European Journal of Human Genetics (2008) 16, 176-183
© 2008 Nature Publishing Group  All rights reserved 1018-4813/08 $30.00

www.hature.com/ejhg

An assessment of the Irish population for large-scale
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The recent completion of the International HapMap Project has rapidly advanced our understanding of linkage
disequilibrium (LD) in the human genome. Today, tagging SNPs (tSNPs) can be quickly and easily selected and
consequently HapMap data are regularly applied to both small- and large-scale genetic mapping studies.
However, to correctly interpret the application of HapMap-derived tSNPs in a genetic mapping study, an
understanding of how well HapMap data represents LD in the study population is critical. The Irish population
had not previously been characterised in this way. Here, we do so using a set of 4424 SNPs selected from 279
candidate genes for epilepsy genotyped across 1118 healthy individuals from the lIrish, British, Finnish and
Australian populations. By considering the Irish population alongside surrounding European populations, our
results confirm that the HapMap European-derived population accurately estimates patterning of LD in
European descent populations. The Irish population appears notably well matched to the European HapMap
population, and is markedly similar to the neighbouring British population. Although we were unable to detect
significant substructure within the Irish population (a favourable result for genetic mapping), methods for
controlling stratification should always be incorporated. This analysis therefore confirms that the genetic
architecture of the Irish population is well suited to the study of complex traits and that tSNPs selected using
the HapMap data can be confidently applied to the Irish population.
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HapMap data, it is now possible to identify the set of
variants that represents or effectively tags a particular gene
or region, or, indeed, the entire set of common variants
genotyped by the HapMap consortium. This information is
used to maximise the power and efficiency of genetic
association studies and influences SNP selection in candi-
date gene studies, as well as informing the design of
large-scale whole-genome association (WGA) studies (see
www.illumina.com for examples of WGA panels designed
in this way). We have recently completed a large-scale
candidate gene association study for epilepsy.®

One of the central questions surrounding the utility of
HapMap project data in association study design is how
well the pattern of LD in the four reference populations (ie,
Caucasian, Han Chinese, Japanese and Yoruban) matches
the study population, in other words, how transferable or
portable are tagging SNPs (tSNPs) selected in HapMap to
the particular population being examined. A number of
analyses of haplotypic variation and portability of SNPs
derived from HapMap have recently been carried out.*~?
These have highlighted how variation in European popula-
tions in particular is in close agreement with data from the
HapMap Caucasian reference sample, consistent with
expectation given the recent ancestral origin of European
populations.

As a relatively isolated island population on the North
Western extreme of Europe, the genetic architecture of
the Irish population should be well suited to the study
of complex traits. There is evidence to suggest that the
population history of Ireland has been relatively undis-
turbed by secondary migrations.’®!! Studies of the Y
chromosome and mtDNA point to a common genetic
legacy in Ireland that probably extends back to the
repopulation of the island after the last glacial maximum,
around 9000 years ago, from population centres in the
Iberian peninsula and south western France.'®'?-1% The
same studies suggest a minimal genetic influence of recent
human migrations to Ireland over the last three millennia.
Therefore, it is possible that the current Irish population
exhibits reduced genetic diversity across the autosomes,
and decreased heterogeneity within disease and treatment
response-related alleles, all of which are critical assets for
mapping clinically functional genetic variation.

Here, we assess for the first time the allelic architecture of
the Irish autosomal genome and compare its characteristics
with two other European populations (UK and Finland),
and a population of European descent (Australia). In
addition, we have evaluated each population in turn
against the European HapMap sample. We have carried
out this analysis to (a) assess the suitability of each
population for use in genetic association studies where,
as is often the case, the European HapMap sample is the
reference panel used for choosing tSNPs and (b) inform on
population structure between populations used in a recent
genetic mapping effort in epilepsy.?
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With the exception of the HapMap population, this
study is based solely on data generated in healthy control
samples which formed part of a large-scale genetic associa-
tion study of epilepsy.® In total, 4424 SNPs were genotyped
in 1118 healthy individuals from Ireland, the UK, Finland
and Australia. We investigated (a) the degree to which
allele frequency and LD wvalues in each population
correlated with those observed in the HapMap reference
sample, (b) the extent of haplotype diversity in each
population, (c) the degree of differentiation between the
populations and (d) the transferability of tags across each
of the populations.

Methods

Samples

This study was approved by the relevant local Ethics
Committees of the participating institutions. Participating
individuals were recruited after written informed consent
was obtained.

DNA from 1118 healthy individuals, sampled from four
‘test’ populations, was included in this study (Ireland,
n=358; UK, n=359; Finland, n=309; and Australia,
n=92).

The UK cohort consisted of randomly selected partici-
pants of the British 1958 Birth Cohort Collection (all
participants of which were unrelated and of British
ancestry). The Irish cohort consisted of randomly selected
participants of the Allied Irish Bank blood pressure study, a
cohort of current and retired bank employees and their
spouses'® (all participants were unrelated and of Irish
ancestry). The Australian cohort consisted of healthy
unrelated individuals recruited from Australian blood
donation centres (all individuals were of Australian
Caucasian ancestry). The Finnish cohort consisted of
individuals of self-identified Finnish origin recruited from
various sites around southern Finland.

We used HapMap data from European and Yoruban
populations (60 unrelated individuals from each popula-
tion, HapMap data Rel21a/phase II Jan 07).

Selection of candidate genes and SNPs

Candidate genes were selected for use in a large-scale
genetic association study of sporadic forms of epilepsy. The
genes included members of the ligand and voltage-gated
ion channels and pharmacogenetic candidates for the
major antiepileptic drugs. The genomic location for each
candidate gene was determined using the ‘ref seq’ track
from build 35 of the UCSC genome browser (http://
genome.ucsc.edu). We added 10kb of sequence upstream
and Skb of sequence downstream to each UCSC ‘ref seq’
defined genomic location to capture regulatory regions
surrounding each candidate gene. In total, 279 candidate
genes were selected (details available in Supplementary
Table S1).
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tSNPs were selected using the pairwise * method as
implemented in the Tagger tool (http://www.broad.mit.
edu/mpg/tagger/server.html). HapMap Phase II data
(HapMapdata Rel21a/phase II Jan 07) were used, and the
* threshold was set at 0.7. Only variants with a minor
allele frequency greater than 5% were considered for
tagging. The regions selected for tagging correspond to
genomic addresses listed in Supplementary Table S1.
Variation across the 279 candidate genes that was deter-
mined as functional was genotyped directly, regardless of
LD or presence in HapMap data set. For a description of
‘functionality’ as used here, and the full list of SNPs
considered in this study see Cavalleri et al.?

Genotyping

Genotyping was performed at Duke University using the
lumina GoldenGate platform (1536 SNP arrays). We
applied stringent quality control criteria to prevent poor
genotyping calls (details available on request).

Genotype check

Five samples on each 96-well DNA plate were replicated to
ensure consistency in genotyping. The duplicate concor-
dance rate was 99.99%. We ensured the accuracy of our
DNA management and genotyping systems by comparing,
across 12 SNPs, genotypes generated on the Illumina
platform with those generated using a different technology
(ABI Tagman or sequencing). In each comparison, different
DNA aliquots of the same samples were used. All 12 SNPs
matched exactly across the two different platforms.

Comparison of allele frequencies

SNP minor allele frequencies were compared between the
reference FEuropean HapMap population and each of our
four ‘test’ cohorts. Minor allele frequencies were calculated
for each population using PowerMarker (v3.25).!¢ Sym-
metric SNPs (alleles = C,G or A,T) were removed because of
known discordance between the results of allele assign-
ment methodology used by Illumina and HapMap. For-
tunately, only 9.5% of SNPs in our panel were symmetric,
due to the more frequent occurrence of transitions
(alleles=A,G or C,T) over transversions. For each pair of
populations, the minor allele frequencies of SNPs common
to both populations were compared. Significant differences
between pairs of populations were assessed by calculating
95% confidence intervals on the differences in correlations
via a Fisher’s z transformation.

Calculation of linkage disequilibrium

PLINK'7 was used to calculate LD (measured by pairwise r*)
between all pairs of SNPs for each of 279 genes for each of
the four test populations (Ireland, UK, Finland, Australia)
from the Illumina Golden Gate platform. The corresponding
7# value was obtained for SNP pairs also present in the
reference European HapMap population. This enabled a
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one-to-one comparison of r* values between pairs of SNPs
in each test population and the European HapMap
population. Results from all genes were pooled to provide
a summary estimate of the extent of correlation between
the r* value for a given test population and that of the
HapMap group. As with the comparisons of allele frequen-
cies, a Fisher’s z transformation was used to check for
significant differences between populations in terms of
their correlation with HapMap. The relationship between
LD and distance was also investigated for each chromo-
some and each population using Haploview!® under
default settings. The results were pooled to provide a
summary over all chromosomes for each population.

Analysis of haplotype diversity

Haplotype blocks were defined using the method described
by Gabriel et al’® as implemented in HaploView. Blocks
were first estimated on a per gene basis in the European
HapMap sample. Haplotype diversity was then calculated
for each haplotype block as h = (1 — 3" x?)n/(n — 1), where
x; is the haplotype frequency and n is the number of
genotyped individuals.?° The same haplotype block struc-
ture identified in the HapMap reference populations was
applied to each of the four test populations. Haplotype
diversity was then calculated for these blocks, allowing a
direct comparison of haplotype diversity to be made
between all populations.

Analysis of Fg

The extent of population isolation was estimated, using
PowerMarker (v3.25),'® by calculating pairwise Fy; values
between all populations examined in this study. For both
this analysis and the principal components analysis (PCA)
(see below), only ‘independent’ SNPs were considered.
Operationally, we define independence as a set of SNPs
within which all sample estimates of pairwise r* are less
than 0.2. We further reduced this set by removing
symmetric SNPs (see ‘Comparison of allele frequencies’
section) as due to differing methods of allele assignment,
symmetric SNPs show high levels of discordance between
HapMap and Illumina genotyping platforms. A final total
of 4020 SNPs were included in the Fy; and PCA.

Principal components analysis

PCA was applied to the pairwise genetic distance matrix for
all individuals to infer continuous axes of variation using
the ADE4 software for the R statistical package.?! This was
used to summarise the variance across populations used in
our analysis into trends of maximum relevance known as
principal components. The pairwise genetic similarity
matrix was created using the identity-by-state clustering
function in PLINK."
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Genomic inflation factors

Genomic control is a statistical approach that can be used
to control for population heterogeneity.?> We estimated
genomic inflation factors for Irish, UK, Finnish and
Australian populations using the full set of 4020 SNPs.
Case and control groups of equal size were created for each
population by random assignment. The genomic inflation
factor was calculated as described in Devlin et al.?* This
process was repeated 100 times. Reported lambda values
represent the mean from these 100 runs.

Results

Correlation of SNP frequencies

Using the HapMap data as the reference, allele frequencies
were compared between the European HapMap reference
population and each of our test populations for all relevant
SNPs (Supplementary Figure 1). The Pearson’s correlations
for the European reference vs each of our test populations
was: 0.957 (Ireland), 0.960 (UK), 0.908 (Finland) and 0.942
(Australia) (P<0.000S in all cases). To test whether any one
of these correlation coefficients represented significant
improvements over others (eg, is UK/HapMap significantly
better correlated than Finland/HapMap), we calculated
95% confidence intervals on the differences in correlations
via a Fisher’s z transformation. We found that, while all
correlations were themselves significant, none represented
significant improvements over other correlations.

0.5 A

Test population LD
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Correlation of LD between test populations and the
reference HapMap European population

The pairwise disequilibrium coefficient (r*) was calculated
between all pairs of SNPs within each gene, for each test
population separately. Similarly, 7* was calculated for each
of the corresponding SNP pairs in the European HapMap
reference sample. All pairwise r* were pooled across genes
within each test population and correlated with the
European HapMap r* data (Figure 1). These correlations
are summarised in Table 1. The Irish group showed the
highest mean correlation with the HapMap data followed
by UK, Finland and Australia.

Confidence intervals calculated using Fisher’s z transfor-
mation on correlation values failed to show significant
differences between pairs of populations.

The range of LD across each population
D' and r* measures of LD were calculated for pairs of SNPs
with a minimum LOD score of 3 (to guard against spurious

Table 1 Summary statistics for r# LD comparison
between HapMap reference and test populations
Population N Pearson P
Ireland 25325 0.93 <0.0005
United Kingdom 25165 0.92 <0.0005
Finland 19736 0.88 <0.0005
Australia 25191 0.90 <0.0005

N is the number of SNP pairs overlapping between data sets (test
population and HapMap European reference), P is the significance of
the Pearson correlation.

Reference HapMap LD

Figure 1 The correlation in r* values between each test population and the HapMap European reference. All values for all genes were pooled
before estimating the overall correlation between a given population and the HapMap European reference panel. Each point represents the LD values
for a pair of SNPs existing in both populations. The regression line is also shown. AUS, Australia; FINN, Finland; IRL, Ireland; UK, United Kingdom.
Correlation coefficients were as follows: IRL: 0.93, UK: 0.92, AUS: 0.90, FINN: 0.88.
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LD values) and within 100kb of each other. As the
estimation of both 7* and I’ are influenced by sample size,
we restricted our analysis to a fixed number of individuals
in each of our populations (with the exception of the
HapMap populations). This number was set at 92, the
number of individuals in our smallest population
(Australia). Individuals were selected at random. A thresh-
old of 100kb was assigned on the basis that very few
observations were made beyond 100kb, owing to the
candidate gene nature of the data set. These data were
pooled across all pairs of SNPs and all chromosomes (see
Table 2). As the range of LD is largely determined by the
patterning of recombination, we focused on D’ (as opposed
to r* which is influenced by allele frequency), for which
following mean values were observed: Yoruban HapMap
(0.863), European HapMap (0.880), UK (0.893), Ireland
(0.896), Australia (0.896) and Finland (0.902).

Haplotype diversity

Correlations between haplotype diversity estimates for the
European HapMap reference population and each of our
test populations are shown in Supplementary Figure 2. The
Spearman’s correlations for these comparisons are pre-
sented in Table 3. The overall picture shows that test
populations are highly concordant with the European
reference in terms of haplotype diversity. Haplotype

Table 2 Summary statistics for analysis of range of LD

Population N Meanrt? SDr? MeanD' SD D'
Ireland 3532 0.358 0.232 0.896 0.150
United Kingdom 3605 0.355 0.231 0.893 0.152
Finland 3510 0359 0.235 0902 0.148
Australia 3642 0.368 0.230 0.896 0.149
HapMap reference populations

CEU 10133 0.335 0.213 0.880 0.157

YRI 4347 0330 0.219 0.863 0.168

CEU, HapMap European population; YRI, HapMap Yoruban population.
Values presented reflect means calculated using a maximum distance
between SNPs of 100 kb and a LOD score cutoff of 3.

Table 3 Summary statistics for analysis of haplotype
diversity

Mean Spearman Rho vs
Population diversity N HapMap P
Ireland 0.579 283 0.955 <0.0005
United 0.572 255 0.956 <0.0005
Kingdom
Finland 0.567 235 0.927 <0.0005
Australia 0.579 275 0.937 <0.0005

Mean diversity refers to the mean haplotype diversity in the population
in question (see Methods for details). The Spearman correlation refers
to the correlation between haplotype diversity in the population in
question and that in the HapMap CEPH reference sample, the
significance of which is given by P.
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frequencies from the Irish and UK populations are in
closest agreement with the frequencies estimated in the
European reference population. The Finnish group is least
correlated with the European reference. Mean diversity
values within each population are also presented, high-
lighting a minimum diversity in the Finnish population,
followed by the British population. The Irish and Austra-
lian populations had similar diversity estimates.

Analysis of population structure

The extent to which each of our test populations differed
from each other, as measured by F,, was also investigated.
Each test population was compared individually to the
reference HapMap European and Yoruban populations and
also in a pairwise fashion to each other (Figure 2). As
expected, highest Fy; values were observed when compared
Yoruban with the Irish, British, Finnish and Australian
populations. The European HapMap and Finnish popula-
tions were slightly more distant from each other than was
the European HapMap population from any of the other
test populations (Ireland, UK and Australia).

Figure 3 displays axes 1 and 2 of the PCA for all
individuals. Axis 1, accounting for 58% of the variance, is
driven by the Yoruban group and differentiates African
from European populations. Axis 2, accounting for 1.2% of
the variance appears to be driven by a North-South axis of
European genetic structure and differentiates the Finnish
population from the highly overlapping Irish, British and
Australian populations. Axis 3 (not illustrated in Figure 3)
accounts for just 0.8% of the total variance and is driven by
a separation of the European HapMap population from the
Irish, British and Australian populations.

Population structure was also examined within the Irish
population using data on grandparental province of origin.
Individuals where all four grandparents originated from
the same province (n=167) were assigned to one of the
four provinces of Ireland (Ulster (North), n=12; Munster
(South), n=>51; Leinster (East), n=86; Connaught (West),
n=18). Using PCA for these individuals, no evidence was
found supporting the existence of distinct clusters by
province (Supplementary Figure 3).

Despite being unable to clearly illustrate genetic clusters
within the Irish population or indeed between the Irish,
British and Australian populations, all human populations
are to some degree substructured genetically. Methods for
estimating and controlling this substructure should always
be incorporated into population-based genetic mapping
studies. Genomic inflation factors?? for the Irish, British,
Finnish and Australian populations were calculated at
1.024, 1.023, 1.023 and1.037, respectively.

Tag transferability

The portability of tSNPs was also assessed. For all SNPs
genotyped in the test populations, the European HapMap
reference sample was screened for pairwise r* values >0.7.
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Population differentiation as measured by F. Fs values were calculated between pairs of populations (dark grey) and across all

populations considered together (light grey). AUS, Australia; FINN, Finland; IRL, Ireland; UK, United Kingdom; CEU, HapMap European population,

YRI, HapMap Yoruban population.

PCA axis2

AUS
® |IRL
FINN

YRI

¢ o m »

CEU

Figure 3
HapMap Yoruban population.

Depending on the population, between 32 and 37 SNP
pairs were identified that reached this threshold. Each of
these SNP pairs represents a SNP/proxy tSNP combination
in both the European HapMap sample and in our test
populations. The relatively small number of SNP pairs that
reach this 7 threshold reflects the fact that SNPs were
originally selected in this study as tag SNPs in epilepsy
candidate genes® and would not, therefore, be in high LD
with each other. The reason a number of high LD SNP pairs
do occur is that in addition to selected tag SNPs, a number
of functional SNPs were selected for analysis at these genes,
irrespective of their LD relationship with neighbouring

PCA axis1

Principal components analysis. AUS, Australia; FINN, Finland; IRL, Ireland; UK, United Kingdom; CEU, HapMap European population; YRI,

SNPs.? The 7* values for these SNP pairs in the European
HapMap population were correlated to the r* values
calculated for the same SNP pairs in each of the four test
populations (Figure 4). Overall, the Irish (P=0.0004) and
UK (P=0.0002) populations had the highest correlations
for portable tags, with the Finnish population showing the
least portability.

Discussion
This study represents the first attempt to explore and
describe the genetic architecture of the Irish autosomal
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Figure 4 Comparisons of tag portability between HapMap and each of our populations. The regression line is also highlighted. AUS, Australia;

FINN, Finland; IRL, Ireland; UK, United Kingdom.

genome. By considering the Irish population in the context
of the European HapMap and other neighbouring
European populations, this study reveals a number of
important insights that are relevant to conducting genetic
mapping in Irish ancestry populations.

We observed tight correlations between the Irish popula-
tion and the European HapMap population in terms of
minor allele frequency, LD values and haplotype diversity.
Similar tight correlations were observed in the other test
populations we considered. We also observed a close
genetic relationship between the Irish population and
neighbouring British and Australian populations. Further-
more, results presented here confirm previous observations
that the patterning of LD observed in the European
HapMap population represents to a large degree that
observed in other European populations.*®® Interestingly,
among the populations we studied, the Irish population
appeared the most highly correlated with European
HapMap population in terms of LD (as measured by 7%),
suggesting high portability of tSNPs, an observation
confirmed by our tSNP transferability assessment. We note,
however, that reported differences in correlations were not
statistically significant.

Our results suggest the Irish population is genetically
indistinguishable from the neighbouring British popula-
tion using 4424 SNPs. The Irish population does not appear
to show the genetic characteristics of a population isolate.
However, this does not rule out the possibility of localised
structuring of LD in Ireland, in particular in remote rural
regions or islands off the mainland. It is also probable that
some degree of genetic structure between Britain and
Ireland will be resolved as more ancestral informative
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markers are identified as has been the case within British
populations.?24

Contrary to studies of the Y chromosome, and in
agreement with a previous report?® our assessment failed
to detect evidence of population structure within Ireland
even when only individuals with four grandparents from
the same province were considered.'®?2 It is reasonable
to assume that by considering a larger number of SNPs
(such as those currently available on WGA platforms) this
picture would change as Irish specific ancestry informative
SNPs begin to emerge. However, it is likely that any
substructuring within the Irish population, although clear,
would be slight in terms of magnitude. That this observa-
tion differs somewhat from results reported from Y
chromosome would reflect the differing natures of the auto-
somal and Y chromosome systems, with the recombining
autosomes being much less sensitive to substructure.

PCA using 4424 SNPs revealed the Irish, British and
Australian populations to be indistinguishable from each
other. However, in agreement with patterns observed with
similar and other genetic systems, the Finnish population
showed clear separation consistent with a general
North-South axis of European genetic structure.?”-?® The
closeness of the Australian population to the British and
Irish populations would reflect the history of emigration
from the British and Irish Isles to Australia. Regardless of the
ability to resolve structure within and between populations,
methods for controlling substructure should always be
incorporated into population-based genetic mapping stu-
dies. Our estimate of the genomic inflation factor®? for the
Irish population (1= 1.024) is similar to that observed in the
other European populations studied here.



Our previous multi-centre study of epilepsy employing
the same four ‘test’ populations indicated the possibility of
numerous SNPs contributing to epilepsy in an apparent
population-specific manner.®> The degree of similarity
observed here between the Irish, British and Australian
populations would suggest that apparent population-
specific effects are probably related to phenotype (insuffi-
cient resolution) as opposed to genes. However, the
structure observed between Finland and the other three
‘test’ populations highlights the importance of replicating
association results in populations of similar descent, in
particular in cases where structure has been characterised
between the population in which the association was first
reported and that in which replication is being considered.

In summary, our results suggest that the Irish population
is very well matched to the European HapMap population
and markedly similar to the neighbouring British popula-
tion. Although we were unable to detect significant
substructure within the Irish population (a favourable
result for genetic mapping), methods for controlling
stratification should always be incorporated. tSNPs selected
using the HapMap data can be confidently applied to the
Irish population.
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