercator tests five models assuming 
presence of 1-, 2-, 3-, 4-, or N-unique QTL, respectively. 
Akaike Information Criterion (AIC), an estimator of model 
fitting, was calculated and the model with the lowest AIC 
value was selected as the best model.

Candidate gene analysis on meta‑QTL

All genes within the physical interval of each meta-QTL 
were first identified through surveying the annotation 
browser, where a total of 107,891 high-confidence protein-
coding genes were annotated in the IWGSC RefSeq Anno-
tation v1.0 (Appels et al. 2018). The genes retained after 
filtering with keyword “disease resistance” were considered 
as candidate genes and listed in the Supplementary Table S4.

Results

Construction of an integrated linkage map

An integrated linkage map was assembled from 21 indi-
vidual linkage maps and three previously published con-
sensus maps. The integrated linkage map contained 47,309 
markers, including 2998 DArT, 38,231 SNP, 3034 SSR, 
and 3046 other types of markers such as AFLP, STS, and 
TRAP (Supplementary Table  S2). The total length is 
4,080.5 cM, with a range of 104.0 cM to 409.5 cM across 
the 21 linkage groups (Table 1). For the linkage groups 
from the A and B sub-genome, marker densities ranged 
from 8.4 to 15.0 markers per cM (Table 1). The densi-
ties for the seven linkage groups from the D sub-genome 
were much lower, ranging from 0.7 to 1.7 markers per 
cM (Table 1), because all 11 hexaploid wheat individual 
linkage maps were constructed with mainly SSR or DArT 
markers and without the benefit of high-density SNP 
markers.

To assess the quality of the integrated linkage map, 
common markers mapped on the same linkage group were 

Table 1  Information of the 
integrated linkage map and 
its correlations of common 
marker orders with previously 
published consensus maps and 
physical positions

a Number of markers per cM
b Order correlation between the integrated linkage map and the consensus map in Wang et al. (2014)
c Order correlation between the integrated linkage map and the consensus map in Maccaferri et al. (2015)
d Oder correlation between the integrated linkage map and physical position

Consen-
sus map

Markers (no.) Length (cM) Marker  densitya Order 
 correlationb

Order 
 correlationc

Order 
 correlationd

1A 3083 281.2 11.0 0.97 0.99 0.99
1B 3344 252.8 13.2 0.98 0.99 0.99
2A 3237 259.6 12.5 0.94 0.98 0.99
2B 4052 312.5 13.0 0.98 0.98 0.99
3A 2822 271.0 10.4 0.99 0.97 0.99
3B 3834 255.7 15.0 0.95 0.96 0.99
4A 2770 285.2 9.7 0.96 0.96 0.98
4B 1768 211.4 8.4 0.97 0.98 0.98
5A 2595 201.0 12.9 0.96 0.98 0.99
5B 3639 317.8 11.4 0.99 0.99 0.99
6A 2820 233.9 12.1 0.96 0.95 0.98
6B 4041 310.8 13.0 0.97 0.99 0.99
7A 3718 409.5 9.1 0.95 0.96 0.99
7B 3563 370.7 9.6 0.99 0.99 0.98
1D 328 212.0 1.5 – – –
2D 432 249.4 1.7 – – –
3D 245 347.9 0.7 – – –
4D 128 104.0 1.2 – – –
5D 281 256.5 1.1 – – –
6D 298 206.8 1.4 – – –
7D 311 290.7 1.1 – – –
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used to calculate the correlations of the marker orders 
between our integrated map and two previously published 
consensus maps, one in tetraploid wheat (Maccaferri 
et al. 2015) and the other in hexaploid wheat (Wang et al. 
2014). The correlations ranged from 0.94 to 0.99 across 
the 14 linkage groups of A and B sub-genomes (Table 1), 
indicating high synteny between our integrated map and 
previously published consensus maps. Because the 11 
hexaploid individual linkage maps used to construct our 
integrated map lacked SNP markers while the hexaploid 
consensus map from Wang et al. (2014) was constructed 
solely with SNP markers (genotyped by Illumina iSelect 
90K array), few markers on the D sub-genome were shared 
between our integrated map and the consensus map from 
Wang et al. (2014). For that reason, no correlations were 
estimated for the D sub-genome linkage groups.

Meta‑QTL analysis

Out of the 135 QTL identified from 17 mapping populations, 
129 were successfully projected onto the integrated linkage 
map (Supplementary Table S3). Of the 129 QTL projected 
to the integrated linkage map, 23 remained as single QTL, 
and the other 106 QTL were grouped into 20 meta-QTL. 
One meta-QTL on chromosome 6A consisted of two initial 
QTL identified from the EB population in two independent 
greenhouse trials (Li et al. 2011), and was determined upon 
further analysis to not be a meta-QTL. The remaining 19 
meta-QTL were located on chromosomes 1A, 1B, 2A, 2B, 
2D, 3A, 3B, 4A, 5A, 5B, 7A, and 7B (Fig. 1, Table 2). Initial 
QTL of 15 meta-QTL were identified from multiple popula-
tions (Table 2); initial QTL of the other four meta-QTL were 
identified in only one population but showing resistance to 
multiple races (Table 2). The number of clustered QTL per 
meta-QTL ranged from two to 13 (Table 2). The genetic 
position, genetic interval, physical interval, and other related 
information for each meta-QTL are listed in Table 2. 

The two meta-QTL detected on chromosome 1A, MQTL-
1A.1 and MQTL-1A.2, are likely co-localized with Tsc1. 
The MQTL-1A.1 comprises seven initial QTL identified 
from three hexaploid common wheat mapping populations, 
IA, LP, and TT, conferring susceptibility to isolates of races 
1 and 3, AR CrossB10, and Australia local isolates (Table 2 
and Supplementary Table S3). Both races 1 and 3 produce 
Ptr ToxC. AR CrossB10 is an unclassified isolate (Ali et al. 
2010) but likely produces Ptr ToxC because it can cause 
extensive chlorosis on Ptr ToxC susceptible check 6B365 
(Kariyawasam et al. 2016). The initial QTL identified from 
LP were believed to be Tsc1, based on its significant associa-
tions with Ptr ToxC-producing isolates but not with races 2 
and 5 (Kariyawasam et al. 2016). Similar region was identi-
fied to confer susceptibility to infiltration of partially puri-
fied Ptr ToxC (Effertz et al. 2002). MQTL-1A.2 comprises 

six initial QTL identified from three hexaploid common 
wheat mapping populations, LP573, EB and BMW. The ini-
tial QTL identified in LP573 was proposed to be Tsc1 due to 
its association with Ptr ToxC-producing isolates only (Liu 
et al. 2017). There may be a structural variant or multiple 
copies of Tsc1 on chromosome arm 1AS, and both MQTL-
1A.1 and MQTL-1A.2 contain the gene Tsc1. Differences on 
population size, marker density, and significance thresholds 
used in individual QTL mapping studies can result in varied 
confidence intervals, which can further affect the meta-QTL 
determination. Given experimental limitations, it is also pos-
sible that MQTL-1A.1 and MQTL-1A.2 are one locus but 
were identified as two meta-QTL.

MQTL-2B comprises five initial QTL identified from 
two hexaploid common wheat populations AL and EB, and 
one tetraploid wheat population RP336 (Fig. 1 and Table 2), 
and is likely co-localized with Tsc2. Reaction to Ptr ToxB 
infiltration suggests that the initial QTL identified from AL 
population was Tsc2 (Virdi et al. 2016). Abeysekara et al. 
(2010) finely mapped Tsc2 and developed a diagnostic 
marker XBE444541. The marker XBE444541 was mapped 
near ~ 24.1 Mbp on chromosome 2B. This evidence indicates 
the co-localization of MQTL-2B with Tsc2. However, the 
initial QTL identified in the RP336 population confers resist-
ance to race 2 isolate 86-124, which does not produce Ptr 
ToxB (Liu et al. 2019). In addition, the population EB was 
tested using infected straws with Australian local isolates 
(Li et al. 2011), from which Ptr ToxB was rarely produced. 
Therefore, it is possible that MQTL-2B is composed of an 
additional gene conferring resistance/susceptibility to NEs 
other than Ptr ToxB (Liu et al. 2019).

MQTL-5B.2 consists of eight initial QTL identified from 
three hexaploid wheat mapping populations LP573, SK, and 
TN, conferring resistance to races 1 and 2, both producing 
Ptr ToxA (Table 2). LP573 was evaluated for races 1, 2, 3, 
and 5, but this QTL region was detected only for Ptr ToxA-
producing isolates (Liu et al. 2017). Reaction to infiltration 
of purified Ptr ToxA was conducted on the LP573 popula-
tion as well and the result indicated that the identified QTL 
co-localizes with Tsn1 (Liu et al. 2017).

Five meta-QTL (MQTL-1B, MQTL-2A.2, MQTL-3B.2, 
MQTL-5A.2, and MQTL-5B.1) are likely race non-specific 
because they confer resistance to multiple races. MQTL_2A.2 
comprises 13 initial QTL identified from three hexaploid com-
mon wheat mapping populations CW, LP573, and TN, confer-
ring resistance to races 1, 2, 3, 5, and uncharacterized local 
isolates from Australia (Fig. 1, Table 2, and Supplementary 
Table S3). The seven initial QTL identified in the CW popula-
tion conferred resistance to Australian local isolates under var-
ied environments and growth stages (Supplementary Table S3; 
Shankar et al. 2017). The four initial QTL identified in the TN 
population conferred resistance to races 1, 2, 3, and 5 (Sup-
plementary Table S3; Chu et al. 2008). The two initial QTL 
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Fig. 1  Tan spot resistance meta-QTL and initial QTL projected on 
the integrate linkage map in wheat. Meta-QTL is represented by a bar 
with red or blue color on the chromosome. An initial QTL is repre-

sented by a bar with red or blue color on the right side of the chro-
mosome. On each chromosome, a meta-QTL and its initial QTL are 
marked with a same color (color figure online)
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Table 2  Summary of the identified meta-QTL for tan spot resistance

Meta-QTL Genetic 
position 
(cM)

95% genetic 
interval (cM)

Physical  intervala (Mbp) Average LOD Average R2 (%) Initial QTL

MQTL-1A.1 24.0 23.5–24.4 3.4–9.4 10.8 18.2 LP_Pti2(race 1)_Seedling_1A
LP_AR CrossB10_Seedling_1A
LP_331-9(race 3)_Seedling_1A
TT_AZ00(race 1)_Seedling_1A
IA_Adult_1A.a
IA_Adult_1A.b
IA_WAC11137_Adult_1A

MQTL-1A.2 43.1 41.8–44.5 7.3–12.1 9.3 19.3 LP573_Asc1(race 1)_Seedling_1A
LP573_Pti2(race 1)_Seedling_1A
LP573_331-9(race 3)_Seedling_1A
EB_Seedling_1A.a
EB_Seedling_1A.b
BMW_Adult_1A

MQTL-1B 20.3 16.2–24.3 3.6–6.3 7.0 20.8 BG_Pti2(race 1)_Seedling_1B
BG_86-124(race 2)_Seedling_1B
BG_OH99(race 3)_Seedling_1B
BG_DW5(race 5)_Seedling_1B

MQTL-2A.1 70.7 69.1–72.2 45.1–58.7 7.5 20.1 CW_Seedling_2A.a
BMW_Adult_2A

MQTL-2A.2 84.1 82.3–84.9 65.7–262.1 6.0 17.4 TN_Pti2(race 1)_Seedling_2A
TN_86-124(race 2)_Seedling_2A
TN_OH99(race 3)_Seedling_2A
TN_DW5(race 5)_Seedling_2A
LP573_Asc1(race 1)_Seedling_2A
LP573_DW5(race 5)_Seedling_2A
CW_Booting_2A.b
CW_Seedling_2A.c
CW_Adult_2A.d
CW_Adult_2A.e
CW_WAC11137_Adult_2A.a
CW_WAC11137_Adult_2A.b
CW_WAC11137_Adult_2A.c

MQTL-2B 58.3 54.6–62.1 1.2–27.2 7.2 27.4 EB_Seedling_2B.a
EB_Seedling_2B.b
EB_Seedling_2B.c
RP336_86-124(race 2)_Seedling_2B
AL_DW5(race 5)_Seedling_2B

MQTL-2D 156.0 155.6–156.4 312.3–383.0 6.3 6.0 LP_Pti2(race 1)_Seedling_2D
LP_86-124(race 2)_Seedling_2D
LP_AR CrossB10_Seedling_2D
LP_331-9(race 3)_Seedling_2D

MQTL-3A 35.2 33.0–37.5 20.0–21.8 5.1 10.1 RP336_86-124ΔToxA(race 2)_
Seedling_3A

RP696_86-124(race 2)_Seedling_3A
RIum_86-124(race 2)_Seedling_3A
LP749_Pti2(race 1)_Seedling_3A
LP749_86-124(race 2)_Seedling_3A

MQTL-3B.1 45.5 42.6–48.5 23.9–68.8 5.2 19.2 BG_OH99(race 3)_Seedling_3B.1
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Table 2  (continued)

Meta-QTL Genetic 
position 
(cM)

95% genetic 
interval (cM)

Physical  intervala (Mbp) Average LOD Average R2 (%) Initial QTL

EB_Seedling_3B
MQTL-3B.2 62.8 59.4–66.1 465.2–583.4 17.0 27.0 LP_86-124(race 2)_Seedling_3B

LP_AR CrossB10_Seedling_3B
LP_DW5(race 5)_Seedling_3B
LP_Pti2(race 1)_Seedling_3B
LP_331-9(race 3)_Seedling_3B
LP749_Pti2(race 1)_Seedling_3B
LP749_86-124(race 2)_Seedling_3B
BG_Pti2(race 1)_Seedling_3B
BG_86-124(race 2)_Seedling_1B
BG_OH99(race 3)_Seedling_3B.2
BG_DW5(race 5)_Seedling_3B

MQTL-5A.1 88.5 81.1–95.9 437.4–482.1 4.5 13.0 RP696_86-124(race 2)_Seedling_5A.1
RP336_86-124(race 2)_Seedling_5A.1
LP749_Pti2(race 1)_Seedling_5A.1
LP749_86-124(race 2)_Seedling_5A.1

MQTL-5A.2 139.9 138.9–141.8 592.1–614.4 7.3 10.8 BP_DW5(race 5)_Seedling_5A
BP_86-124(race 2)_Seedling_5A
BP_Pti2(race 1)_Seedling_5A
BP_AR CrossB10_Seedling_5A
BP_331-9(race 3)_Seedling_5A
LP_86-124(race 2)_Seedling_5A
LP_Pti2(race 1)_Seedling_5A
LP_DW5(race 5)_Seedling_5A
LP_AR CrossB10_Seedling_5A
LP_331-9(race 3)_Seedling_5A
TN_Pti2(race 1)_Seedling_5A
TN_86-124(race 2)_Seedling_5A
TN_DW5(race 5)_Seedling_5A

MQTL-5A.3 174.3 172.9–175.8 671.3–676 8.8 16.2 RP696_86-124(race 2)_Seedling_5A.2
RP336_86-124(race 2)_Seedling_5A.2
RP336_86-124ΔToxA(race 2)_

Seedling_5A
LP749_Pti2(race 1)_Seedling_5A.2
LP749_86-124(race 2)_Seedling_5A.2

MQTL-5B.1 80.0 74.5–85.5 58.8–448 7.4 21.0 TN_Pti2(race 1)_Seedling_5B.1
TN_86-124(race 2)_Seedling_5B.1
TN_OH99(race 3)_Seedling_5B
TN_DW5(race 5)_Seedling_5B

MQTL-5B.2 123.8 120.4–125.6 541.7–549.9 10.8 21.5 TN_Pti2(race 1)_Seedling_5B.2
TN_86-124(race 2)_Seedling_5B.2
SK_Pti2(race 1)_Seedling_5B
SK_86-124(race 2)_Seedling_5B
LP573_Asc1(race 1)_Seedling_5B
LP573_Pti2(race 1)_Seedling_5B
LP573_86-124(race 2)_Seedling_5B

MQTL-5B.3 167.5 164.7–170.7 663.1–679.4 3.9 12.9 EB_Seedling_5B.a
EB_Seedling_5B.b
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found in population LP573 conferred resistance to races 1 and 
3 (Liu et al. 2017). The LP573 population was also evaluated 
for resistance to isolates of races 2 and 5, but no significant 
resistance was identified in this region (Liu et al. 2017). The 
lack of resistance to races 2 and 5 in LP573 could be due to 
epistatic interaction of MQTL-2A.2 with other loci in LP573. 
In addition, MQTL-2A.1 and MQTL-2A.2 could be a single 
locus, because their initial QTL were overlapping (Fig. 1 and 
Table 2) and both meta-QTL comprised initial QTL identified 
from the CW population but at different environments.

Candidate gene analysis

No disease resistance-related candidate genes were identified 
for MQTL-5A.3, MQTL-5B.2, and MQTL-7B.2 (Supple-
mentary Table S4). Lack of candidate genes for MQTL-5B.2, 
which is co-localized with Tsn1 that confers susceptibility to 
Ptr ToxA, can be explained by the fact that Chinese Spring 
(CS) is insensitive to Ptr ToxA, suggesting no Tsn1 gene pre-
sent in the reference genome. For the other 16 meta-QTL, two 
to 85 candidate genes were found inside their physical inter-
vals. Most of the candidate genes were NBS- and/or LRR-like 
proteins (Supplementary Table S4). There were 85 candidate 
genes for MQTL-2B, which is co-localized with Tsc2 that 
confers susceptibility to Ptr ToxB. However, CS is insensi-
tive to Ptr ToxB and therefore none of the 85 genes would be 
Tsc2. Several powdery mildew resistance genes were found in 
the interval of MQTL-1A.1 and MQTL-1B (Supplementary 
Table S4).

Discussion

Genetic architecture of tan spot resistance revealed 
by meta‑QTL analysis

To gain a better understanding of the genetic architecture 
of tan spot resistance, we performed meta-QTL analysis 
using reported QTL from previous mapping studies. In 
total, 129 QTL identified from 17 mapping populations in 
15 previous QTL mapping studies were projected onto the 
integrated linkage map. Out of the 129 projected QTL, 104 
were grouped into 19 meta-QTL, suggesting that a major-
ity of the previously mapped tan spot resistance loci were 
shared by multiple populations and/or showed resistance 
to multiple races/isolates.

Three known Ptr NE-wheat interactions including Ptr 
ToxA-Tsn1, Ptr ToxB-Tsc2, and Ptr ToxC-Tsc1 have been 
characterized. MQTL-1A.1 and/or MQTL-1A.2 co-local-
ized with Tsc1, MQTL-2B co-localized with Tsc2, and 
MQTL-5B.2 co-localized with Tsn1. Per initial QTL stud-
ies, the three genes showed varied disease effects across 
mapping populations (Table 2; Chu et al. 2008; Faris et al. 
2012; Liu et al. 2017). In addition to environment and 
genotype-by-environment interactions, complex genetic 
architecture could partially explain the varied effects of 
the three genes detected in different studies. For exam-
ple, Tsn1 was detected as a QTL in some hexaploid bread 
wheat mapping populations (Chu et al. 2008; Faris et al. 

Table 2  (continued)

Meta-QTL Genetic 
position 
(cM)

95% genetic 
interval (cM)

Physical  intervala (Mbp) Average LOD Average R2 (%) Initial QTL

LP573_DW5(race 5)_Seedling_5B
MQTL-7A 113.6 111.7–115.6 116.1–133.6 5.5 11.3 SK_Pti2(race 1)_Seedling_7B

SK_86-124(race 2)_Seedling_7B
MQTL-7B.1 80.4 78.4–82.4 21.0–34.0 3.9 6.3 SK_AR LonB2_Seedling_7B

LP749_Pti2(race 1)_Seedling_7B
LP749_86-124(race 2)_Seedling_7B

MQTL-7B.2 171.8 170.1–172.1 614.2–622.8 4.2 10.6 IA_Adult_7B
CW_Booting_7B
LP_Pti2(race 1)_Seedling_1A
LP_AR CrossB10_Seedling_1A

a Physical interval was estimated by physical positions of the adjacent SNP markers
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2012; Kariyawasam et al. 2018; Liu et al. 2017), but not 
others (Faris and Friesen 2005). Evaluation of Austral-
ian bread wheat varieties suggested that the importance 
of Ptr ToxA-Tsn1 interaction in tan spot development 
depended upon the wheat genetic background (See et al. 
2018). Regarding tetraploid wheat, eight mapping popu-
lations were evaluated with races 1 and/or 2 in one of 
our previous studies (Chu et al. 2010; Virdi et al. 2016; 
Liu et al. 2019), but none of them showed that Tsn1 was 
significantly associated with disease, even among the five 
populations segregating for Tsn1. It was proposed that 
some non-race specific QTL might work upstream of the 
Ptr ToxA-Tsn1 interaction precluding the development of 
tan spot (Kariyawasam et al., 2016), which may explain 
the lack of significance of Tsn1 in those populations.

Five meta-QTL, MQTL-1B, MQTL-2A.2, MQTL-2D, 
MQTL-3B.2, MQTL-5A.2, and MQTL-5B.1, comprised 
of 46 initial QTL, confer resistance to multiple races and 
are likely race non-specific. The initial QTL of MQTL-2A.2 
conferred resistance to tan spot not only at the seedling stage 
under controlled environments, but also at tillering and adult 
stages in a field trial (Shankar et al. 2017). Most previous 
studies were conducted at the seedling stage under con-
trolled environments. It would be beneficial to test if other 
race-nonspecific meta-QTL conferred resistance at other 
growth stages under field conditions. Likewise, it is also 
crucial to map putative novel loci at varied growth stages 
under field conditions.

MQTL-3A, MQTL-5A.1, and MQTL-5A.3, comprised 
of 14 initial QTL, were identified from four tetraploid wheat 
mapping populations including LP749, RP336, RP696, and 
RIum. The four tetraploid wheat mapping populations were 
only evaluated for resistance to races 1 and 2 (Chu et al. 
2010; Liu et al. 2019), both of which produce Ptr ToxA. The 
11 hexaploid wheat mapping populations used for meta-QTL 
analysis were evaluated with multiple races, none of which 
possessed QTL in these three meta-QTL regions. Therefore, 
it is possible that those loci are specific to tetraploid wheat. 
The desirable resistance alleles of the three meta-QTL were 
from the parents Rusty and Lebsock, both of which are 
sensitive to Ptr ToxA but highly resistant to races 1 and 2. 
Therefore, it will be meaningful to test if those meta-QTL 
also confer race-nonspecific resistance by screening resist-
ance to other races on the four mapping populations.

Identification of co‑localized QTL from the studies 
not included in meta‑QTL analysis

In addition to the 15 mapping studies, some other previously 
published QTL mapping studies were not used for the meta-
QTL analysis due to lack of detailed information of the iden-
tified QTL or lack of sufficient common markers between 
the individual linkage map and our integrated linkage map 

(Supplementary Table S5). To identify QTL not included 
in meta-QTL analysis that potentially co-localized with the 
identified meta-QTL, the closely linked markers to the QTL 
in question were aligned to the same reference genome T. 
aestivum IWGSC1.0 RefSeq v1.0 (Appels et al. 2018). Sun 
et al. (2010) identified a locus associated with resistance 
to the race 1 isolate AZ-00, from which the closely linked 
marker Xcfa2153 was aligned to ~ 7.2 Mbp on chromosome 
1A (Supplementary Table S5) and located in the physi-
cal interval of the MQTL-1A.1. Abeysekara et al. (2010) 
finely mapped Tsc2 and developed the diagnostic marker 
XBE444541, which mapped near ~ 24.1 Mbp on chromo-
some 2B and co-localized with MQTL-2B (Supplementary 
Table S5). QTL identified from five association studies 
conducted in hexaploid wheat (Dinglasan et al. 2019; Liu 
et al. 2015; Patel et al. 2013; Perez-Lara et al. 2017; Singh 
et al. 2016) were co-localized with MQTL-1A.1, MQTL-
1A.2, MQTL-1B, MQTL-2B, MQTL-3B.2, MQTL-5B.2, 
and MQTL-5B.3 (Supplementary Table S6). Interestingly, 
in one of the five association studies (Perez-Lara et al. 2017), 
Ptr ToxB infiltration reaction using 83 Canadian spring 
wheat cultivars found two QTL, one located on chromo-
some 2B and co-localized with the MQTL-2B (Tsc2) and 
the other located on chromosome 5B and co-localized with 
the MQTL-5B.3. One of the initial QTL from MQTL-5B.3 
identified in the population LP573 conferred resistance to 
race 5 isolate DW5 producing Ptr ToxB (Liu et al. 2017), 
indicating that MQTL-5B.3 may cover a novel gene that 
also confers resistance or susceptibility to Ptr ToxB. The 
fact that Ptr ToxB is associated with two loci conflicts with 
the inverse gene-for-gene model proposed for the interaction 
between wheat and Ptr NEs. Further studies on Tsc2 and the 
causal gene within MQTL-5B.3 are needed to elucidate the 
underling mechanism.

Implication of MAS for breeding tan spot resistance 
in wheat

Introgression of desirable alleles of major QTL through 
MAS is an effective and efficient approach toward improve-
ment of a quantitative trait like tan spot resistance in wheat. 
Meta-QTL analysis could identify redundant QTL and 
prioritize QTL for MAS. Ideally, the preferred criteria of 
meta-QTL for MAS are large effect, a small confidence 
interval, and high number of initial QTL identified from 
diverse populations (Löffler et al. 2009). Removal of the 
three dominant susceptibility tan spot genes from a breeding 
population is highly recommended, although they played a 
major role only in some populations and some genotypes. 
In addition to the three susceptibility genes, our meta-QTL 
analysis revealed three race-nonspecific meta-QTL including 
MQTL_2A.2, MQTL_3B.2, and MQTL_5A.2 that also meet 
the preferred criteria mentioned earlier. Integrating desirable 
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alleles of those race-nonspecific meta-QTL could provide 
high and stable tan spot resistance induced by varied races 
and isolates. Of them, MQTL-3B.2 conferred resistance in 
both hexaploid bread wheat and tetraploid wheat. Associa-
tion mapping using 371 durum wheat collections revealed 
markers in this region (ca. 466.6–474.3 Mbp) significantly 
associated with resistance to races 1, 2, 3, and 5 (Liu et al. 
unpublished data). We have also checked the NDSU durum 
wheat breeding material, and none of the released cultivars 
or breeding lines from 2012 to 2018 advanced yield trials 
have the desirable allele of MQTL-3B.2 (Li et al. unpub-
lished data). The rare frequency of the desirable allele 
implicates great potential toward the improvement of tan 
spot resistance in the NDSU durum wheat breeding popu-
lation. Developing diagnostic markers for the MQTL-3B.2 
will facilitate introgression of the desirable allele into the 
NDSU durum wheat breeding population through MAS. 
Further validation of the three race-nonspecific meta-QTL 
in an active breeding population under field conditions is 
essential for establishing the systematic application for MAS 
in a breeding program.
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