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Summary
The identification of genetic markers linked to genes of agronomic importance is a major aim

of crop research and breeding programmes. Here, we identify markers for Yr15, a major

disease resistance gene for wheat yellow rust, using a segregating F2 population. After

phenotyping, we implemented RNA sequencing (RNA-Seq) of bulked pools to identify single-

nucleotide polymorphisms (SNP) associated with Yr15. Over 27 000 genes with SNPs were

identified between the parents, and then classified based on the results from the sequenced

bulks. We calculated the bulk frequency ratio (BFR) of SNPs between resistant and susceptible

bulks, selecting those showing sixfold enrichment/depletion in the corresponding bulks

(BFR > 6). Using additional filtering criteria, we reduced the number of genes with a putative

SNP to 175. The 35 SNPs with the highest BFR values were converted into genome-specific

KASP assays using an automated bioinformatics pipeline (PolyMarker) which circumvents the

limitations associated with the polyploid wheat genome. Twenty-eight assays were polymor-

phic of which 22 (63%) mapped in the same linkage group as Yr15. Using these markers, we

mapped Yr15 to a 0.77-cM interval. The three most closely linked SNPs were tested across

varieties and breeding lines representing UK elite germplasm. Two flanking markers were

diagnostic in over 99% of lines tested, thus providing a reliable haplotype for marker-assisted

selection in these breeding programmes. Our results demonstrate that the proposed

methodology can be applied in polyploid F2 populations to generate high-resolution genetic

maps across target intervals.

Introduction

Wheat is a major crop providing over 20% of the world’s calorie

and 25% of its protein intake (FAO, 2012). With increased

population growth and demand for cereal crops, breeders are

under constant pressure to deliver high-performing varieties

(Galushko and Gray, 2014). The use of new technologies, such as

marker-assisted selection (MAS), has reduced the cost and

development time of new elite varieties across major crops

(Bernardo, 2008). More recently, the advent of next-generation

sequencing (NGS) is revolutionizing molecular breeding either

through genomic selection approaches (Collard and Mackill,

2008; Gupta et al., 2008) or through the identification of large

numbers of SNPs which can be converted into MAS assays (Allen

et al., 2013). Despite this potential, identifying SNPs in bread

wheat (Triticum aestivum L.) is challenging due to its hexaploid

nature (6n = 42; AABBDD) and large genome size ~17 Gbp

(Gupta et al., 2008; Shewry, 2009), although large-scale efforts

to identify intervarietal SNP are becoming more common (Lai

et al., 2014; Wang et al., 2014). The three genomes (A, B and D)

are referred to as homoeologues and are related, and yet distinct,

sharing a complementary set of genes which have between 96%

and 98% sequence identity across coding regions (Krasileva

et al., 2013).

A high-priority trait in wheat breeding programmes is the

introduction of major disease resistance (R) genes using MAS.

Despite modern agricultural practices, low-level persistent plant

diseases have been predicted to cause losses equal to enough

calories to feed ~8.5% of the world (Fisher et al., 2012). MAS is

especially relevant in disease resistance breeding strategies as it is

the only quick and reliable way of pyramiding multiple R-genes

within a single variety. In the past decade, new races of the wheat

yellow rust pathogen (Puccinia striiformis f. sp. tritici) have

emerged with expanded virulence profiles (Hovmøller et al.,

2010; Milus et al., 2008), and more recently a series of new races

(collectively termed ‘Warrior’) have appeared in Europe. The

Warrior races have overcome the majority of the major resistance

genes in European germplasm (GRRC, 2014). However, a few
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major R-genes, such as Yr15, still provide effective resistance

against these and the major international isolates. Therefore, the

availability of closely linked markers, which are diagnostic for

R-genes such as Yr15, is of great interest to breeders.

The recently published high-density SNP arrays in wheat are

providing an extremely valuable resource in diversity and

genomewide association studies (Cavanagh et al., 2013; Wang

et al., 2014). However, their potential is not fully realized in F2
and similar large mapping populations because of their unit cost

and the difficulty to reliably call heterozygous individuals,

especially in a polyploid species such as wheat. In addition, the

restriction to a predefined set of allelic variants limits their use

when targeting genes introgressed from progenitor species, such

as Yr15 originally from wild emmer (Triticum dicoccoides)

(McIntosh et al., 1995).

Several strategies have been proposed to identify SNPs, which

are targeted to specific chromosomal intervals (Hodges et al.,

2007; Michelmore et al., 1991; Mortazavi et al., 2008; Paux

et al., 2010; Trick et al., 2012). Among these, bulked segregant

analysis (BSA) (Michelmore et al., 1991) can be readily combined

with NGS to assist in the development of genetic markers for

specific target loci. BSA consists of generating pools (bulks) of

individuals with contrasting phenotypes for a specified trait and

then identifying markers that are enriched for the corresponding

parental allele in the relevant bulk. This approach is very flexible

as different types of segregating populations can be used to

develop the pools (Ehrenreich et al., 2010), and different NGS-

enabled approaches can be used to identify SNPs or markers

[exome capture (Hodges et al., 2007), RNA-Seq (Pickrell et al.,

2010), whole-genome resequencing (Schneeberger et al., 2009),

among others]. Several modifications of these core techniques

have been recently implemented in model (reviewed in (James

et al., 2013) and crop species (Abe et al., 2012; Liu et al., 2012;

Mascher et al., 2014).

In this study, we propose a comprehensive methodology to

identify high-resolution markers using NGS and high-throughput

genotyping. We used near-isogenic lines (NILs) differing for the

presence of Yr15 to develop a segregating F2 population. After

phenotyping, we implemented BSA and RNA-Seq to identify SNPs

associated with Yr15. We developed an automated bioinformat-

ics pipeline for the design of genome-specific assays, which

circumvents the limitations associated with the polyploid wheat

genome. These SNP markers were found to be closely linked to

Yr15, suggesting that the proposed methodology can be applied

to other agronomically important traits in polyploid species.

Results and discussion

Generation of bulks segregating for resistance to yellow
rust

Near-isogenic lines segregating for the presence of Yr15 in the

Avocet ‘S’ genetic background (AVS) (Wellings and McIntosh,

1998) were used to develop a segregating population (Figure 1a).

F2 seeds from three independent F1 plants were sown in three

96-well trays, and their tissue sampled and stored. This sampling

was conducted prior to fungal inoculation to reduce false

associations in the expression data resulting from the resistance

or susceptible response. F2 plants were challenged with P. stri-

iformis f. sp. tritici at 3-leaf stage where Yr15 is known to confer

complete resistance. Within trays, segregation ratios were the

expected 3 : 1 (resistant : susceptible) of a single dominant

resistance gene such as Yr15 (v2 ranging from P = 0.12 to

0.42), although across all trays the segregation ratio deviates

slightly from this expectation (v2 P = 0.049; 187 resistant and 45

susceptible F2 plants). Previous studies using the same Yr15 donor

(b)

(a)

(c)

(d)

(e)

Figure 1 Overview of experimental methodology. (a) Phenotype of

AVS + Yr15 (Yr15) and AVS seedling leaves 14 days after inoculation with

Puccinia striiformis. (b) The F2 population was developed by crossing AVS

and Yr15, followed by self-pollination of the F1 plants. The F2 progeny was

phenotyped and bulked according to the resistant or susceptible

phenotype. (c) Number of reads generated by RNA-Seq of the parents and

the bulks across 4 HiSeq 2000 lanes. (d) A bioinformatics pipeline was

implemented to first align the transcriptome to the gene models, then call

for SNPs and calculate the Bulk Frequency Ratios, and finally design the

KASP assays. The resources used for each step of the pipeline are in black,

whereas red text denotes the software and version used. (e) The SNP

markers were used to genotype the segregating population and to

develop a genetic map. The SNP markers were also validated in

independent breeding material.
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germplasm have also shown segregation distortion (Randhawa

et al., 2009), although an alternative explanation for the

increased number of resistant plants in the F2 population could

be a small number of escapes in the virulence assays (i.e. plants

without the Yr15 gene scored as resistant). Based on the

phenotypic response, tissue of the 232 F2 plants described above

was independently pooled into three resistant (R1–R3) and three

susceptible (S1–S3) bulks as outlined in Figure 1b and RNA-Seq

libraries prepared for sequencing.

Sequencing and mapping

We performed RNA-Seq of each parent on a single Illumina HiSeq

2000 lane, whereas the susceptible and resistant bulks were

multiplexed across two lanes to avoid lane-induced bias (Fig-

ure 1c) (Pickrell et al., 2010). This design was implemented to

look for consistency across bulks and to have an in silico mix of

the resistant and susceptible bulks with the same expected

coverage as the RNA-Seq from the parents.

There is no complete gene annotation for hexaploid wheat;

therefore, we conducted two independent sequence alignments

for the eight samples. First, we aligned the RNA-Seq reads to the

56 954 gene clusters in the NCBI UniGene build 60 database

(NCBI, 2012) for hexaploid wheat (T. aestivum) (Figure 1d). The

UniGene gene clusters provide a canonical representation of

expressed sequence tags, high-throughput cloning and messen-

ger RNA. To complement the UniGenes, we also aligned the reads

to 94 177 gene models from tetraploid and hexaploid wheat that

have been assembled and phased to distinguish between

homoeologues, henceforth referred as UCW gene models (Kra-

sileva et al., 2013). We hypothesized that the presence of

genome-specific gene models should improve the alignments to

the targeted region compared to the canonical representation of

the UniGenes.

The percentage of genes with an average coverage of at least

209 was 39% and 45% for AVS + Yr15 (Yr15, hereafter) and

AVS, respectively, across both sets of reference gene models

(Figure 2a, Table S1). The performance of both reference sets

was also similar across the resistant and susceptible bulks

although the percentage of genes with coverage over 209 was

lower in these samples (between 17% and 37%; Table S1) due

to the lower number of sequencing and mapped reads (Table

S2). To improve on these statistics and be able to score SNPs in

genes with relatively low expression, two in silico mixes were

prepared by merging the alignments of (i) susceptible bulks 1

with 2 (S1 + S2) and resistant bulks 1 with 2 (R1 + R2) and (ii)

all the susceptible (S1 + S2 + S3) and resistant bulks

(R1 + R2 + R3). By merging all the bulks, we manage to

increase the percentage of genes with coverage over 209 to

44% and 50% in the resistant and susceptible bulks (Table S1),

respectively, which is similar to the values obtained from the

parents.

SNP calling

Using a base coverage threshold of at least 209, we identified

SNPs between parental lines and the gene references. Roughly

3% more genes with polymorphisms were identified in AVS

compared to Yr15 (Figure 2b) for those genes longer than

500 bp and with at least 50% breadth coverage. This suggests

that the lower coverage of Yr15 is affecting the number of

putative SNPs identified. Across both parental data sets, the use

of the UCW gene models resulted in a higher number of

monomorphic genes relative to the UniGene set, leading to a

higher SNP frequency in the UniGenes (Figure 2b, Table S3). This

is most likely due to the fact that multiple homoeologues are

represented as a single sequence within the UniGene set as

opposed to the homoeologue-specific UCW set in which a higher

percentage of reads map to the correct homoeologues, thereby

reducing the number of genes with SNPs.

As both references were generated from varieties different to

AVS and are not complete, we called a base when at least 20% of

the reads contained the nucleotide. When more than one

putative consensus was identified, the corresponding Interna-

tional Union of Pure and Applied Chemistry (IUPAC) ambiguity

code was used (Cornish-Bowden, 1985). We next compared SNPs

between parental lines; those found in both parents are most

likely homoeologous SNP or common varietal polymorphism

between AVS and the reference varieties. These shared SNPs are

not informative for this study and were thus eliminated from the

analysis. On the other hand, SNPs that are unique to a single

parent represent putative varietal SNPs and were therefore

examined further. Focusing on these unique varietal SNPs, we

identified 66 426 putative SNPs across 16 022 UCW genes (17%
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of UCW genes) and 52 262 putative SNPs across 11 056

UniGenes (19.4% of UniGene gene models) (Figure S1).

The relatively high number of genes with putative SNPs was

not expected as BC6 NILs had been used to develop the F2
mapping population (<1% of genetic background is expected to

be segregating between BC6 NILs). We aligned both gene

references to the Chinese Spring chromosome arm survey

sequence scaffolds (CSS; IWGSC, 2014) with BLAT (Kent, 2002)

(Data S1). A total of 80 031 UCW gene models (85.0%) and

41 118 UniGenes (72.2%) were assigned to the CSS assemblies

(Table S4). Using the CSS as a common reference, we mapped

the SNPs between parents using a recently published genetic map

(Wang et al., 2014) as described below (in silico map). The SNPs

distributed evenly across all chromosomes (Figure S2), suggesting

that the AvocetS line used as the recurrent parent in the Yr15 NIL

development (University of Sydney, Australia) was different to the

AvocetS line used as the parent in the F2 population (JIC, UK).

We confirmed the distinct nature of the AvocetS seed stocks by

sourcing the original DNA from Sydney and comparing to our

internal JIC stock through the iSelect 90k wheat SNP chip. When

comparing two independent AvocetS seed stocks from JIC, only

58 of 71 972 valid assays (0.08%) were polymorphic. However,

when comparing either JIC-AvocetS to the Sydney AvocetS stock,

over 5000 assays (>7.5%) were polymorphic (Table S5). Although

unexpected, this is not surprising considering that the AvocetS

seed source was of different origin and the fact that commercial

varieties with the same name have been released in both the UK

and Australia. This exemplifies the importance of using genetic

stocks of common origin between research groups.

Bulk frequency ratios

Our objective was to identify SNPs that were enriched for the

corresponding parental allele in the appropriate bulk: AVS-

derived SNPs for the susceptible bulks and Yr15-derived SNPs

for the resistant bulks. The total number of SNPs scored from the

individual bulks ranged from 15 261 to 31 891 across both

reference sets (24.5%–48.0% of SNPs). When merging the three

bulks, we could score over 95% of the SNPs from both reference

sets (Table S6), suggesting that the coverage of the individual

bulks is insufficient to score all the putative SNPs identified in the

parents. To classify and prioritize the SNPs, we calculated the BFRs

as previously described (Trick et al., 2012). Briefly, across each

bulk, we calculated the frequency of the allele at each SNP

position (SNP index; Takagi et al., 2013) and then determined the

ratio between the bulks (BFR) for each SNP (Figure 1d). Thus, a

high BFR in a Yr15-derived SNP is indicative of an allele that is

both very frequent in the resistant bulk and depleted in the

susceptible bulk.

We observed enrichment in SNPs from the short arm of group

1 chromosomes (1S) as we increased the minimum BFR threshold.

Using the complete set of SNPs between parents (BFR = 0; no

enrichment), the total called SNPs that map to group 1S is ~3.6%
across the bulks, equivalent to the values observed across other

chromosomes (Table S4). As we increase the threshold, the

relative number of SNPs that map to group 1S increases until a

BFR range of between 5 and 7. The relative enrichment only

grows marginally after this, but the number of putative SNPs is

reduced as the threshold is increased (Table S7, Figure S3).

Therefore, we decided to set a threshold of BFR > 6 to select

putative SNPs for further validation. We also catalogued pres-

ence/absence polymorphisms between bulks within the BFR > 6

category (BFR of infinity). This was an improvement over previous

studies in polyploid species (Trick et al., 2012) that were unable

to assess this type of variation as the SNP index had a base of 0

(i.e. no coverage in one of the bulks). In total, 1582 SNPs across

1173 genes had a BFR > 6.

In silico mapping

Across data sets, we found that ~60% of the mapped SNPs with

BFR > 6 (872 of 1470 mapped SNPs) aligned to scaffolds in the

group 1 chromosomes of hexaploid wheat, with no other

chromosome group having over 4% (Table S8). Within this

chromosomal group, the highest proportion of SNPs mapped to

the B genome (54%, Figure 3a), with 255 assigned to the long

arm (54%) and 214 to the short arm (46%). These results are

consistent with previous studies that have located Yr15 in the

short arm of chromosome 1B, near the centromere (Murphy

et al., 2009; Peng et al., 2000; Sun et al., 1997), and the fact

that the Yr15 introgression includes chromosomal regions from

both the short arm and long arm of T. dicoccoides.

To further refine this location, we cross-referenced the SNPs

with BFR > 6 (including infinity) with a recently published genetic

map of 40 266 SNP markers (Wang et al., 2014) (Figure 3b).

Using the CSS assemblies as the common reference across both

data sets, we found that only 678 SNPs (across 474 genes) were

successfully assigned to the genetic map. This represents only

43% of the 1582 SNP with a BFR > 6 (across 1173 genes). In this

analysis, the unit of comparison was the CSS assemblies, not the

SNPs or genes themselves. Therefore, this suggests that many of

the CSS assemblies with SNPs in our parental lines did not have

equivalent SNP in the 40 266 marker data set. Despite the fact

that this genetic map was not sufficient to make best use of over

50% of the SNPs identified in the parental lines, it provided a

more fine-scale resolution of the genetic positions compared to

the wider chromosome arm information of the CSS. Of the 678

SNPs that were located on the genetic map, 325 mapped to

chromosome 1B and 311 of them were located within a 30-cM

interval (Figure 3c, Figure S4).

Although we do not find a smooth curve with a defined peak

as those identified in sequenced diploid organism using QTL-seq

(Takagi et al., 2013) or similar NGS-enabled genetic approaches

(James et al., 2013), in practice, we observed a set of clusters

with high BFR near the centromere of chromosome 1B (Fig-

ure 3c). This distribution would not be expected on a random set

of genes as wheat chromosomes have relatively higher gene

densities as distances increase from the centromere (Akhunov

et al., 2003). Therefore, the relatively narrow distribution of SNPs

in the centromeric region of chromosome 1B suggests that the

approach was successful in enriching for SNPs that are closely

linked to Yr15. The lack of a clear single peak is most likely due to

a combination of factors including the bias induced by the

difference in expression, the relative low resolution of the genetic

map and the absence of a contiguous physical sequence with

which to order a larger number of SNPs with higher confidence.

This determines that multiple criteria need to be considered when

prioritizing SNPs for marker development as genetic map position

or high BFR alone is not sufficient.

Assay selection

We used three independent criteria to classify SNPs before marker

development and validation. First, we used the BFR > 6 as the

threshold for inclusion as detailed above. We used only SNPs that

were present in at least two of the bulk replicates or in one of the

in silico mixes to ensure consistency while still including SNPs with
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low coverage in a single bulk. Next, we selected SNPs in

chromosome group 1S according to our preliminary in silico

map information and previous studies (Murphy et al., 2009; Peng

et al., 2000; Sun et al., 1997). Finally, we selected SNPs that

originate from the Yr15 parent. This was done to ensure that the

SNP would tag the Yr15 T. dicoccoides introgression as opposed

to a unique SNP present only in the AVS genetic background

which would be of less use in breeding programmes.

The multiple criteria reduced the number of genes with

putative SNP from over 27 000 to just 175 (98 and 77 in the

UCW and UniGene references, respectively) (Figure 4). As the

two references come from independent sources, we aligned the

selected genes to the opposite gene set and found that roughly

half of the selected genes overlapped between references while

each contained a similar proportion of unique genes (Figure 4).

From the original 175 genes, we selected the 50 SNPs with

highest BFR for marker development, of which 15 were redun-

dant between gene sets, thereby resulting in 35 SNPs to test.

We next examined the behaviour of the SNPs across the

individual bulks and in silico mixes to evaluate the usefulness of

the multiple bulk strategy. We initially expected the number of

SNPs with BFRs of infinity to drop in the in silico mixes as the

additional coverage would reduce instances of calling for the

absence of an allele. However, the opposite occurred as new

genes with low expression and which were not represented in any

single bulk comparison were rescued in the mix due to the higher

combined coverage (Figure 5). Other SNPs were present

consistently across all bulks and mixes, although their exact BFR
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values changed dependent on the bulk (Figure 5, marker R5). In

other cases, individual SNPs would be missing from an individual

bulk, but present in all others (marker R8). These results highlight

the importance of adequate coverage across the bulks and argue

for a strategy in which improved coverage is the main objective

rather than having independent replications of the bulks them-

selves. Although previous studies using genomic DNA found that

relatively low coverage (<59) is sufficient to call for SNPs in model

organisms (Schneeberger and Weigel, 2011), our results are in

agreement with studies using populations for SNP calling (Abe

et al., 2012; Takagi et al., 2013). The use of RNA-Seq data leads

to a nonuniform distribution of the coverage across genes, and

this is particularly evident on genes with low expression levels

(Mortazavi et al., 2008).

Approximately 60% of the reference gene models produced a

unique hit with >99% sequence identity to a single IWGSC

scaffold (Table S9). This suggests that in many cases, there is no

unique homoeologue reference and hence the reads from at least

two genomes will map to the same reference. We addressed this

in the SNP calling by masking polymorphic positions within each

parental line using the IUPAC ambiguity code. However, this also

meant that a high coverage (209) was required to maintain a

high confidence for SNP calling. We had previously shown in

tetraploid wheat that increasing coverage from 89 to 169

reduces the total number of putative SNPs identified by 60%, but

increases the validation rate from 57% to 83% (Trick et al.,

2012). The balance between increased coverage, reduced num-

ber of SNPs and increased validation rates needs to be weighed in

each situation according to the objectives of the study.

SNP validation

To validate the putative SNPs and generate a genetic map of the

Yr15 locus, we designed KASP assays for the 35 selected SNPs.

We developed an automated bioinformatics pipeline, called

PolyMarker, to increase the probability of designing homoeo-

logue-specific assays. This feature is particularly relevant as most

SNP platforms cannot easily distinguish between heterozygote

and homozygote individuals in polyploid species. Briefly, Poly-

Marker generates a multiple alignment between the target SNP

sequence and the CSS scaffolds (IWGSC, 2014) for each of the

three wheat genomes. Informative positions (varietal and homo-

eologous SNPs) are highlighted with respect to the target genome

(1BS for Yr15). The common primer is selected to incorporate a

homoeologue-specific or semi-specific base at the 30 end,

whereas the competing diagnostic primers are designed to

incorporate the alternative varietal bases at their 30 ends

(Figure 6a). PolyMarker designed 17 specific and 9 semi-specific

assays to chromosome arm 1BS, whereas 9 assays were not

specific due to missing information from the CSS scaffolds

(Figures 1d and 6a). The mask generated by PolyMarker enabled

the identification of putative homoeologous variants (between

genomes as opposed to varietal SNPs) which were present in the

data set, but that were not identified previously. By exploiting the

latest genomic resources in wheat, PolyMarker increases the

likelihood of generating codominant SNP assays that are required

for commercial MAS programmes and genotyping of F2 mapping

populations like the one used in this study.

In the first instance, we tested the 35 SNPs in a test panel

consisting of the parents (AVS and Yr15) plus six commercial

wheat varieties, three of which contain Yr15 and three without it.

Two of the lines without Yr15 include T. dicoccoides (the Yr15

donor species; McIntosh et al., 1995) in their pedigree and were

used to assess the specificity of the Yr15-derived SNPs (Table

S10). From the 35 SNPs tested, 28 were polymorphic across the

parents (80%), with three diagnostic for Yr15 in the panel (R5, R8

and R33, Figure 6b). We also identified five SNPs as homoeolo-

gous, three of which were monomorphic across the parents and

two polymorphic SNPs that were not diagnostic across the panel.

To determine the genetic position of these SNPs relative to Yr15,

we developed a genetic map using the phenotyped F2 individuals

(Figure 1b,e).

Genetic map

To determine the genetic position of the 28 polymorphic SNP

markers with respect to Yr15, we first genotyped a subset of the

F2 population (66 plants). Twenty-three of the 28 SNP markers

were linked to Yr15 (82%; Figure S5), with several markers

mapping within a few cM. This suggests that the multiple criteria

for assay selection performed effectively in selecting markers

across the Yr15 region. To improve the resolution of the genetic

map, the complete F2 population was then assessed with the

seven most closely linked markers, which included the three

diagnostic markers across the variety panel (R5, R8, R33). In

addition, we mapped two microsatellite markers that are

currently used by breeders to select for Yr15 in UK germplasm

(Xbarc8 and Xgwm413), and we included one additional marker

based on barley–wheat synteny (R43). From the 232 F2 plants

with phenotypic information, 196 individuals were genotyped

reliably, with no more than 1 missing marker data point. Using

these markers, we mapped Yr15 to a 0.77-cM interval, with Yr15

UCW gene models
Group 1S (554)

From Yr15 
(11 230)

BFR > 6
(643)

98

287

481 42

147

10 364

Putative genes with SNP: 16 022 (17.01%)

Group 1S (359)

BFR > 6 
(530)

77

201 8

405 40

73

7648

NCBI UniGene

Putative genes with SNP: 11 056 (19.41%)

From Yr15
(8331)

UCW (98) UniGene (77)

64 496222

Figure 4 Selection criteria for marker design. Venn diagrams based on the three selection criteria (SNP in the short arm of chromosome group 1; SNP has

a bulk frequency ratio > 6; and SNP is from the Yr15 parent) for the UCW (blue) and UniGene (red) gene models. The centre diagram shows the

intersection between common genes matching all three criteria across both data sets. Note that the numbers are not directly additive as in cases, multiple

models from one reference set will relate to a single gene model in the other.
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mapping 0.26-cM distal to R8/Xgwm413 and 0.51 cM proximal

to R5/R11 (Figure 7).

Although we did not find a completely linked marker to Yr15,

the sub-cM interval is within the expected resolution of an F2
population of 196 individuals (392 gametes should provide a

0.26-cM resolution). The shift from microsatellite to SNP markers

is also of relevance as SNPs have become the most widely used

marker system within MAS pipelines in a majority of breeding

programmes (Bevan and Uauy, 2013).

Validation on breeding germplasm

To determine the usefulness of these markers in breeding

programmes, we tested markers R11, R5 and R8 across 122

doubled haploid (DH) lines. These DH lines were derived from

crosses between five different UK varieties/breeding lines to Yr15

derivatives known to carry the resistance gene. The expected

Yr15 haplotype corresponded to T, G and C alleles at markers

R11, R5 and R8, respectively (TGC haplotype). The DH lines were

tested at seedling stage for reaction to P. striiformis, with 84

showing complete resistance and 34 presenting an intermediate

or completely susceptible reaction. The resistant lines all carried

the complete Yr15 haplotype (TGC, Figure 7c) across the three

SNP markers with the exception of five lines which had a single

missing data point, but were otherwise consistent. This compared

favourably with the most diagnostic in-house SNP markers

available within the breeding programmes. Using the three in-

house markers, 79 resistant lines carried the expected haplotype,

but five completely resistant DH lines were scored as false

negative due to the presence of the non-Yr15 haplotype. Within

the intermediate and susceptible DH lines, all but one had a non-

Yr15 haplotype (CAT or TAT) across R11, R5 and R8 (Figure 7c).

This single DH line was scored as a false positive as it carried the

TGC Yr15 haplotype, but was found to have an intermediate

(chlorotic) reaction to P. striiformis. This line was also the only one

scored as a false positive using the three in-house markers.

We further validated the markers in a larger set of 103 varieties

and breeding lines representing UK elite germplasm. The Yr15

status of these lines was known from pedigree analysis and

characterization with SSR marker Xbarc8 (8 resistant, 93 suscep-

tible and 2 heterozygous lines). Marker R5 was completely

diagnostic with 100% of called alleles agreeing with Yr15 status,

whereas marker R8 had a single false-positive result. Marker R11

was less diagnostic with a 12% false-positive error rate.

These results show that markers R5 and R8 are more diagnostic

than the R11 SNP, which was found segregating among

intermediate individuals and had a relatively high false-positive

error in the UK elite germplasm. Markers R5 and R8 were linked

in coupling and diagnostic in 112 of 113 DH lines tested

(Figure 7c) and across 102 of the 103 varieties examined.

Although flanking microsatellites markers have been available

for some time and have proved useful in characterizing sources of

resistance, they are not suited to large-scale MAS. Our results

suggest that R5 and R8 can be used to replace the published

microsatellites (and in-house marker) for Yr15 MAS in the

pedigree programmes being evaluated. These markers will enable

effective pyramiding of Yr15 with other resistance genes facili-

tating the deployment of multiple R-gene combinations in wheat

varieties. They also represent a diagnostic tool in predicting the

Yr15 status of lines of unknown performance or pedigree,

although only lines with a nonrecombined haplotype should be

unambiguously categorized. It will be important to now extend

the haplotype analysis and evaluate the diagnostic nature of R5

and R8 across a wider set of world varieties and breeding lines.

Conclusion

This work exemplifies the use of BSA combined with RNA-Seq in

an F2 population to generate high-density genetic maps across

target loci in polyploid wheat. Through the use of a bulk

frequency ratio threshold and a series of complementary criteria,

we were able to identify putative SNPs across the Yr15 locus. We

developed an automated bioinformatics pipeline, PolyMarker, to

convert these SNPs into codominant genome-specific KASP

assays, thereby overcoming a major barrier associated with the

polyploid wheat genome. Using these SNPs, we mapped Yr15 to

a sub-cM interval, in line with the expected resolution of an F2

1

5

50

Inf
R5

R8

R5

R5

R8

R8

R5
R11

R5
R8

R11

B
F

R

1

5

50

Inf

B
F

R

1

5

50

Inf

B
F

R

1

5

50

Inf

B
F

R

1

5

50

Inf

B
F

R

Selected SNPs ordered by BFR

0 25 50 75 100

0 25 50 75 100

0 25 50 75 100

0 25 50 75 100

0 25 50 75 100

(a)

(b)

(c)

(d)

(e)

Figure 5 Bulk frequency ratio (BFR) of selected SNPs across the individual

bulks (a–c) and in silico mixes (d, e). The BFR values of selected SNPs were

sorted in descending order across the different bulks and according to

their origin (UCW, red; UniGene, blue). The dotted line represents the BFR

threshold of >6 (logarithmic scale). Validated SNPs are indicated by open

triangles, and SNPs corresponding to markers R5, R8 and R11 are labelled

across different bulks and mixes. Note that some SNPs are below the

threshold in a specific bulk as they meet the BFR criteria across others.
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population. The two most closely linked KASP assays were

diagnostic across UK pedigree programmes, providing a reliable

haplotype for MAS of Yr15 in hexaploid wheat. The proposed

methodology can be applied to generate high-density genetic

maps in F2 populations and to provide closely linked markers for

target traits in wheat and other polyploid species.

Experimental procedures

Plant material and pathology assays

Near-isogenic lines segregating for the presence of Yr15 in the

Avocet ‘S’ (AVS) genetic background (Wellings and McIntosh,

1998) were crossed to generate an F2 population. Prior to

infection, samples were taken at seedling stage for DNA and RNA

purification. A 2-cm section from the 1st leaf of each plant was

used for DNA purification (Pallotta et al., 2003). Individual F2
grains were sown into separate cells (2.5 cm 9 2.5 cm) of single

seed descent trays. The parents of the F2 population (AVS and

Yr15) were used as controls and replicated 6 times. Seedlings

were inoculated at the three leaf stage with a mix of UK isolates

of P. striiformis f.sp. tritici known to be avirulent for Yr15 (08/21,

08/501, 03/7) (Segovia et al., 2014). Disease symptoms were

recorded 2 weeks after inoculation and again after a further

week although the scores remained the same. Plants were

classified as resistant or susceptible based upon the presence of

sporulation. Only two grain failed to germinate yielding data for

232 F2 plants. Before RNA isolation, samples from the F2
population were grouped into 6 bulks comprising either resistant

[Bulk R1 (70 individuals), R2 (67) and R3 (50)] or susceptible

individuals [Bulk S1 (15 individuals), S2 (17) and S3 (13)]. Five

(b)

(a)

Figure 6 Genome-specific primer design and KASP assay. (a) Multiple alignment of the parent sequences and the Chinese Spring Survey scaffolds for each

of the three wheat genomes. The mask highlights informative positions across the alignment. These include the target varietal polymorphism (&),

homoeologous SNPs (:), and genome-specific and semi-specific positions (upper and lower case, respectively). The diagnostic primers incorporate the

alternative varietal SNP at the 30 end, but are otherwise similar. The third common primer is preferentially selected to include a genome-specific base (in this

case, chromosome arm1BS), or a semi-specific base in the absence of an adequate genome-specific position. (b) KASP output from the wheat variety panel

with (Ochre, Boston, Cortez) and without (Robigus, Cadenza and Shamrock) Yr15. Marker R2 is monomorphic while R8 is polymorphic between varieties

know to carry the gene. Marker R8 results for the F2 population showing three distinct clusters. The central cluster (light green) is comprised of

heterozygous individuals, whereas clusters near the axes are homozygous for either AVS (VIC; orange) or Yr15 (FAM; dark green).
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plants of each parental line (AVS and Yr15) were pooled for RNA

and DNA extractions.

Sample preparation

For each bulk, total RNA was isolated using TRIzol reagent

(Invitrogen, Paisley, UK) and treated with DNA-free DNase and

the Removal Reagents kit (Ambion, Paisley, UK) following the

manufacturer’s instructions. RNA was quantified by fluorometry

using a Qubit fluorometer with QUANT-iT RNA assay (Invitrogen),

and the quality was assessed by a Bioanalyser RNA chip [RNA

integrity number (RIN) higher than 7]. The Illumina TruSeq version

2 library synthesis kit was used according to manufacturer’s

instructions to develop 8 sequencing libraries (AVS, Yr15, R1–3,
S1–3). The average fragment size for all libraries was 300 bp.

Sequencing was carried out on the Illumina HiSeq2000

instrument using sequencing chemistry v4 (FC-104-4001; Little

Chesterford, Illumina) and software SCS 2.6 and RTA 1.6.

Parental libraries (AVS and Yr15) were each run in a single lane

for 100 cycles for each paired end, whereas the bulk libraries

were assembled into two pools [(R1 + R2 + S3) and

(R3 + S1 + S2); Figure 1] and each sequenced in a single lane

for 100 cycles paired end.

Alignment of Illumina reads to gene models

The Illumina intensity files were converted to bases using Casava

v1.8 (Illumina, 2011). The two lanes containing the bulks were

deconvoluted with a tolerance of 1 mismatch in the barcode,

whereas the parental lanes were not indexed. The FASTQ

compressed files were left in chunks of 4 000 000 clusters, the

default of the BCL conversion from Casava, to allow parallel

processing in the downstream analysis. The quality of the

sequencing was confirmed with FastQC v 0.10.1 (Babraham

Bioinformatics, 2012). The RNA-Seq reads were aligned to the

wheat UniGene build 60 (Pontius et al., 2003) and to the UCW

gene models (Krasileva et al., 2013), including the Triticum

turgidum ORFs and the complementary wheat ORFs (MAS Wheat,

2013), using BWA 0.5.9 (Li and Durbin, 2009) with the default

parameters for read pair libraries. The alignments were stored as a

single BAM file per each sample against a given reference, which

allow compression and random access to the alignments (Li and

Durbin, 2009).

Bulk frequency ratios

To identify variant candidates, the methodology described in Trick

et al. (2012) was used and extended to work with BAM files and

to consider cases when a variant is completely absent from the

parental sequences. The consensus from the two parents is called,

allowing for ambiguities to take into account possible homoeo-

logues when at least 20% of the bases differ from the reference.

The consensus is stored with standard IUPAC codes (Cornish-

Bowden, 1985). On the bases where the consensus is different

between the parents, the bulk frequency ratio (BFR) was

calculated as in Trick et al. (2012). The algorithm was imple-

mented using Ruby on the top of BioRuby (Goto et al., 2010) and

extending the functionality of bio-samtools (Ramirez-Gonzalez

et al., 2012). The BFRs were calculated independently on each of

the three comparisons (Bulk 1: S1–R1, Bulk 2: S2–R2 and Bulk 3:

S3–R3) and with in silico mixes of bulks 1 and 2; and bulks 1, 2

and 3 produced by merging the BAM files using samtools (Li

et al., 2009). A list was produced with all the scores in a table

format containing the BFR, coverage, ratio of the SNP base and

the parent containing the SNP (Data S2–S4).
The UniGenes, UCW gene models and the contigs containing

the 46 977 genetically mapped SNPs from Wang et al. (2014)

were aligned with BLAT (Kent, 2002) to the CSS scaffolds

(IWGSC, 2014). To assign the genes to a specific scaffold, we
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Figure 7 Genetic map of Yr15 and haplotype

analysis. (a) Genetic map including the eight

closest markers and the previously characterized

microsatellites Xbarc8 and Xgwm413. Yr15 was

mapped as a discrete locus between R5/R11 and

R8/Xgwm413. (b) Graphical genotype of the

196 F2 individuals used to develop the genetic

map. The alleles are abbreviated according to their

origin: A: AVS; B: Yr15 and H: Heterozygous.

Missing calls are indicated by a hyphen.

(c) Haplotype analysis and phenotypic evaluation

of the 113 doubled haploid lines used in the study.

The TGC haplotype corresponds to that originally

identified in the Yr15 parent and which was

diagnostic across 112 of the 113 lines studied.
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selected the best hit from the BLAT alignment, provided that at

least 60% of the gene was covered in the scaffold with at least

90% of identity. This selection criterion reduces the number of

spurious hits in repetitive motifs in the gene and allows the

assignment to a homoeologous chromosome even when the

correct homoeologue is missing from the CSS scaffolds. The

origin of the scaffold was used to assign a putative chromosome

arm. In addition, the gene models were also aligned to the cDNA

of Hordeum vulgare (International Barley Genome Sequencing

Consortium, 2012) from Ensembl! Plants, release 16 (Kersey

et al., 2012). The genetic position of the wheat contigs with SNPs

was used to calculate the density of SNPs with a BFR > 6 and for

all SNPs between AVS and Yr15. After selection using the criteria

outlined in the results section, the selected genes were sorted by

BFR in the mix between samples to select the top 50 SNPs for

further validation via KASP markers.

Primer design

To design the primers for the 35 selected SNP candidates, the

genes were aligned using exonerate 2.2.0 (Slater and Birney,

2005) to the IWGSC scaffolds (IWGSC, 2014) from chromosome

arms 1AS, 1BS and 1DS. The search was limited to the best 10

matches with the ‘est2genome’ alignment model, which is

optimized to recognize the exon–intron junctions. The best

alignment for each chromosome was extracted, and 100 bases on

either side of the SNP were kept. The consensus sequences from

the RNA-Seq alignments containing a variation of each parent

were extracted and trimmed to have at most 100 bases on either

side of the variation. MAFFT v7.055 (Katoh and Standley, 2013)

was used to produce a local alignment of the exons across the

different genomes (mafft options: �maxiterate 1000, �localpair).

From the local alignments, the positions of the polymorphisms

between genomes were selected as putative positions for

genome-specific primers. The forward oligos were designed to

contain the polymorphism between the parents in the 30 end. To
increase the probability of genome-specific amplification, the

reverse primers were selected to have a polymorphic base across

the A, B and D genomes in the 30 end (selecting the base

observed in the B genome, Figure 6). The viability of the primers

was assessed with primer3 v2.3.5 (Rozen and Skaletsky, 1999).

Both the detailed code of the PolyMarker pipeline (https://github.

com/TGAC/bioruby-polyploid-tools) and a web interface (http://

polymarker.tgac.ac.uk) are available.

KASP assays

Oligos were ordered from Sigma-Aldrich (Gillingham, UK), with

primers carrying standard FAMor HEX compatible tails (FAM tail: 50

GAAGGTGACCAAGTTCATGCT 30; HEX tail: 50 GAAGGTCGGAG
TCAACGGATT 30) with the target SNP at the 30 end. Primermixwas

set up as recommended by LGC [46 lL dH2O, 30 lL common

primer (100 lM) and 12 lL of each tailed primer (100 lM)] (LGC
Genomics, 2013). Assays were tested in 384-well format and set

up as 4-lL reactions [2-lL template (10–20 ng of DNA), 1.944 lL
of V4 29 Kaspar mix and 0.056 lL primer mix]. PCR cycling was

performed on a Eppendorf Mastercycler pro 384 using the

following protocol: hotstart at 95 °C for 15 min, followed by ten

touchdown cycles (95 °C for 20 s; touchdown 65 °C, �1 °C per

cycle, 25 s) then followed by 30 cycles of amplification (95 °C10 s;

57 °C 60 s). As KASP amplicons are smaller than 120 bp, an

extension step is unnecessary in the PCR protocol. 384-well

optically clear plates (Cat. No. E10423000; Starlab Milton Keynes,

UK) were read on a Tecan Safire plate reader. Fluorescence was

detected at ambient temperature. If the signature genotyping

clusters had not formed after the initial amplification, additional

amplification cycles (usually 5–10) were conducted, and the

samples were read again. Data analysis was performed manually

using Klustercaller software (version 2.22.0.5; LGC Hoddesdon,

UK).

Genetic map construction

JoinMap version 3 (van Ooijen and Voorrips, 2002) was used for

linkage analysis and genetic map construction, using default

settings. The linkage to Yr15 was determined using a divergent

log-of-odds (LOD) threshold of 3.0, and genetic distances were

computed based on recombination frequency.
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