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Abstract The capability of molecular markers to provide
information of genetic structure is inXuenced by their num-
ber and the way they are chosen. This study evaluates the
eVects of single nucleotide polymorphism (SNP) number
and selection strategy on estimates of germplasm diversity
and population structure for diVerent types of barley germ-
plasm, namely cultivar and landrace. One hundred and
sixty-nine barley landraces from Syria and Jordan and 171
European barley cultivars were genotyped with 1536 SNPs.
DiVerent subsets of 384 and 96 SNPs were selected from
the 1536 set, based on their ability to detect diversity in
landraces or cultivated barley in addition to corresponding
randomly chosen subsets. All SNP sets except the landrace-
optimised subsets underestimated the diversity present in
the landrace germplasm, and all subsets of SNP gave simi-
lar estimates for cultivar germplasm. All marker subsets
gave qualitatively similar estimates of the population struc-
ture in both germplasm sets, but the 96 SNP sets showed
much lower data resolution values than the larger SNP sets.
From these data we deduce that pre-selecting markers for
their diversity in a germplasm set is very worthwhile in

terms of the quality of data obtained. Second, we suggest
that a properly chosen 384 SNP subset gives a good combi-
nation of power and economy for germplasm characteriza-
tion, whereas the rather modest gain from using 1536 SNPs
does not justify the increased cost and 96 markers give
unacceptably low performance. Lastly, we propose a spe-
ciWc 384 SNP subset as a standard genotyping tool for mid-
dle-eastern landrace barley.

Introduction

The recent advances in genomic technologies and the vari-
ous sequencing projects have led to a shift from anonymous
marker systems to a more direct analysis of sequence-based
polymorphism (Rafalski 2002). Single nucleotide polymor-
phisms have been used extensively in human and animal
genetics (Abasht and Lamont 2007; Saxena et al. 2007;
Zeggini et al. 2007) and are beginning to be applied in
plants (Rostoks et al. 2006). SNPs, like other markers,
require an initial screening step to identify a subset of vari-
able nucleotides. Typically, the SNP discovery process
involves data mining from expressed sequence tag (EST)
collections and/or amplicon sequencing from a limited
number of individuals. The utility of the SNP sets obtained
is aVected by the parameters of this discovery protocol.
SNPs are generally identiWed in a discovery panel, which
consists of a small sample of individuals from a population
or a particular region. As this panel is only a subset of indi-
viduals, only a fraction of polymorphisms will be discov-
ered and when these SNPs are then genotyped on a larger
sample of individuals an ‘ascertainment bias’ is introduced
(Nielsen 2000). Because the discovery panel is small, the
probability that a SNP identiWed in this panel is a function
of the allele frequency, which implies that rare SNPs will
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go undiscovered compared to more frequent common
SNPs. This bias may compromise inferences drawn from
diversity studies using these SNPs. As a results any statisti-
cal measures that rely on allele frequency including nucleo-
tide diversity, population genetics parameters and linkage
disequilibrium, will be aVected. For example, because rare
SNPs are undiscovered, the average diversity of the sites
that are polymorphic is high, and because these same SNPs
are missing, the average diversity across all sites is under-
estimated. Several studies have demonstrated that the SNP
discovery process introduces bias into estimates of various
population genetic parameters (Nielsen 2000; Schlotterer
and Harr 2002; Akey et al. 2003; Rosenblum and Novem-
bre 2007; Storz and Kelly 2008).

A recent international eVort in barley has led to the
development of a 1536-plex SNP set (Kota et al. 2007;
Rostoks et al. 2005, 2006) that uses Illumina GoldenGate
BeadArray technology (Fan et al. 2006). In this case, the
SNP discovery was based on polymorphisms of eight
‘parental plants’ (Rostoks et al. 2005) and nine cultivars
(Rostoks et al. 2006) leading to 3072 SNP in two pilot
Oligo Pool Arrays (OPAs), which were distilled into one
Production Barley 1536 OPA (BOPA1) after performance
checks on 196 genotypes. The germplasm used for the orig-
inal SNP selection was biased in favour of spring cultivar
types from USA and Western Europe, mainly parents of
well-characterized doubled haploid mapping populations
(Rostoks et al. 2005) and all the genotypes used in the sec-
ond step were modern cultivars from the US, Europe and
Manchurian barleys (Rostoks et al. 2006).

These SNPs have provided extensive genome coverage
and have dramatically progressed our understanding of the
distribution of genetic diversity within cultivated barley. As
noted by Hayes and Szucs 2006, the availability of these
1536 SNPs and the high-throughput genotyping approach
are one of the most important advances in barley and will
allow the identiWcation of regions harbouring genes that
determine important traits in barley. However, this picture
and any inferences of diversity will be limited by the qual-
ity of the underlying data. Particularly problematic is the
use of these SNPs to examine diversity in other popula-
tions. In barley we are fortunate to have extensive germ-
plasm collections, namely wild progenitor, locally
cultivated landrace collections grown throughout the mar-
ginal regions of the Fertile Crescent and extensive culti-
vated accessions. Understanding the genetic diversity
within these germplasm collections, particularly the land-
race collections which grow and yield under extreme condi-
tions of temperature and water availability, will be
important in the future breeding programmes as drought
and extreme temperatures are predicted.

Given the eVorts by the barley community to develop
this set of SNPs, questions as to the general applicability of

the BOPA1 genotyping platform have arisen. For example,
how accurate will it be for assessing genetic diversity in
material from outside the elite cultivated genepool? The
diversity of current elite barley cultivars is both lower and
most likely diVerent from that of landraces and wild barleys
(Jana and Pietrzak 1988; Matus and Hayes 2002; Russell
et al. 2003). Russell et al. (2003) found that a collection of
geographically localised Syrian and Jordan landraces had
similar levels of SSR diversity to European spring barleys
but the spectrum of observed alleles was almost completely
diVerent between the two sets of germplasm. Furthermore,
many other population studies have also revealed that wild
barley is a rich source of diversity (e.g. Brown et al. 1978;
Nevo et al. 1986; Jana and Pietrzak 1988). A second ques-
tion is how many SNPs should one use for a particular
application? While it is tempting to apply every available
marker to a problem, this could be an expensive mistake if
far fewer markers produce the desired outcome in terms of
accuracy. In this study, we address both questions and pro-
pose a simple method to derive guidelines on optimal
choices in the SNP selection used in diversity estimations
in diVerent subsets of the barley genepool.

Materials and methods

Plant materials

One hundred and sixty-nine individuals were selected from
a collection of 480 Syrian and Jordan landraces that, on the
basis of SSR data, represent most of the genetic diversity
present in this collection (Russell et al. 2003). 171 H. vulg-
are cultivars were randomly selected from a set of 500
included in the UK recommended list. Seeds from single
plants, ‘bagged’ to prevent cross pollination, were used in
this study in order to minimise heterozygosity in the germ-
plasm.

DNA extraction and SNP genotyping

Leaves were collected from single greenhouse grown plants
and stored at ¡80°C prior to DNA extraction using Tepnel
Nucleoplex plant DNA extraction kits (Tepnel Life
Sciences PLC, Manchester, UK). Two microgram of DNA
was used for SNP genotyping with BOPA1 at the Southern
California Genotyping Consortium facility at the University
of California, Los Angeles, USA. Allele calls were performed
with the clustering algorithm GenTrain available in Bead-
Studio 2.0 (Illumina Inc., http://www.illumina.com). Each
SNP was manually checked in BeadStudio because the
algorithm was developed for outbreeders and searches for
three clusters (two homozygotes and one heterozygote),
whereas barley is predominantly an inbreeder with the
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potential for outbreeding minimised in this study (see
above). The 1536 SNPs were checked for quality in both
germplasm sets. SNPs with more than 25% missing values
or ambiguous map locations on a consensus SNP map
(unpublished data) were removed, leaving a Wnal number of
1421 and 1473 SNP loci in the landrace and cultivated
germplasm sets, respectively. These SNP sets are referred
to as “1536 SNP set” throughout this work.

Design of SNP subsets and data analysis

Two subsets of 384 SNPs were selected from the 1536 set.
The Wrst was optimised for performance in landrace germ-
plasm (L-SNP-384) and the second for cultivated germ-
plasm (C-SNP-384). Criteria for inclusion in these subsets
included: (1) less than 5% missing; (2) minimum allele fre-
quency (MAF) of 0.20 or above and (3) evenly spaced
(maximum 10 cM intervals) across the seven chromo-
somes. The latter criterion could only be implemented for
the C-SNP-384 subset because only 386 SNPs were left in
for incorporation into L-SNP-384 after Wltering by the Wrst
two criteria. A third set of 384 SNPs was taken at random
(R-SNP-384) from the 1536 set. Finally, 96 SNP subsets
(C-SNP-96, L-SNP-96), selected from the retained SNPs
after sorting on the basis of high MAF value and a random
96 SNP subset (R-SNP-96), selected at random from the
1536 SNPs were also used in the study. These subsets were
checked for their distribution across the chromosomes
(Fig. 1) to highlight bias for genomic location.

A genetic diversity index (GD; Weir 1996) was calcu-
lated for each SNP as GD = 1 ¡ �pi2, where pi is the fre-
quency of allele i, in each germplasm set. The simple
matching similarity [Sij = (a + d)/(a + b + c + d) where a
and d are the number of loci where the two genotypes have
the same allele (A or B), and b and c are the number of loci

where the two genotypes have contrasting alleles] was cal-
culated in each SNP set/germplasm combination and trans-
formed into a distance value (Dij = 1 ¡ Sij) (Weir 1996),
which was subsequently used in a principal coordinate
analysis (PCO) and Procrustes analysis between pairs of
SNP sets within each germplasm group. Correlations
between similarity matrices within germplasm sets were
also calculated. In order to check the goodness of Wt of each
set of SNPs describing the diversity present in each germ-
plasm type, the data resolution (DR) coeYcient was calcu-
lated as described in Van Hintum (2007).

Results

In order to investigate the eVects of the ‘origin of SNPs’
and the ‘number of SNPs’ on diVerent germplasm, we Wrst
examined the SNP distribution across all accessions. Flap-
jack (http://bioinf.scri.ac.uk/flapjack) was used to create a
visual snapshot (Fig. 2) of the diversity revealed by the
1536 SNP set in cultivated and landrace germplasms. The
diVerent patterns between the two germplasm sets are strik-
ing with large blocks of red or green present throughout the
landraces. This eVect was also reXected in the overall diver-
sity values with cultivars having a signiWcantly higher
value (0.36) compared to the landraces (0.21) (Table 1). By
developing subsets of SNPs we could determine whether
acceptable informative data could be obtained with fewer
SNPs, and investigate the eVects of using SNPs derived
from one germplasm set to evaluate diversity in the another
set. Therefore, a subset of 384 SNPs (C-SNP-384) with
high genetic diversity values (measured as MAF) in the cul-
tivated genepool and even distribution along the barley
linkage map was selected. C-SNP-384 performs well in dis-
criminating among cultivar germplasm relative to the 1536,
with diversity values of 0.37 and 0.36, respectively, sug-
gesting that fewer markers may be suYcient for estimating
the structure of genetic diversity (Table 1). However, both
C-SNP-384 and 1536 SNP set reveal lower diversity (0.23
and 0.21, respectively) at the corresponding SNP loci in the
landrace germplasm than in the cultivated genepool (Fig. 2;
Table 1). These results suggested that the 1536 SNPs in
BOPA1 and C-SNP-384 are biased against landrace germ-
plasm with respect to their abilities to reveal genetic diver-
sity. To explore whether the eVect was reciprocated, two
more subsets of 384 SNPs were designed. L-SNP-384 was
optimised to capture landrace diversity and R-SNP-384 was
selected at random. L-SNP-384 appeared to reveal more
diversity than C-SNP-384 in the landraces with corresponding
diversity values of 0.44 compared to 0.23 (Table 1), while
there was no obvious diVerence between them in the cultivated
material (0.35 compared to 0.37). Furthermore relatively
few SNPs were shared between the germplasm-optimised

Fig. 1 Frequency of SNP in each barley chromosome included in the
Barley OPA1 and 6 subsets of 384 and 96 SNP optimised to reveal the
diversity in diVerent barley germplasm types
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subsets or between optimised sets and random sets
(Table 2). For example, only one-third of the SNPs opti-
mised for landraces 384-SNPs were found within the culti-
var optimised 384-SNPs. R-SNP-384 appeared to detect
less variability than C-SNP-384 or L-SNP-384 in either

germplasm type, but similar values to the 1536 SNPs
(Table 1).

We designed a further set of SNPs (C-SNP-96, L-SNP-
96 and R-SNP-96), to explore the possibility of using 96
SNPs for germplasm evaluation via small-scale high-

Fig. 2 Flapjack (http://bio-
inf.scri.ac.uk/flapjack) graphical 
genotype view of all SNP loci 
(full Barley OPA1) on barley 
chromosome 5H from the com-
plete set of cultivars (171) and 
landraces (169)

Table 1 Mean genetic diversity index and standard deviation for SNP sets and subsets used in this study within germplasm sets

Standard deviations are bracketed

1536 SNP L-SNP-96 L-SNP-384 C-SNP-96 C-SNP-384 R-SNP-96 R-SNPs-384

Landraces 0.21 (0.08) 0.50 (0.01) 0.44 (0.02) 0.23 (0.13) 0.23 (0.07) 0.21 (0.12) 0.21 (0.07)

Cultivars 0.36 (0.05) 0.37 (0.06) 0.35 (0.04) 0.37 (0.03) 0.37 (0.02) 0.35 (0.09) 0.35 (0.05)

Table 2 Numbers of SNPs shared between subsets

L-SNP-96 L-SNP-384 C-SNP-96 C-SNP-384 R-SNP-96

Landrace 384 SNPs 96

Cultivar 96 SNPs 10 36

Cultivar 384 SNPs 44 138 63

Random 96 SNPs 11 30 5 33

Random 384 SNPs 33 122 30 133 27
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http://bioinf.scri.ac.uk/flapjack
http://bioinf.scri.ac.uk/flapjack


Theor Appl Genet (2010) 120:1525–1534 1529
throughput SNP platforms (e.g. Illumina BeadExpress plat-
form). The cultivated and random sets showed similar
diversity values as the 384 and 1536 for both the landrace
and cultivars (Table 1). Although the L-SNP-96 showed
similar diversity value for the cultivars as the L-SNP-384, a
maximum value of almost 0.50 was observed among the
landrace germplasm. The most likely explanation is that the
L-SNP-96 was designed by selecting SNPs from L-SNP-
384 that had the highest MAFs and most even distribution
across the barley chromosomes.

In order to investigate the eVects of SNP number further,
we examined diversity on a chromosome by chromosome
basis. Genetic diversity values among cultivated and land-
race accessions for each of the 384 SNP subsets along with
the 1536 SNPs were plotted across each barley chromo-
some (data not shown). For simplicity three of these are
shown in Fig. 3. Within the cultivated germplasm, all sets
of SNPs show similar patterns of diversity (Fig. 3, lower
plots). In the landrace germplasm, the diversity along the
chromosomes was very variable with all SNP subsets,
except L-SNP-384 that displayed a consistently higher GD
than the others (Fig. 3, upper plots). With the 96-SNP sub-
sets the pattern of diversity along the barley chromosomes
was generally comparable with the results observed with
the 384 sets, with the exception of the L-SNP-96 appearing
biased towards the detection of diversity in landraces, Xat
lining almost maximum diversity along chromosomes. Its

behaviour in the cultivated barley’s appeared similar to that
of L-SNP-384.

To determine whether the diVerent SNP subsets aVected
the inferred genetic structures within each germplasm type,
a simple matching similarity matrix was built for each sub-
set and pair-wise correlations calculated between them
(Table 3). Within the landraces (Table 3b) correlations
between L-SNP-based similarities and all other SNP sets
were generally lower than those among C-SNP, R-SNP and
1536 SNP sets. Relative to the 1536 SNP set, all C- and
R-SNP subsets tended to perform well (near or above 0.9
correlation coeYcient), whereas the landrace SNP similar-
ity matrices were less well correlated (0.82 and 0.64 for
L-SNP-384 and L-SNP-96, respectively). L-SNP-384 simi-
larities were poorly correlated with both R- and C-SNP
subsets (averages 0.79 and 0.84, respectively, for 384 and
96 combined). L-SNP-96 showed particularly poor correla-
tion in the landraces with the 1536 set (0.64), both R-SNP
subsets (average 0.62) and both C-SNP subsets (average
0.70). Within the cultivated material (Table 3a) the correla-
tions were generally higher, most likely due to the 1536
SNPs originating from cultivated germplasm. For culti-
vated germplasm all 96 SNP subsets generally showed
lower correlation than those observed with their corre-
sponding 384 SNP subsets.

To complement the correlation analysis, we conducted
Procrustes analysis of PCOs derived from the genetic

Fig. 3 Genetic diversity index 
(GD; Weir 1996) (0.0–0.5) 
along three barley chromosomes 
(1H, 2H and 3H) using a rolling 
average of 15 SNPs. Landrace 
diversity across the 3 chromo-
somes for diVerent set of 384 
SNPs (C-384; L-384; R-384 and 
all 1536 SNPs) are shown in the 
upper graphs and the cultivars 
for the same SNP sets in the 
lower graphs
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distance matrices for the diVerent SNP subsets. Procrustes
analysis rotates a test matrix until maximum similarity with
a target matrix is obtained by minimising the sum of
squared diVerences between the sample ordinates. It is
often used to compare the results of ordination analyses,
such as PCO, PCA or multidimensional scaling (Mardia
et al. 1979). Figure 4 shows the comparisons between the
principal coordinates (PCO) obtained using the 1536 SNP
with those based on L-SNP-384, C-SNP-384 and R-SNP-
384 in the landrace and cultivated germplasm sets, respec-
tively. In the landraces, there was a signiWcant eVect of
‘SNP set’ on the residuals, and therefore the PCO from
diVerent sets grouped genotypes somewhat diVerently
(Fig. 4, upper plots). Seven of the 169 genotypes were sig-
niWcantly aVected, and these moved further for the L-SNP-
384/1536 comparison, compared to comparisons between
C-SNP-384 or R-SNP-384 and the 1536 set (Fig. 4, upper
plots). These seven accessions are almost identical geneti-
cally, diVering only in a few SNPs (data not shown).
Because very few SNPs discriminate those seven acces-
sions, if diVerent numbers of these are included in each
SNP subset, they may greatly impact their location in PCO
space. This is reXected in the Procrustes analysis by the
length of the arrows (Fig. 4). A procrustes analysis was also
performed on the landraces removing those seven lines
aVected by the SNP set and the genetic structure of the pop-
ulation was consistent when estimated with diVerent SNP
sets (data not shown).

The eVect of SNP selection upon the residuals associated
with comparisons between the diVerent SNP subsets was
not so signiWcant in the cultivated germplasm. The residu-
als in this analysis were aVected mainly by the number of

SNPs, with the residuals increasing as the number of SNPs
decreases in all subsets (data not shown). We noticed a
single anomaly. In the cultivated germplasm, C-SNP-384
classiWed three lines closer to the rest of the population,
while 1536 SNP, R- and L-SNP-384 plotted them as the
most negative values on the second principal coordinate
(Fig. 4, lower plots). Despite the diVerences described
above, the Procrustes analysis and its accompanying statis-
tics showed a very good agreement between the PCO based
on diVerent SNP sets. The values of the correlation-like
statistic from the Procrustes analysis were above 0.8 in all
pair-wise comparisons (data not shown).

Next, the data resolution statistic DR (van Hintum
2007) was calculated in each subset of SNPs to estimate
their reliability in estimating corresponding population
structure (Table 4). Very high DR values above 0.97 were
observed from the 1536 set in both cultivar and landrace
germplasm. Second, the DR statistic for landrace-opti-
mised SNPs in landrace germplasm was also high (0.954)
and all 384 SNP subsets performed above 0.9 in both
germplasm classes. Lastly, all 96 SNP sets with the possi-
ble exception of L-SNP-96 in landraces (0.856) and
C-SNP-96 in cultivars (0.790) performed poorly in both
germplasm classes.

The 384 and 96 SNP subsets were chosen because these
numbers conform to the constraints of most middle-
throughput SNP genotyping platforms including the Illu-
mina BeadExpress instrument which is universally
employed for scoring Illumina SNP genotyping on this
scale. To test whether these are reasonable scales with
regard to optimal SNP number for diversity analysis, ran-
domness of chromosome distribution, and correlations

Table 3 Correlations between distance matrices for all SNP sets

1536 SNP L-SNP-96 L-SNP-384 C-SNP-96 C-SNP-384 R-SNP-96 R-SNP-384

(a) 169 cultivars

1536 SNPs –

L-SNP-96 0.88 –

L-SNP-384 0.97 0.9 –

C-SNP-96 0.83 0.76 0.81 –

C-SNP-384 0.91 0.82 0.87 0.94 –

R-SNP-96 0.91 0.81 0.88 0.79 0.86 –

R-SNP-384 0.98 0.87 0.95 0.83 0.91 0.91 –

(b) 171 landraces

1536 SNPs –

L-SNP-96 0.64 –

L-SNP-384 0.82 0.9 –

C-SNP-96 0.96 0.67 0.81 –

C-SNP-384 0.89 0.73 0.86 0.89 –

R-SNP-96 0.92 0.59 0.73 0.8 0.91 –

R-SNP-384 0.98 0.65 0.84 0.88 0.94 0.89 –
123
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between deduced distance matrices we selected 1,000 ran-
dom SNP sets for 96, 192, 288, 384, 500, 700 and 900
SNPs (7,000 sets in total). First we calculated mean diver-
sity indices and 95% CIs based on 1,000 replicates in culti-
vars and the landraces. (Supplementary Table 1). Mean D
values were highly stable between 384 random SNPs (95%
CIs of 0.345/0.366 and 0.193/0.223 for cultivars and land-
races, respectively) and SNP number per chromosome was
also extremely stable (for example, chromosome 7H had
the lowest SNP proportion of 0.116 with a corresponding
SD value of 0.0008; data not shown). Next, we explored the
correlation (Mantel test) between distance matrices based
on each of the 7,000 SNP sets and that based on the 1536
SNP set for both the cultivars and landraces. Supplemen-
tary Fig. 1 shows that 384 SNPs yield average r2 values

above 0.98, whereas 96 values are around 0.92. Therefore,
384 SNPs are an excellent compromise between perfor-
mance and eVort with regard to diversity studies.

Discussion

An accurate description of genetic diversity is important for
the eVective use and management of germplasm resources.
We have investigated how diVerent subsets of SNP mark-
ers, selected from a collection of 1536 SNPs on BOPA1, an
Illumina-based community genotyping platform for barley,
reXect measures of genetic diversity in landrace and culti-
vated germplasm. We explored how SNP selection and the
number of SNPs included on the assay platform aVect the
accuracy of the diversity and population structure estima-
tion for these diVerent germplasm pools. It was immedi-
ately clear that BOPA1 reveals lower diversity in the
landrace collection used here than a cultivated germplasm
set of similar size (Fig. 2). This observation contradicts
both previous reports on the genetic diversity found within
the same landrace material using SSR markers (Russell
et al. 2003) and more general observations that landrace
germplasm is more diverse than cultivated accessions in
small grain cereal species (Moragues et al. 2007; Brown
and Munday 1982). We hypothesised that the reason for
this contradiction may be ascertainment bias (Nielsen
2000) caused by the relatively few genotypes used for SNP

Fig. 4 Procrustes analysis of the principal coordinate analysis of 169
landrace accessions (upper plots) and 170 barley cultivars (lower plots)
rotating the PCO axes from three subsets of 384 SNP [landrace opti-
mised (L-SNP-384), cultivar optimised (C-SNP-384) and randomly

selected (R-SNP-384)] onto the full set of 1536 SNP. Dots correspond
to the subset based PCO scatter plot and the arrows show where the
same dots are located in the 1536 SNP-based PCO scatter
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Table 4 Data resolution coeYcient (DR) of each of the SNP subset
and barley germplasms (cultivars and landraces)

Cultivars Landraces

1536 0.974 0.973

384 L-SNP 0.912 0.954

96 L-SNP 0.694 0.856

384 C-SNP 0.929 0.906

96 C-SNP 0.790 0.665

384 R-SNP 0.911 0.902

96 R-SNP 0.738 0.718
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discovery combined with selection for high performance
and MAF in cultivated germplasm. The eVects of ascertain-
ment bias on the statistical properties of genotype frequen-
cies has been widely demonstrated (Kuhner et al. 2000;
Wakeley et al. 2001; Akey et al. 2003; Nielsen et al. 2004;
Clark et al. 2005). To test this hypothesis, we designed sub-
sets of 384 SNPs, one aimed at maximising the diversity
detected in landrace germplasm and the other selected at
random. A sizeable eVect of SNP selection per se was
clearly apparent in the diversity estimates (Table 1; Fig. 3).
In particular, L-SNP subsets consistently revealed higher
diversity levels in landrace material than found for C-SNPs,
resolving the apparent contradiction in relative levels of
diversity between previous results and our own. Schlotterer
and Harr (2002) found that using SNPs discovered only in
European Drosophila, European Xies exhibited greater var-
iability than African Xies; however, when SNPs discovered
using both populations the variability in the African popu-
lation was restored. Similarly, they observed no bias when
using the ancestral SNPs on the European populations. This
was also the situation when using the landrace-chosen
SNPs to examine diversity in the cultivated genepool; any
combination of SNP number and origin gave almost identi-
cal values ranging from 0.35 to 0.37 in terms of genetic
diversity.

Rosenblum and Novembre (2007) found that frequency
spectra and summary statistics were highly sensitive to the
SNP discovery strategy, necessitating careful selection of
the ascertainment panels chosen to jointly sample geo-
graphical, phenotypic and genetic diversity. The ascertain-
ment panel of germplasm chosen to develop the 3072
progenitor SNPs from which BOPA1 was derived were not
chosen to represent the barley genepool but rather based on
the available EST collections that have been deposited into
the HarvEST database (http://www.harvest-web.org/). For
example, in the HarvEST build 32, there are nine geno-
types, (eight elite and one wild barley) with 10,000 or more
ESTs, and SNPs were identiWed from the pair-wise compar-
isons of these collections. Furthermore, SNP selection for
BOPA1 involved screening of barley cultivars exclusively
(Rostoks et al. 2006), whose allelic spectrum is poorly
matched to that of landrace germplasm. Subsequently,
SNPs with MAFs of <8% and that may have been informa-
tive in the landrace material were purposely excluded from
BOPA1, eVectively tailoring the platform for analysis of
elite cultivated material. In a recent review, Romero et al.
(2009) expressed concern that genetic markers were not
selected on a random subset but represent a set that satisWes
speciWc criteria and suggested that despite the wealth of
human genotypic data, the accuracy of this data may be
problematic. In barley, the criteria for inclusion in BOPA1
was to maximise diversity within the cultivated genepool
and so it is likely that we have selected high to intermediate

frequency alleles, inXating diversity towards the cultivated
genepool. In the human situation, there is a bias towards
European diversity and Romero et al. (2009) conWrmed the
bias aVecting SNPs and the underestimation of diversity in
the African populations. Several authors have suggested the
use of ascertainment bias correction methods. Rosenblum
and Novembre (2007) used the methods developed by
Nielsen et al. (2004) to correct for bias in studying populations
of eastern fence lizards.

Population structure estimates are also an important
aspect of germplasm analysis. In this regard, we assessed
the eVect of SNP selection strategies on the consistency of
the population structure. Although, some diVerences in the
classiWcation of genotypes were observed using diVerent
subsets of SNPs, the population structures deduced for the
two sets of germplasm used in this study was fairly consis-
tent across SNP subsets. While one of the consequences of
ascertainment bias is a lowering of the detection rate of rare
alleles and an increase in intermediate frequency allele, any
inference about population that is reliant on allele fre-
quency will be aVected. In particular, tests of natural selec-
tion that rely of detecting signatures of selection would be
aVected. This may be problematic if there are bottlenecks
among barley populations. The degree of population diVer-
entiation may also be aVected, sampling only one popula-
tion or germplasm type, this would lead to an over
representation of SNPs that are intermediate in that popula-
tion and under represent SNPs which may distinguish
between populations (Clark et al. 2005; Rosenblum and
Novembre 2007). From previous work we have shown that
the allelic composition of cultivated and landrace barleys
are very diVerent and if we had only examined alleles
which were high to moderate frequency the picture would
be very diVerent and most likely underestimate the diVer-
ences between these two sets (Russell et al. 2003).

Recently, the potential of using association mapping
approaches in barley have come to the forefront (Waugh
et al. 2009; Hayes and Szucs 2006; Rostoks et al. 2006;
Caldwell et al. 2006). Estimating linkage disequilibrium for
association approaches to isolating candidate genes is cru-
cial and will be aVected by allele frequency. Therefore, the
extent of bias will be of concern in relation to measuring
linkage disequilibrium. Clark et al. (2005) suggest that the
eVects of ascertainment bias on LD will be complex and the
over sampling of high-frequency SNPs will result in lower
LD. However, the eVect would likely be small and unlikely
to introduce false-positive inferences that are the major
problem in such studies.

The other objective of this work was to determine the
eVects of the number of SNPs used upon the robustness of
population structure estimates and to recommend an opti-
mum and cost-eYcient number of SNPs to be used in char-
acterization of barley germplasm. The 96 SNP sets gave
123
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values for data resolution (DR) in the range of those found
using between 75 and 175 AFLP markers and lower than
the 10 SSR markers used to assess genetic structure in
lettuce (van Hintum 2007). The DR statistic quantiWes the
consistency of a dataset in describing the genetic structure
of the material characterized (van Hintum 2007). It is clear
from the data in Table 4 that there is a great improvement
in DR when using 384 SNPs compared to 96 SNPs, and any
further improvement obtained using 1536 SNPs is marginal
at best. We therefore propose that for the majority of ques-
tions there will be no signiWcant justiWcation for the addi-
tional cost involved in obtaining the extra SNP information.

Conclusions

The results of this study clearly show that there is a bias in
the estimation of the diversity present in barley landraces
using all of the SNP markers included in the Barley OPA1
chip. This bias can be at least partially nulliWed by selecting
an appropriate subset of SNPs that reveal higher diversity
levels in the landrace germplasm. However, this does not
alleviate the original bias in the SNP discovery phase and
so it may be necessary to design assays that survey speciWc
germplasm sets such as landraces and wild barleys. This
may sound like an impossible task as the original SNP dis-
covery was based on individuals who had collections of at
least 10,000 EST, but with the next generation sequencing
approaches becoming available the possibility of sequenc-
ing a panel of landraces and wild barleys may be an achiev-
able task. In terms of the cultivated germplasm, we strongly
support the use of a cultivar optimised subset of 384 SNPs
instead of all 1536 present on the BOPA1 as a cost-eVective
tool for genotyping cultivated barley germplasm. Our evi-
dence suggests that there is little advantage to be gained by
trying to further optimise the markers in this 384 subset.
We caution against the use of any 96-SNP subset, as these
deliver much poorer performance as judged by correlations
with corresponding data from larger SNP collections.
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