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Abstract We describe the application of complexity
reduction of polymorphic sequences (CRoPS®) technology
for the discovery of SNP markers in tetraploid durum
wheat (Triticum durum Desf.). A next-generation sequ-
encing experiment was carried out on reduced representa-
tion libraries obtained from four durum cultivars. SNP
validation and minor allele frequency (MAF) estimate were
carried out on a panel of 12 cultivars, and the feasibility of
genotyping these SNPs in segregating populations was
tested using the Illumina Golden Gate (GG) technology.
A total of 2,659 SNPs were identified on 1,206 consensus
sequences. Among the 768 SNPs that were chosen irre-
spective of their genomic repetitiveness level and assayed
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on the Illumina BeadExpress genotyping system, 275
(35.8%) SNPs matched the expected genotypes observed in
the SNP discovery phase. MAF data indicated that the
overall SNP informativeness was high: a total of 196
(71.3%) SNPs had MAF >0.2, of which 76 (27.6%)
showed MAF >0.4. Of these SNPs, 157 were mapped in
one of two mapping populations (Meridiano x Claudio
and Colosseo x Lloyd) and integrated into a common
genetic map. Despite the relatively low genotyping effi-
ciency of the GG assay, the validated CRoPS-derived SNPs
showed valuable features for genomics and breeding
applications such as a uniform distribution across the wheat
genome, a prevailing single-locus codominant nature and a
high polymorphism. Here, we report a new set of 275
highly robust genome-wide Triticumm SNPs that are readily
available for breeding purposes.

Introduction

Single-nucleotide polymorphisms (SNPs) are the most
common polymorphism among individuals of any species
(Brookes 1999; Deschamps and Campbell 2010). In crops,
the availability of SNP genotyping platforms would facil-
itate the genetic dissection of traits of economic importance
and the application of marker-assisted and genomic selec-
tion (Rafalski 2002; Mackay and Powell 2007; Collard and
Mackill 2008; Jannink and Lorenz 2010). Resequencing
projects have led to the discovery of thousands to millions
of SNPs in Arabidopsis (Jander et al. 2002; Zhang and
Borevitz 2009), rice (Feltus et al. 2004; McNally et al.
2009; Yamamoto et al. 2010), maize (Ching et al. 2002;
Zhao et al. 2006; Liu et al. 2010; Yan et al. 2010) and
barley (Close et al. 2009; Waugh et al. 2009; Hayden et al.
2009). Since SNPs can be converted into genetic markers
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amenable to high-throughput assays (Gut 2001; Deschamps
and Campbell 2010), SNP discovery and the development
of SNP-genotyping platforms are receiving increasing
attention (Edwards et al. 2008; Ganal et al. 2009; Varshney
et al. 2009).

Notwithstanding the remarkable results reported for the
above-mentioned species, SNP discovery and detection in
wheat have both progressed much more slowly (Somers
et al. 2003; Ganal and Roder 2007) due to: (1) lack of a
reference genome sequence, (2) availability of gene
sequences from only a few genotypes, (3) low polymor-
phism levels due to a reduced nucleotide diversity of the
wheat genome, and (4) the highly repetitive and duplicated
nature of the wheat allopolyploid genome (Koebner and
Summers 2002; Edwards and Batley 2010). The severe
bottlenecks that have characterized the domestication of
cultivated wheat species have been suggested as the main
cause of the low frequency of marker-exploitable SNP
diversity in wheat (Ravel et al. 2006; Ganal et al. 2009;
Haudry et al. 2007; Quraishi et al. 2010).

Durum wheat (Triticum turgidum spp.) is an allotetra-
ploid crop, derived from the cross between Triticum
urartu (AA genome, 2n = 14) and an ancient relative of
Aegilops speltoides (donor of the BB genome), and is
characterized by a high number of paralogous genes
(Dubcovsky and Dvorak 2007). In polyploid species as
wheat, one of the main problems is that most of the
identified SNPs represent sequence variants between
homoeologous gene sequences rather than allelic variants
between homologous genomes (inter-varietal SNPs). The
presence of paralogous and multi-copy sequences adds
further complexity, and hence difficulty, toward the cor-
rect scoring of SNPs at single locus (Akhunov et al. 2009;
Sandve et al. 2010). Collectively, the combination of low
nucleotide diversity, polyploidy and repetitiveness has
severely limited advances in SNP discovery and geno-
typing platform development in wheat (Barker and
Edwards 2009; Ganal et al. 2009).

Currently, durum wheat marker profiling relies on low-
to medium-throughput marker platforms such as simple
sequence repeat (SSR; Korzun et al. 1999; Maccaferri
et al. 2008, 2011), amplified fragment length polymor-
phism (AFLP®; Lotti et al. 2000; Song et al. 2005; Akbari
et al. 2006), or diversity array technology (DArT;
Mantovani et al. 2008), thus hindering the deployment of
genomics applications in breeding programs (Akhunov
et al. 2009). The advent of next-generation sequencing
(NGS) technologies has allowed for the rapid resequenc-
ing of genomes when compared with traditional Sanger
sequencing technology (Shendure and Li 2008; Varshney
et al. 2010). However, efficient SNP discovery by whole-
genome resequencing can only be achieved for low-to-
moderate complex genomes like Arabidopsis or rice
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(Ossowski et al. 2008; Huang et al. 2009; Yamamoto et al.
2010), while the majority of agronomically important crop
genomes present a considerably higher complexity
(Adams and Wendel 2005; Bennetzen et al. 2005). In the
latter case, a reduction of genomic complexity prior to
NGS-based SNP discovery and genotyping is often ben-
eficial and in some cases required. Complexity reduction
can be achieved by generating reduced representation
libraries (RRLs). The construction of RRLs generates a
subpopulation of the same allelic genomic fragments in
several samples, thus reducing the genomic complexity of
several orders of magnitude. RRLs were originally
developed for SNP discovery with Sanger sequencing
(Altshuler et al. 2000) and later adapted to NGS tech-
nologies (van Tassel et al. 2008; Hyten et al. 2010).
Methods used to achieve genomic reduction are based on
the use of restriction enzymes (Altshuler et al. 2000),
high-Cyt selection (Yuan et al. 2003), methylation filtering
(Palmer et al. 2003), microarrays (Albert et al. 2007;
Okou et al. 2007) and cDNAs (Barbazuk et al. 2007).
However, these methods have several disadvantages, such
as they only target repetitive sequences and are ineffective
in eliminating low-copy paralogous and homoeologous
sequences (Cot and methylation filtering), limited to exon
sequences, laborious and low-throughput (cDNA), or are
only applicable to pre-selected sequences (microarrays).
Recently, AFLP has efficiently been combined with NGS
in the complexity reduction of polymorphic sequences
(CROPS®) method for RRL-based SNP discovery (van
Orsouw et al. 2007). CRoPS has the advantage that the
extent of genome complexity reduction can be modulated
using different enzyme combinations and a varying
number of selective nucleotides during the AFLP protocol,
allowing for a wide range of polyploid species to be
analyzed for high-throughput, genome-wide identification
of polymorphic SNPs. The successful application of
CRoOPS has recently been reported for SNP discovery in
maize (Mammadov et al. 2010).

For SNP genotyping, different chemistries have been
developed, including dual-labeled hydrolysis probes
(TaqMan® probes; Livak et al. 1995; Salvi et al. 2001),
fluorescent polarization detection (FP-TDI; Chen et al.
1999), Invader (Olivier 2005), iPLEX (Wright et al. 2008),
competitive allele-specific PCR (KASPar, Nijman et al.
2008), SNaPshot (Applied Biosystems; Sanchez et al.
2003), Golden Gate (GG; Fan et al. 2003) and Infinium
(Gunderson 2009; Illumina, San Diego, USA). While most
of these methods can only reach low- to moderate-
throughput (<40-plex), the GG and Infinium assays allow
for multiplexing up to 1,536 and >200,000 SNPs, respec-
tively. The GG assay has proved its utility in genotyping a
large number of SNPs in several species with repetitive
and/or polyploid genomes like soybean (Hyten et al. 2008),
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maize (Jones et al. 2009) and bread wheat (Akhunov et al.
2009; Chao et al. 2010).

The purpose of this study was to investigate the suit-
ability and efficiency of applying the CRoPS technology
for developing a SNP platform based on the GG assay in
durum wheat. Information is also provided on the stringent
criteria to be adopted for the selection of highly polymor-
phic, single locus-based SNP assays. Importantly, we
describe a new set of 275 highly robust Triticum SNPs that
are readily available for breeding purposes.

Materials and methods
Plant material

SNP discovery was carried out on four elite durum culti-
vars (Claudio, Colosseo, Neodur and Rascon_37/2*Tar-
ro_2) representing the genetic pools of cultivated T. durum
bred in the Mediterranean and North America regions
(Maccaferri et al. 2005, 2006). To estimate the transfer-
ability and polymorphism content of the SNPs identified
with the CRoPS technology, eight additional cultivars were
profiled with a selected subset of 768 SNPs. Cultivar
pedigrees, origin and year of release are summarized in
Table 1.

SNP mapping was carried out with two recombinant
inbred line (RIL) populations derived from the crosses
Colosseo x Lloyd (176 RILs) and Meridiano x Claudio
(181 RILs); for these two populations, SSR- and DArT-
based maps were previously reported (Maccaferri et al.
2008; Mantovani et al. 2008). For each accession, genomic
DNA was extracted from leaves of 20 plantlets following
the method described in Maccaferri et al. (2005).

SNP discovery with CRoPS

SNP discovery was performed following the CRoPS pro-
tocol (van Orsouw et al. 2007). CRoPS is based on the
detection of polymorphisms between sequences of different
samples by combining the power of reproducible genome
complexity reduction of AFLP (Vos et al. 1995) with the
sequencing-by-synthesis  (pyrosequencing) technology.
Briefly, 600 ng DNA per sample was reduced in com-
plexity by digestion with PstI and Tagl restriction enzymes
(New England BioLabs, Ipswich, MA, USA). The
Pstl + A/Taqgl + CT preamplification reaction was used
for the preparation of tagged libraries that were sequenced
with the GS FLX 454 Roche sequencer (Roche, Basel,
Switzerland). Quality control to quantify chloroplast and
mitochondrial DNA was performed by cloning and Sanger
sequencing of a fraction of the CRoPS libraries. Following
a titration run performed to estimate the optimal DNA
amount for the emulsion PCR, sequences were clustered to
estimate the level of repetitiveness. CRoPS analysis was
then performed as described by van Orsouw et al. (2007).

Nuclear DNA reads obtained were clustered and tar-
geted for SNP mining using Keygene’s proprietary soft-
ware. To increase the success rate of the Golden Gate (GG)
genotyping assay (Illumina, San Diego, CA, USA), three
additional criteria were used for SNP selection: (1) absence
of additional polymorphisms (SNPs or short INDELSs) in
both of the 12-bp-long sequences flanking the putative
SNP, (2) homozygosity of the selected SNPs with at least
two reads/sample in at least two samples and with allele
frequency >0.1, (3) SNPs in homopolymer sequences were
discarded. Sequence information of selected SNPs was
analyzed with Illumina’s proprietary software assay design
tool (ADT) for the assessment of their designability rank

Table 1 Pedigree, origin and

year of release of the durum Cultivar Pedigree Origin Year
. . of release

wheat cultivars utilized for

CRoPS-based SNP discovery Claudio CIMMY Tselection/Durango// Italy 1999

(Claudio, Colosseo, Neodur and 1S193b/Grazia

Rascon_37/2*Tarro_2),

genotyping and allele frequency Colosseo Mexa mutant/Creso Italy 1995

evaluation Neodur 184-7/Valdur//Edmore France 1987
Rascon_37/2*Tarro_2 Rascon_37/2*Tarro_2 Mexico 2000
Ardente Israel durum 303/preliminary77//664 France 1984
Kofa Dicoccum Alpha population-85 S-1 USA 1998
Svevo Rok/fg//stil/3/dur1/4/sapi/teal/hui///Zenit Italy 1996
Levante G80/Piceno//lonio Italy 2002
Lloyd Cando/Edmore USA 1983
Meridiano Simeto/WB881//Duilio/F21 USA 1999
Mohawk 883-22 Alpha population-85 CHA USA 1998
Simeto Capeiti 8/Valnova Italy 1988
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scores (http://www.illumina.com). The ADT score indi-
cates the overall probability of genotyping success of a
specific SNP based on the length, presence of degenerate
nucleotides and repetitiveness on the 50-60 bp flanking
sequences. ADT scores range from 0 (worst) to 1 (best). In
our analysis, only SNPs with ADT score >0.5 were
selected for the design of two 384-plex oligo pool all
(OPA) genotyping assays (Online Resource 1). One of the
aims of the project was to understand the influence of
sequence repetitiveness on the success rate of the GG assay
in mapping single-locus SNPs as Mendelian markers in
polyploid species. Therefore, only after the design of the
two OPA assays, the corresponding 768 SNP-harboring
sequences were analyzed for their degree of genomic
repetitiveness by comparison in the Triticeae Repeat
Sequence databases (TREP; http://wheat.pw.usdagov/
ITMI/Repeat).

SNP genotyping with Golden Gate assay

After comparing the genotyping performance of one
384-plex GG assay starting from either genomic DNA or
preamplified reaction, the same level of genomic com-
plexity reduction (PstI + A/Taql + CT) achieved during
the CRoPS protocol for SNP discovery was also utilized
during SNP genotyping, as described previously (van Eijk
and van der Poel 2006). The GG assay was performed on
the Illumina’s bead array (Oliphant et al. 2002), following
the methodology described in Fan et al. (2003) and Hyten
et al. (2008). Briefly, GG assay utilizes two allele-specific
oligos (ASOs) with different nucleotides at the 3’ ends to
discriminate between the two SNP alleles. A third locus-
specific oligo (LSO) anneals downstream of the ASOs and
includes an address sequence (IllumiCode) specific for
each SNP. After annealing of the ASOs and LSO to the
DNA, polymerase extends the ASOs and ligates the
extension to the LSO, simultaneously generating PCR
template for the 384 SNPs. PCR is then performed with a
set of three primers common to all ASOs and LSOs. The
two ASO primers are Cy3- and Cy5-labeled to discriminate
between alleles, while a third unlabeled primer is common
to all LSOs. The amplicons are then hybridized to beads
carrying complementary sequences to the IllumiCodes and
the Cy3/CyS5 ratios are calculated and utilized to estimate
SNP genotypes.

SNP genotyping was performed on (1) all 12 cultivars to
estimate the minor allele frequency (MAF) and (2) the
Colosseo x Lloyd and Meridiano x Claudio RIL popula-
tions to estimate the frequency of mappable CRoPS-
derived markers. SNP genotype calls were also analyzed
with the GenomeStudio software (Illumina, San Diego,
CA, USA) to estimate the quality of the calls with the
Gen_Train_Score (GTS). The GTS indicates how well

@ Springer

separated and tight the clusters are of the Cy3/Cy5 ratios of
the different genotypes in the GG assay. GTS ranges from
0 (worst cluster separation) to 1 (best cluster separation) in
homozygous populations. High-quality SNP markers were
designated KBO that stands for “Keygene and University
of Bologna”.

SNP mapping and estimate of polymorphism content

SNPs segregating in the two RIL populations were inte-
grated into the SSR- and DArT-based linkage maps
reported in Maccaferri et al. (2008) and Mantovani et al.
(2008). The Colosseo x Lloyd map (2,022 cM) consisted
of 162 SSR and 392 DArT markers, while the Meridi-
ano x Claudio map (2,487 cM) included 212 SSR and 716
DArT markers.

SNP data were first imported and inspected in JoinMap
4.0 (Van Ooijen 2006) using the Chi-square goodness-of-fit
test to identify the markers showing excessive discrepan-
cies between the observed and the expected (1:1) segre-
gation ratio. SNPs with Chi-square P values <0.0001 were
excluded from the analysis. SNPs showing a Mendelian
segregation were integrated into the two SSR- and DArT-
based linkage maps and, subsequently, a single combined
map was obtained. For each of the two maps, marker
grouping was performed using the independence log;q of
the likelihood of the odds ratio (LOD) method (incremental
LOD thresholds from 2 to 10 with LOD 1.0 steps) and a
robust initial linkage group scheme was obtained by
selecting the grouping nodes with a stable (non-variant)
number of markers in the LOD range between 6 and 10.
The linkage groups were used to calculate the corre-
sponding maps based on the maximum likelihood (ML)
mapping algorithm. The mapping process was based on the
repeated rounds of (1) simulated annealing Monte Carlo
map order optimization search, followed by (2) Gibbs
sampling (Monte Carlo Expectation Maximization algo-
rithm) that is used to obtain the multipoint recombination
frequency estimates. For map building, the number of map
optimization rounds was set equal to five. The linkage
group maps were gradually constructed by considering
spatial samples of loci using the five default recombination
frequency spatial sampling thresholds (0.10, 0.05, 0.03,
0.02 and 0.01). In the simulated annealing marker-ordering
phase, a chain of 5,000 trials and error steps with constant
acceptance probability was used and the system-stop was
set after reaching 1,000 chains without further improve-
ment; other parameters were set as default. In the Gibbs
sampling recombination frequency estimation phase, the
length of the burn-in chain was set equal to 5,000 iterations
and the chain length per Monte Carlo Expectation Maxi-
mization cycle was set to 1,000 iterations; other parameters
were as default.
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For each linkage group, the marker order was checked
using the plausible position calculation option (simulated
annealing method) set to 1,000 random replacement sam-
ples of markers. Based on such results, markers causing
unstable marker orders were discarded. Potential errors in
the final graphical genotypes such as the presence of
marker triplets showing double crossovers within 10 cM
were substituted with the missing data. However, double
crossovers within 10 cM supported by two or more adja-
cent markers were accepted. After discarding unstable
markers, the mapping procedure was repeated. The
assignment of linkage groups to wheat chromosomes was
carried out by checking for the presence of SSR markers
with known map positions. Linkage groups belonging to
the same chromosome were merged after the calculation of
the genetic distance between the distal markers, while
centromere position was inferred from centromeric SSRs
(Somers et al. 2003).

The two genetic maps with the integrated SNP markers
were then merged in a single consensus map using Car-
thagene (De Givry et al. 2005). Merging was performed
with the dsmergen command so that for each marker pair a
single recombination rate was estimated based on all
available meioses. A framework-mapping method (buildfw
command) was applied. With the buildfw command
(buildfw 2 2 {} 0), the map procedure started from all
possible pairs and triplets of markers, using as criterion the
differences in log-likelihood; then, each new marker was
inserted in all possible positions in an incremental insertion
procedure. Each new marker was kept in the framework
only if the difference in log-likelihood was >2 and all the
alternative orders with log-likelihood difference >2 were
kept for the next analysis steps. Non-framework markers
were incorporated in the framework map by building a
complete map using the framework map as a fixed order
(buildfw 0 0 {framework map marker order} 0) and the
map orders were improved using the techniques that use
flipping of subsections of the map (greedy command:
greedy 3 1 1 15 0) as well as permutations with a sliding
window of four markers (flips command: flips 4 1 I).

The distribution of markers between chromosomes with
respect to the distance from the centromeres was estimated.
The influence of sequence repetitiveness and GTS on the
proportion of mappable SNPs was also estimated.

Results
SNP discovery with CRoPS
A total of 574,665 high-quality reads were obtained from

the GS FLX sequencing run, covering more than 88.9 Mbp
of genomic sequences (average read length 155 bp). The

reads were distributed quite evenly between the four lines
of the discovery panel, ranging from 18.4% in Rascon_37/
2*Tarro_2 to 29.3% in Neodur. A total of 466,202 reads
clustered in 31,665 consensus sequences (average 14.7
reads/consensus), while 100,474 sequences remained as
singletons and were excluded from the SNP-mining anal-
ysis. Only 1.4% (7,989) of the reads matched chloroplast
and mitochondrial DNA. From the SNP-mining pipeline, a
total of 2,659 putatively homozygous SNPs on 1,206
consensus sequences were discovered among the four
cultivars. The 768 SNPs with the highest ADT scores were
selected for the GG assays (Online Resource 1).

In order to estimate the influence of the genomic
sequence repetitiveness on the success rate of the geno-
typing assay and on SNP mappability, the selected 768
SNP-harboring sequences were queried against the TREP
database. A total of 247 sequences (32.2%) were classified
as repetitive and mainly represented retrotransposons and
DNA transposons (Online Resource 1). The designability
score was only marginally influenced by the presence of
repetitive sequences, whose rate decreased from 40.2%
repetitiveness for those SNPs in the 0.5-0.6 ADT score
class, to 28.8% repetitiveness for those SNPs in the >0.9
ADT score class (data not shown).

SNP genotyping with Golden Gate assay

Concordance between the SNP genotypes determined with
the GG assay and those determined with the CRoPS dis-
covery pipeline was used to assess the accuracy of geno-
typing. We defined as “correct” and “incorrect” genotypes
those SNPs whose alleles were genotyped exactly and
differentely from the alleles discovered by the CRoPS
pipeline, respectively. The majority of the incorrectly
genotyped SNPs showed monomorphic genotypes, though
the capacity to discriminate between alleles was retained
by the GG assay. We also defined as “undetermined”
genotypes those SNPs whose alleles were not identifiable
because of insufficient allele clusters separation or because
of GG assay failure. We initially tested the performances of
the genotyping assay starting from either genomic DNA or
preamplified reaction on one 384-plex assay. The propor-
tion of correctly genotyped SNPs increased from 4.2%
(16/384) when using genomic DNA to 44.3% (170/384)
when using preamplified reaction (PstI + A/Taql + CT)
as a starting material for the GG assay (Online Resource 1).
The vast majority of undetermined genotypes were
observed when starting from genomic DNA (73.7%).
Based on these findings, the genotyping analysis was per-
formed starting from the 1:10 diluted preamplification
reactions, as in the standard AFLP protocol used in CRoPS.

Samples of the 12 cultivars and of the two Colos-
seo x Lloyd and Claudio x Meridiano RIL populations
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Table 2 Results of the two

OPA Golden Gate assays as Genotype SNPs (n) SNPs in single SNPs in repetitive Repetitive

function of the level of genomic sequences (1) sequences (1) sequences (%)

repetitiveness Correct 275 (35.8%) 245 (47.0%) 30 10.9
Incorrect 172 (22.4%) 85 (16.3%) 87 50.6
Undetermined 321 (41.8%) 191 (36.7%) 130 40.5
Total 768 521 247 32.2

were genotyped with the two 384-plex OPA assays using 80 - mm Repetitive sequence 27.6%

the GG assay on the BeadExpress platform. Out of the 768 0 3 Single sequence

SNPs tested, 275 (35.8%) SNP genotypes matched the 22.5%

expected genotype observed during SNP discovery (cor- 60 - 21.1%

rectly genotyped SNPs), while 172 (22.4%) SNPs were -

incorrectly genotyped. Conversely, for 321 SNPs (41.8%) % . 1459,

the GG assay was unable to discriminate between alleles 2 407 14.2% —

(undetermined genotypes; Table 2). E 30

Despite the reduction of genomic coplexity before GG

assay, sequence repetitiveness influenced the accuracy of 20 1

genotyping, as indicated by the fact that 50.6% of the 172 10 -

incorrectly genotyped SNPs were in repetitive sequences,

while only 10.9% of the 275 correctly genotyped SNPs 0-

001 0102 0203 0304 04-05

were in repetitive sequences (Table 2). In other words,
among the 521 SNPs in the non-repetitive sequences, the
proportion of correctly genotyped SNPs increases to
47.0%, while the proportion of incorrectly genotyped SNPs
drops to 16.3% (Table 2).

Genotypes of the 275 correctly genotyped SNPs of all
12 parental lines were used to estimate the minor allele
frequency (MAF; Online Resource 1). A total of 196
(71.3%) SNPs had MAF >0.2, of which 76 (27.6%) had
MAF >0.4 (Fig. 1).

Distribution and informativeness of CRoPS-derived
SNP markers

As a consequence of the relatively low frequency of rare
alleles in the SNPs identified, 204 (74.2%) of the correctly
genotyped SNPs showed segregation in at least one RIL
population (Table 3). More specifically, 95 and 146 SNPs
segregated in the Meridiano x Claudio and Colos-
seo x Lloyd populations, respectively. Of these segregat-
ing markers, 74 (77.9%) and 112 (76.7%) were
successfully mapped in the Meridiano x Claudio and
Colosseo x Lloyd populations, respectively (Table 3).
When only SNPs in the non-repetitive sequences are con-
sidered, the proportion of mapped markers increases to
80.7% (71/88) and 79.2% (103/130) in the Meridi-
ano x Claudio and Colosseo x Lloyd populations,
respectively (Table 3).

The segregating SNPs were subsequently integrated in
the existing maps of Meridiano x Claudio and Colos-
seo x Lloyd populations, respectively. This resulted in a
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Minor allele frequency

Fig. 1 Minor allele frequency (MAF) of the 275 correctly genotyped
SNPs estimated from the genotypes of the 12 cultivars. Percentages
indicate the proportion of SNPs for each MAF class

2.8 and 10.7% increase of map length for the Meridi-
ano x Claudio (2,556 cM; 25 linkage groups) and Colos-
seo x Lloyd (2,238 cM; 20 linkage groups) populations,
respectively. The merged map spanned 2,967 cM (22
linkage groups) and included 1,479 markers: 312 SSRs,
1,010 DArT markers and 157 SNPs from the CRoPS
libraries (Table 4; Fig. 2). A total of 610 (41.2%) markers
were mapped as framework markers, while only 156
(10.5%) markers were common between the two popula-
tions; among these common markers, 19 were SNPs
(Table 4).

Since the SSRs used for mapping were pre-selected for
polymorphism content, map position and PCR quality
profile (Maccaferri et al. 2005, 2008), the map distribution
of the newly mapped SNPs was compared to that of DArT
markers only. SNP and DArT markers were differently
distributed among chromosomes (Kolmogorov—Smirnov
test, P < 0.0001, Table 4), suggesting a rather limited
overlap between the two Pstl/Tagl genomic DNA repre-
sentation libraries used for DArT- and CRoPS-based
marker discovery. The distribution of SNPs was quite
uniform among chromosomes, except for chromosomes 3B
and 5B (less abundant), and chromosomes 1B and 2B
(more abundant). Differently from SNPs, DArT markers
were relatively abundant on chromosomes 3B and 6B and
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Table 3 Frequency of segregating and mapped SNPs among the 275 correctly genotyped SNPs

RIL Segregating Segregating Repetitiveness in Mapped Mapped
SNPs?* (n) SNPs (%) segregating SNPs (%) SNPs?* (n) SNPs* (%)

Meridiano x Claudio 95 (88) 34.5 74 74 (71) 77.9 (80.7)

Colosseo x Lloyd 146 (130) 53.1 11.0 112 (103) 76.7 (79.2)

Total 204 (182) 74.2 10.8 157 (148) 77.0 (81.3)

# Values of SNP derived from single-copy sequence are reported in brackets

Table 4 Distribution of markers in the merged durum wheat map

Chromosomes Total (n) Framework (n) Common (1) SSR (n) DArT (n) SNP (n) Length (cM)

1A 95 34 4 17 71 7 233

1B 124 42 10 26 79 19 226

2A 94 28 10 21 58 15 139

2B 138 66 23 26 94 18 266

3A 82 44 9 24 51 7 237

3B 157 54 12 26 125 6 254

4A 108 48 17 14 82 12 140

4B 65 27 11 18 36 11 135

SA 48 34 8 25 13 10 198

5B 58 27 4 21 32 5 203

6A 115 43 7 18 83 14 210

6B 145 51 12 27 109 9 192

7A 108 51 11 20 79 9 259

7B 142 61 18 29 98 15 275

Total 1,479 610 156 312 1,010 157 2,967

Markers have been categorized based on their mapping properties and marker classes. Framework refers to those markers mapped with high
confidence, while common refers to those markers mapped in both recombinant inbred populations

The marker classes are as follows: SSR simple sequence repeat, DArT diversity array technology, SNP single nucleotide polymorphism

strongly underrepresented on chromosome 5A, a feature
that seems common to wheat DArT-based maps (Akbari
et al. 2006; Mantovani et al. 2008; Peleg et al. 2008). Both
SNP and DArT markers were abundant in chromosome 7B.

To evaluate for the occurrence of overrepresentation of
the distal hypomethylated chromosome regions, which has
been reported for all the markers obtained from PstI-based
representation libraries (Vuylsteke et al. 1999; Wenzl et al.
2006), the distribution of DArT and SNP markers was
investigated based on their position relative to the centro-
meres of the linkage groups (Fig. 3). Based on the
Kolmogorov—Smirnov test, DArT and SNP marker distri-
butions differed significantly (P < 0.0001). As expected,
the distribution of the DArT markers was strongly skewed
toward the distal hypomethylated region (ca. 30% of the
genetic map) of the chromosome arms (cumulative fraction
of the total mapped DArT markers is 54.7%), with only
12.5% of the DArT markers located in the proximal cen-
tromeric portion (ca. 30%). Conversely, the distribution of
the SNPs was more uniform along chromosomes, with only
25.8% of the SNPs being assigned to the hypomethylated

distal region, while 27.0% mapped in the proximal cen-
tromeric region (Fig. 3). Furthermore, SNPs had a signifi-
cantly higher proportion of common markers between the
two genetic maps when compared to DArT markers (18.5
and 8.1%, respectively; P < 0.05).

Analysis of the 204 SNPs segregating in the two RIL
populations also showed that the GTS score (i.e., the
quality index of the genotyping data computed by the
Ilumina software) can be used as a good predictor of the
proportion of mapped markers. With GTS <0.4, only 20%
of markers were successfully mapped, while GTS >0.6
ensured that more than 80% of markers were successfully
mapped (Fig. 4). These differences in the success of
mapping as the function of the GTS can be explained by
sequence repetitiveness, which decreased from more than
35% to less than 10% in SNPs with GTS lower and higher
than 0.6, respectively (data not shown).

In order to estimate the uniqueness of the SNPs dis-
covered with the CRoPS technology, SNPs were compared
with the University of Bristol’s Wheat SNP database
(http://www.cerealsdb.uk.net). Interestingly, none of the
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Fig. 2 Integrated genetic map of the 14 Triticum durum chromosomes. Circles indicate the position of centromeres. Dashed lines link linkage
groups of the same chromosome. Stars indicate framework markers. Bold indicates common markers. Arrows indicate SNP positions

275 correctly genotyped SNPs was reported in this data-
base, indicating the CRoPS technology reports on genomic
regions not yet represented in the Bristol’s Wheat SNP
database.

Discussion

The repetitive nature of polyploid genomes has been one of
the major obstacles to SNP discovery and their utilization
in wheat breeding programs (Ganal and Rdder 2007). The
presence of similar sequences between homoeologous
chromosomes reduces both the efficiency of marker dis-
covery and the ability of correctly identifying the allelic
state of each individual. Depending on the genomic regions
considered, it has been estimated that the SNP frequency
between homoeologous chromosomes in wheat (homoeol-
ogous sequence variants, also reported as “false SNPs”)
ranges from 1 in 24 to 61 bp (Somers et al. 2003; Barker
and Edwards 2009), while among homologous chromo-
somes (inter-varietal or “true SNPs”) such frequency
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varies from 1 in 233 to 613 bp depending on the genetic
background and the number of accessions considered
(Ravel et al. 2006, 2007; Schnurbusch et al. 2007; Barker
and Edwards 2009). In a recent study, Barker and Edwards
(2009) estimated that only 6% of discovered SNPs in wheat
can be used in breeding programs.

Use of CRoPS for genome-wide SNP discovery
in durum wheat

To increase the breeding applicability of newly discovered
markers, van Orsouw et al. (2007) developed the com-
plexity reduction of polymorphic sequences (CRoPS®), a
method that combines genomic complexity reduction based
on AFLP and next-generation sequencing. One of the
major advantages of CRoPS technology is its low false-
discovery rate due to the ability of AFLP to reduce genome
complexity mainly based on the discriminating selection
between homoeologous regions, thus significantly reducing
repetitive and duplicated sequences during marker dis-
covery (Mammadov et al. 2010). In maize, van Orsouw
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Fig. 2 continued

et al. (2007) validated 77% of the 30 loci tested, while
Mammadov et al. (2010) were able to map 63% of the
1,123 CRoPS-derived SNPs. Compared to these studies,
the percentage of validated SNP assays was considerably
lower in our durum wheat study, most likely due to the
high level of repetitiveness of a portion of sequences. This
problem can be controlled, at least in part, by in silico
filtering for single-copy sequences. Another advantage of
CROPS is the possibility to modulate the level of genome
complexity by varying the enzyme combinations and the
selective nucleotides during AFLP library preparation.
Moreover, the same level of complexity reduction can be
applied at the genotyping level, hence partially circum-
venting the problem of the homoeologous chromosomes in
polyploids.

In the AFLP-based reduced representation library
preparation, application of the Pstl/Tagl enzyme combi-
nation allowed us to compare the distribution of the
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CRoPS-derived SNPs with that of the DArT markers pre-
viously mapped in the two RIL populations herein con-
sidered. The Pstl/Taql enzyme combination intrinsically
selected for low-repetitive sequences as shown by the fact
that only 32.2% of the SNP-harboring sequences were
classified as repetitive, while the percentage of repetitive-
ness in the wheat genome is estimated to be ca. 77%
(Flavell et al. 1977), and up to 86% for chromosome 3B
(Paux et al. 2006). A similar level of reduction of repetitive
sequence frequency was also observed in maize when
utilizing the Pstl/Msel enzyme combination for the CRoPS
library preparation (Mammadov et al. 2010).

The stringency of the SNP-mining parameters was also
important to select for SNP assays that complied with the
requirement of accurate single-locus Mendelian segrega-
tion. The discrimination between SNPs from homoeolo-
gous sequences and inter-varietal SNPs was efficiently
carried out by selecting only those SNPs that were
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Fig. 2 continued

homozygous in nucleotide stretches without any further
polymorphism. In fact, based on the average wheat SNP
frequency (Ravel et al. 2006, 2007; Schnurbusch et al.
2007; Barker and Edwards 2009), we would expect from
ca. 8,000 to 21,000 “true SNPs” in the 31,665 consensus
sequences obtained. However, only 2,659 SNPs in 1,206
consensus sequences met the stringent criteria adopted
during the SNP-mining pipeline.

Genotyping of the CRoPS-derived SNPs
with the Illumina Golden Gate assay

In our study, the CRoPS technology for SNP discovery in
durum wheat was applied by (1) selecting four highly
diverse and representative cultivars widely exploited in
breeding programs and (2) evaluating allelic information
content on a selected sample of 12 diverse cultivars. In
order to validate and estimate the breeding quality of the
CRoPS-derived SNPs, two RIL populations were geno-
typed with the Illumina Golden Gate (GG) assay. The
OPA genotyping assay is a complex multiplex single-tube
reaction (Shen et al. 2005). So far, a high success rate in
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the multiplex genotyping reaction has been obtained only
with SNP assays derived from single-copy sequences.
Accordingly, the use of genomic DNA as starting mate-
rial for the OPA genotyping reaction can be problematic
in species with highly complex genomes, where paralo-
gous and homoeologous sequences can interfere with the
assay.

The success rate of the OPA genotyping assay when
applied to sets of SNP-harboring sequences that passed
several selection steps for the reduction of repetitive
sequences, was reported to be 89 and 85% in soybean and
maize, respectively (Hyten et al. 2008; Jones et al. 2009).
Akhunov et al. (2009), using sequences from single-copy
genes, demonstrated that the GG assay is very efficient for
SNP genotyping in tetraploid wheat, reaching a success
rate of 88% on a 96-plex OPA assay. Similar high
genotyping conversion rate (85%) was also achieved in
tetraploid and hexaploid wheat on 1,536-plex GG assay of
EST-derived SNPs amplified with genome-specific primers
(Akhunov et al. 2010; Chao et al. 2010). However,
restricting the SNP development to the expressed, single-
copy-sequence gene portion of the genome may limit
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Fig. 2 continued

marker density and genome coverage offered by SNPs.
One peculiarity of the CRoPS technology is its ability to
also identify SNPs found in the repetitive sequences due to
the reduction of genomic complexity before sequencing the
preamplified reactions. Nevertheless, these SNPs may be
problematic to be correctly genotyped if the reduction of
genomic complexity is not performed. In this study, the
experiments were carried out starting with SNP sets in
genomic sequences that were not pre-selected for their low
repetitiveness or for being expressed. We initially tested
SNP genotyping starting directly from genomic DNA,
without the AFLP pre-selection step for complexity
reduction, but the relatively high number of SNPs simul-
taneously tested in the OPA assay (384-plex) combined
with the high complexity and repetitive nature of the tet-
raploid wheat genome resulted in a very low success rate of
the genotyping assay. Differently, when we tested SNP
genotyping starting from the 1:10 diluted preamplifcation
reaction as utilized in the CRoPS protocol, we obtained a
much higher success genotyping rate. The largest number
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Fig. 3 Chromosome arm distributions of diversity array technology
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Fig. 4 Frequency of the 204 segregating SNPs in the two RIL
populations Claudio x Meridiano and Colosseo x Lloyd as function
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GTS). Percentages indicate the proportion of mapped SNPs for each
GTS class

of undetermined SNP alleles was observed when using
genomic DNA, while the proportion of undetermined SNPs
considerably dropped when the genomic complexity of the
starting material was reduced by the AFLP preamplifica-
tion step. Our results clearly indicate that the efficiency of
high-throughput SNP genotyping on CRoPS-derived SNPs
increases when using preamplified reations as template
rather than genomic DNA and a complexity-reduction step
should be performed to increase the genotyping success
rate.

The influence of repetitive and homoeologous sequences
on the accuracy of genotyping was still observed despite
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the reduction of genomic complexity of the starting
material for the GG assay. The RIL populations were
derived from several generations of inbreeding and thus
only a small portion of residual heterozygosity was
observed with SSRs (ca. 4.5 and 6.7% of markers in the
Meridiano x Claudio and Colosseo x Lloyd RIL popula-
tions, respectively). However, almost 10% of the mapped
SNPs showed a small allelic cluster separation (small theta
value differences), indicating putative heterozygosity states
at these loci, which can be justified by assuming that the
allele- and locus-specific oligos of ca. 5% of these SNPs
also ligated to and amplified the homoeologous sequences
during the OPA assay in the tetraploid genome. Another
confounding effect caused by the homoeologous and
paralogous sequences was that only slightly more than one-
third (35.8%) of the two 384-plex SNPs was correctly
genotyped, while the majority of SNPs were undetermined
(41.8%) or incorrectly genotyped (22.4%). However,
despite the relatively low genotyping efficiency, these
results are in keeping with those from Barker and Edwards
(2009) who estimated that 74% of discovered SNPs in
allohexaploid wheat are derived from homoeologous
sequences. Further analysis of the sequences utilized in the
GG assays indicated that part of this detrimental effect on
genotyping efficiency, particularly on the incorrectly gen-
otyped SNPs, was due to the repetitiveness of the SNP-
harboring sequences. By filtering for repetitiveness before
designing the GG assay, the percentage of correctly gen-
otyped SNPs would increase to almost half of the total
genotypes.

The ploidy effect on the allelic Cy3/Cy5 intensity ratios
was also observed on the distribution of the GTSs. Between
diploid homozygous lines, GTSs are expected to cluster at
0 and 1 positions based on the absence or presence of
polymorphism, respectively. Our results show that the
majority of the GTSs for the SNP markers mapped in tet-
raploid wheat ranged between 0.6 and 0.8. Based on this
finding and what is known for species with a complex
genome, it has been suggested that a threshold of cluster
separation >0.4 should be used for the efficient selection of
SNPs for GG assays (Hyten et al. 2008).

Breeding applicability of the discovered SNP markers

The breeding applicability and the effectiveness of the
CRoPS-derived genome-wide SNPs is exemplified by the
high frequency of segregation and mappability in the two
RIL populations, by the high values of MAF and the even
distribution of the markers along the wheat genome.
Almost three-quarters of the correctly genotyped CRoPS-
derived SNPs segregated in at least one RIL population and
the vast majority (>75%) were mapped with high confi-
dence. Distribution along chromosomes was more uniform
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in case of the CRoPS-derived SNPs compared to DArT
markers, notwithstanding the use of the same methylation-
sensitive enzyme during library construction, which has
been suggested to cause a skewed distribution on DArT
markers toward the distal hypomethylated chromosomal
regions (Wenzl et al. 2006). In bread wheat, Barker and
Edwards (2009) detected a small but significant increase
(4+15%) of SNP markers on chromosomes 4 and 7, similar
to what we have shown for chromosome 7B. The MAF
estimated on a panel of 12 diverse lines indicated that the
majority of the SNPs had MAF >0.2, which is generally
considered as a threshold for high quality and useful
markers (Akhunov et al. 2009; Mammadov et al. 2010).
The selection of SNPs with high MAF is probably due to
both the stringent SNP-mining pipeline used during CRoPS
discovery and the high genetic diversity of the four geno-
types used to identify SNPs. Another positive aspect of the
CRoPS-derived SNPs was that none of the newly identified
SNPs was previously reported in the University of Bristol’s
Wheat SNP Database, indicating that our CRoPS-based
study explored previously uncharacterized chromosomal
regions.

Conclusions

High-throughput methods for streamlining SNP discovery
and genotyping are urgently needed in species with high
genome complexity like wheat. We have described the
application of the high-throughput CRoPS technology for
the discovery in tetraploid durum wheat cultivars of SNPs
well suited for breeding applications. The CRoPS-based
SNP discovery methodology effectively distinguished sin-
gle-locus inter-varietal SNPs from the vast majority of
sequence variants between the two genomes. Additionally,
the SNPs identified in this study showed valuable features
for marker-assisted and genomic selection applications,
such as (1) high proportion of mappability as single-locus
codominat assays, (2) high frequency of markers charac-
terized by high informativeness, (3) even distribution along
the genome and (4) novelty compared to already known
wheat SNPs. Though the final success rate in developing
Illumina-based single-locus Mendelian genotyping assays
is lower compared to the SNP-discovery methodologies
that rely only on the expressed portion of the genome,
CRoPS allows for the large-scale discovery and develop-
ment of SNPs in wheat at the whole-genome sequence
level. The genotyping success rate can be increased with
the selection of SNPs in non-repetitive sequences and with
higher designability scores. Furthermore, our study shows
that through genome complexity reduction, CRoPS allows
for high-throughput genome-wide identification of poly-
morphic SNPs in a polyploid species.
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