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Whole-Genome Scan, in a Complex Disease, Using 11,245
Single-Nucleotide Polymorphisms: Comparison with Microsatellites
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Despite the theoretical evidence of the utility of single-nucleotide polymorphisms (SNPs) for linkage analysis, no
whole-genome scans of a complex disease have yet been published to directly compare SNPs with microsatellites.
Here, we describe a whole-genome screen of 157 families with multiple cases of rheumatoid arthritis (RA), performed
using 11,245 genomewide SNPs. The results were compared with those from a 10-cM microsatellite scan in the
same cohort. The SNP analysis detected HLA*DRB1, the major RA susceptibility locus (P = .00004), with a
linkage interval of 31 ¢cM, compared with a 50-cM linkage interval detected by the microsatellite scan. In addition,
four loci were detected at a nominal significance level (P < .05) in the SNP linkage analysis; these were not observed
in the microsatellite scan. We demonstrate that variation in information content was the main factor contributing
to observed differences in the two scans, with the SNPs providing significantly higher information content than
the microsatellites. Reducing the number of SNPs in the marker set to 3,300 (1-cM spacing) caused several loci to
drop below nominal significance levels, suggesting that decreases in information content can have significant effects
on linkage results. In contrast, differences in maps employed in the analysis, the low detectable rate of genotyping
error, and the presence of moderate linkage disequilibrium between markers did not significantly affect the results.
We have demonstrated the utility of a dense SNP map for performing linkage analysis in a late-age-at-onset disease,
where DNA from parents is not always available. The high SNP density allows loci to be defined more precisely
and provides a partial scaffold for association studies, substantially reducing the resource requirement for gene-
mapping studies.

Introduction increase the information content (IC) are useful methods
of increasing the likelihood of detecting true suscepti-
bility loci.

Since SNPs offer more rapid and highly automated
genotyping than microsatellites, it has been proposed that
SNP-based linkage analysis could be performed to map
disease loci. A theoretical study has predicted that ap-
proximately two to three times the density of SNPs with
a heterozygosity of 0.50 would be equivalent to the cur-
rent microsatellite marker sets (Kruglyak 1997). Two re-

cent publications describe dense SNP marker sets (Ken-

The standard method of identifying disease genes rou-
tinely involves a whole-genome scan using a set of 300-
400 microsatellite markers evenly spaced across the ge-
nome, genotyped in pedigrees with multiple affected
members. This approach has led to great success in map-
ping Mendelian single-gene disorders, but the identifi-
cation of disease susceptibility genes for complex traits
has proven more challenging (Botstein and Risch 2003).
One of the key factors contributing to the difficulty of

detecting genes for complex phenotypes is the relatively
low genetic relative risk conferred by each locus. An-
other practical consideration is the decrease in power
due to incomplete pedigrees, especially in diseases of late
age at onset, where parents are often unavailable. Ge-
notyping more families or adding additional markers to

Received February 16, 2004; accepted for publication April 26,
2004; electronically published May 20, 2004.

Address for correspondence and reprints: Dr. Giulia C. Kennedy,
Genomics Collaborations, Affymetrix, 3380 Central Expressway,
Santa Clara, CA 95051. E-mail: giulia_kennedy@affymetrix.com

© 2004 by The American Society of Human Genetics. All rights reserved.
0002-9297/2004/7501-0008$15.00

54

nedy et al. 2003; Matise et al. 2003), and, with the
availability of novel approaches for large-scale, high-
throughput genotyping, there now exists the possibility
of testing the utility of SNP-based whole-genome linkage
studies. We describe the first application of this technol-
ogy to whole-genome linkage analysis of a complex dis-
ease through use of a cohort of multicase families with
rheumatoid arthritis (RA [MIM 180300]) previously an-
alyzed in a standard microsatellite-based whole-genome
scan. The recently described microarray-based genotyp-
ing technology, termed “whole-genome sampling anal-
ysis” (WGSA), uses one generic primer to amplify
>10,000 SNPs in a single reaction (Kennedy et al. 2003).
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The genotype-calling algorithm is fully automated with
>99% accuracy, providing an ideal method for perform-
ing rapid linkage analysis on large numbers of samples.
The microsatellite-based whole-genome linkage analysis
of these families found the strongest evidence for linkage
at 6p23 (P <.00001), over the well-recognized suscep-
tibility locus, HLA*DRB1, and several other putative loci
(P < .05) (Mackay et al. 2002). Repeating this scan with
SNPs allows a direct comparison of their performance
with that of microsatellites, within the same cohort and
using the same analytical methods.

RA is a common chronic inflammatory disease pri-
marily affecting the joints. It shares many features with
other complex genetic traits—for example, twin and
family studies have shown that RA has a moderate her-
itable component, with A, (relative risk to siblings) val-
ues ranging from 5 to 10 (Wordsworth and Bell 1991;
Seldin et al. 1999). RA is also a condition with a rel-
atively late age at onset, making the collection of com-
plete nuclear families difficult. This feature is also typ-
ical of many other common complex diseases. Thus,
RA is a useful paradigm in which to study cohorts with
incomplete inheritance information as well as to repli-
cate an undisputed causative locus. HLA*DRBI1 is es-
timated to account for ~30% of the genetic component
of this autoimmune disease. Modeling studies and three
other whole-genome scans suggest that no other single
locus will make a contribution as large as HLA (Cornelis
et al. 1998; Shiozawa et al. 1998; Jawaheer et al. 2001,
2003; Mackay et al. 2002). The HLA locus, therefore,
provides a useful benchmark by which to compare
methods.

Methods

Patient Samples

One hundred fifty-seven multicase families with RA
recruited into the Arthritis Research Campaign National
Repository for families with RA (Worthington et al.
1994) were used in this study. There were two to six
affected sibs per family, and 37% of the families had
DNA available from one or both parents (34 families
had DNA from one parent and 24 families had DNA
from both parents). In addition, DNA from 143 unaf-
fected siblings was available for families with missing
parental genotype data. All of these samples had been
previously genotyped at HLA*DRB1 and with the ABI
linkage mapping panel version 2, comprised of 365 mi-
crosatellite markers spaced at 10-cM intervals across the
genome (Mackay et al. 2002).

Genotyping

We used WGSA to genotype all samples on precom-
mercial arrays, as described by Kennedy et al. (2003).
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Two-hundred and fifty nanograms of starting genomic
DNA per array is required for genotyping. Later in the
study, a subset of samples was also genotyped on com-
mercial Affymetrix Mapping 10K arrays, which con-
tained a set of SNPs that underwent further validation
in product development (Matsuzaki et al. 2004). Only
those SNPs shared in common between the precom-
mercial and commercial arrays were used in this analysis.

Map Construction

SNP genetic map positions were interpolated on the
deCode genetic framework map (Kong et al. 2002),
through use of their physical positions. Only 10,423
of the genotyped SNPs had unique physical map po-
sitions on National Center for Biotechnology Infor-
mation (NCBI) genome build 33; all initial linkage
analysis, unless otherwise noted, was performed using
this map. The median marker spacing of SNPs on this
map is 0.118 cM (95% CI 0.1126-0.1253), and the
mean heterozygosity is 0.35.

To reduce the IC of the SNPs, a 1-cM SNP map con-
taining 3,300 SNPs was generated by dividing the ge-
nome into 1-cM bins and retaining the SNP with the
maximum heterozygosity from each bin. If only one SNP
mapped to a bin, it was included; if no SNP mapped to
a 1-cM interval, the bin was ignored. To assess whether
different map constructions affected the linkage results,
we also built interpolated SNP maps based on the
Marshfield microsatellite framework map, as well as

through use of physical positions on an earlier genome
build (NCBI build 31).

Genotype Error Detection

SNPs used in this study were validated to >99% ac-
curacy when assessed by several different criteria (Ken-
nedy et al. 2003). Since even low levels of genotype error
can reduce power in a linkage study, we sought to identify
and remove as many errors as possible prior to linkage
analysis. All genotype data were initially analyzed using
PEDCHECK (O’Connell and Weeks 1998); errors were
eliminated by removing all genotypes from both siblings
for a SNP with a Mendelian inconsistency. Since SNPs
are biallelic and a significant proportion of the pedigrees
lack parental genotype data, Mendelian inheritance
checking will fail to detect all erroneous genotypes. Thus,
to supplement PEDCHECK, we subsequently utilized the
error-checking algorithm implemented in Merlin, which
identifies unlikely genotypes on the basis of double re-
combination events (Abecasis et al. 2002). The default
parameters were used in Merlin, which corresponds to
the exclusion of genotypes where the likelihood ratio of
an erroneous genotype is P < .025; therefore, only a small
proportion of these unlikely genotypes were, in fact, likely
to be true genotypes. To test the effect of genotyping error
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on the results, the data were reanalyzed in two ways. First,
we retained the unlikely genotypes detected by Merlin.
Second, we removed both the unlikely genotypes and 232
SNPs with a Mendelian inheritance error rate of >2%.
These 232 SNPs accounted for 7% of all inheritance er-
rors, with >10 errors per SNP (maximum of 28 errors
per SNP). The majority of errors (24,900, or 76 %) were
due to a small number of errors per SNP (1-4).

Linkage Analysis

Nonparametric linkage analysis, as implemented in
MERLIN, was used in all analyses (Abecasis et al. 2002).
Allele frequencies were generated using all genotyped in-
dividuals, and scans were performed using the Whitte-
more and Halpern “all” statistic (Whittemore and Hal-
pern 1994). Because of the high density of the map,
scanning was performed at each marker, with no estimates
between markers. Entropy, a measure of IC, was also
calculated in Merlin. Files reporting the chromosomal po-
sitions, genetic map positions, Z-mean scores, and en-
tropy values (IC) calculated for all of the microsatellites
and SNPs used in the linkage analysis are given as tables
A and B (online-only tab-delimited ASCII files that can
be imported into spreadsheets), respectively. The micro-
satellite whole-genome scan was also reanalyzed with
Merlin, using the same genetic map (deCode), analysis
parameters, and genotype error detection method.

Investigation of Linkage Disequilibrium (LD)

The pairwise LD statistics D' and 7* were calculated for
all markers through use of HelixTree software (Golden
Helix Web site). Haplotype blocks were defined as regions
in which all SNP pairs had an LD correlation coefficient
7> value of =0.4. To determine the effect of LD on the
results of the linkage analysis, SNPs in regions of high
LD under peaks of linkage were treated in two ways; first,
all but the middle SNP from a region of LD was excluded
from linkage analysis. Second, we used the EM algorithm
implemented in SNPHAP (D. Clayton’s Web site) to as-
sign haplotypes to unrelated individuals. Haplotype as-
signments were then included in the linkage analysis as a
multiallelic marker. Since low-probability haplotype as-
signments result in high rates of Mendelian errors, we
included only individuals with >50% probability for a
given haplotype assignment. To ensure that the EM al-
gorithm was producing robust estimates of haplotype fre-
quencies, random subsets of the cohort were selected and
the haplotype frequencies compared. There were no sta-
tistically significant differences between haplotype fre-
quency estimations in random subsets of the data (au-
thors’ unpublished data).
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Investigation of Association

Association of SNP haplotypes in regions of high LD
under the peak of linkage at chromosome 6p was inves-
tigated. One hundred fourteen unrelated affected pro-
bands were compared with 81 unrelated unaffected par-
ents as a case-control cohort. A region spanning 40 cM,
centered at the 6p peak of linkage, was delineated and
found to contain 106 SNPs. Markers deviating from
Hardy-Weinberg equilibrium in the case (# = 114) and
the control (m = 81) sample groups, after correction for
multiple testing, were excluded from further analysis. The
HelixTree software package was used to determine LD
patterns under the 6p peak of linkage in the control group.
Regions of high LD, in which all pairwise 7* LD coefficient
values are >0.4, were identified. Haplotypic associations
of the SNPs residing in these regions were subsequently
investigated in the case-control cohort through use of hap-
lotype trend regression (Excoffier and Slatkin 1995; Zay-
kin et al. 2002) implemented in HelixTree software. As-
sociated intervals were then analyzed using SNPHAP in
cases and controls separately, to assign haplotypes to in-
dividuals. Frequencies of haplotypes with a probability
assignment >90% were then compared through use of the
x* test in Stata 8 (StataCorp 2003).

Results

We used the recently described WGSA method to rapidly
genotype a total of 550 individuals from 157 families
for 11,245 SNP markers. Of the 6.2 million attempted
genotypes, 5.6 million genotypes were called by the al-
gorithm, resulting in an overall call rate of 91%. The
range of call rates per chip was 84.5%-97%. Potential
genotype errors were identified by PEDCHECK (14,210;
0.25%) and Merlin (18,356; 0.35%) and removed prior
to analysis. We performed a nonparametric linkage anal-
ysis for all chromosomes, through use of the interpolated
deCode NCBI build 33 map for the SNPs, and also rean-
alyzed the previous microsatellite data through use of
the same parameters. Overall, there was good concor-
dance between the SNP and microsatellite genome scans,
with some minor qualitative differences (table 1; fig. A
[online only]).

The HLA locus was detected through use of the SNPs
at a genomewide significance level (P = .00004), and
with a slightly lower nonparametric linkage (NPL) score
than the microsatellite scan (3.97 vs. 4.22 [fig. 1]). The
maximum NPL score for the SNPs mapped directly over
the HLA*DRB1 locus (fig. 1). The peak was also better
defined for the SNPs; this difference was most striking
for the 1-LOD interval (the SNP 1-LOD interval was 8
cM, compared with a 21-cM 1-LOD interval in the
microsatellite scan) but still applied when the 3-LOD
interval was used (31 ¢M in the SNP scan, compared
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Table 1
Maximun NPL Scores for All Loci with Increased Allele Sharing at P <.05 for SNP (n = 10,423) and Microsatellite (n = 360) Linkage
Analysis
EXCLUDING SNPs
INCLUDING UNLIKELY WITH A >2%
SNP MICROSATELLITE 1-cM SNP? GENOTYPES® ERROR RATE®
Locus AND
PosiTioNn NPL NPL NPL NPL NPL
(IN cM) Score P Score P Score P Score P Score P
1q:
152 1.37 .09 1.844 .03 .86 .002 1.61 .05 1.37 .08
6p:
51 3.97 .00004 4.22 .000 3.54 .0002 3.75 .00009 3.89 .00005
6q:
79 2.02 .02 2.15 .02 2.51 .006 1.79 .04 1.98 .02
106 1.8 .04 2.33 .01 1.51 .07 1.47 .07 1.71 .04
123 2.02 .02 1.49 .07 1.44 .08 2.01 .02 1.92 .03
12q:
136 1.68 .05 1.21 A1 1.02 2 1.52 .06 1.25 A1
13q:
75 1.86 .03 .56 3 1.38 .09 1.61 .05 1.83 03
14q:
77 1.5 .07 1.55 .06 1.44 .07 1.66 .04 1.47 .07
21:
42 1.98 .02 .87 2 .89 2 1.47 .07 2.02 .02
Xp:
53 1.77 .04 49 3 1.34 .09 1.82¢ .03 1.78 .04

NoTE.—All analysis was performed using the deCode interpolated map based on NCBI build 33 of the genome.

* The 1-cM SNP map contained 3,300 SNPs.

> The 18,356 unlikely genotypes identified by Merlin were included in the analysis.
¢ The 232 SNPs with an observed error rate of >2% were removed from the SNP analysis.

4 At position 285 cM.
¢ At position 61 cM.

with 50 ¢cM in the microsatellite scan). Eight other
regions showed some evidence of increased allele shar-
ing at a nominal significance level (P <.05) on either
the SNP or microsatellite scan or both (table 1; fig. 2).
There are several possible explanations for the differ-
ences in results between scans: differences in genotyping
error rates, differences between maps, differences in IC,
and finally, the presence of LD between closely spaced
SNPs. These factors were investigated in more detail.

Genotyping Errors

Several accuracy measurements for WGSA genotyping
technology estimated the overall genotyping error rate
to be <1% (Kennedy et al. 2003). To test the effect of
genotyping error on the results, the data were reanalyzed
in two ways. First, we retained the unlikely genotypes
detected by Merlin; this resulted in the loss of signifi-
cance of two regions of linkage, on chromosomes 6q
and 21 (table 1). No new regions were detected at a
significance level of P <.05. These data suggest that re-
moval of unlikely genotypes, as detected by Merlin, can
increase the significance of nominal loci and further con-
firms the detrimental effect of genotyping error on link-
age results. Likewise, removal of 232 SNPs with a de-

tected error rate of >2% resulted in a modest decrease
in NPL score on chromosome 12. Interestingly, three of
the removed SNPs were located in the 5-¢cM region span-
ning the 136-cM peak of linkage on chromosome 12,
underscoring the importance of error analysis in inter-
preting linkage results. The error rate for microsatellites
in the original genome scan ranged from 0% to 3% for
individual markers (Mackay et al. 2002).

Interpolated Genetic SNP Maps

It is well recognized that errors in marker order or
intermarker distances in maps can lead to a loss of power
to detect linkage (Daw et al. 2000). We used four SNP
maps in this study to assess the effect of map construc-
tion on the linkage results. All four maps were inter-
polated, through use of one of two genetic framework
microsatellite maps (deCode and Marshfield) and one of
two physical maps (NCBI builds 31 and 33). We then
reanalyzed the raw SNP data through use of the four
map combinations. Comparison of the NCBI build 31
and build 33 maps revealed virtually no differences in
the number of linkage peaks or in their levels of signif-
icance (fig. B [online only]), consistent with the obser-
vation that SNP positions did not change significantly
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Figure 1

Multipoint NPL scores on chromosome 6 for SNPs (solid line) and microsatellites (dashed line). HLA*DRB1 maps directly

under the SNP maximum NPL score. Vertical lines indicate 1-LOD intervals. The lower panel indicates regions of LD defined by clusters of

SNPs where all pairwise correlations were >0.4.

between the two builds (authors’ unpublished data). In
contrast, SNP positions did change when the two dif-
ferent genetic framework maps were used (mean 1.08
cM; median 0.91 cM), and, as expected, there were dif-
ferences in the positions of the maximum NPL peaks
(fig. C [online only]). There were no substantial differ-
ences in the number of linkage peaks or in their levels
of significance.

IC

One of the predicted advantages of using a high-den-
sity SNP map is to increase the IC over that of conven-
tional microsatellite sets; this increased IC could, in prin-
ciple, explain some of the modest differences we observe
between the two genome scans. Entropy, a measure of
IC, was calculated using Merlin for both microsatellites
and SNPs on all chromosomes. Figure 3 shows the en-
tropy plots for chromosomes 6, 12,13, 21, and X, where
evidence for linkage differed between the SNP and mi-
crosatellite scans. IC for the SNPs is significantly and
uniformly higher than for microsatellites; the mean ge-
nomewide entropy is 0.75 (95% CI 0.68-0.79; SD 0.42)
for the SNPs and 0.54 (95% CI 0.55-0.57; SD 0.09)
for microsatellites (also see fig. D [online only]).

To assess the effects of reduced IC on the SNP scan,
a 3,300-SNP map with a median spacing of 1.13 cM
(95% CI 1.1-1.15) and a mean heterozygosity of 0.34

was generated and the cohort reanalyzed. There was a
significant decrease in genomewide IC (mean 0.65; 95%
CI 0.55-0.71; SD 0.05; ¢ = 100.3; 13,213 df; P<
.0001). In addition, the maximum NPL scores fell sub-
stantially for all but a single locus on 6q, at 79 cM (table
1). After analysis with the 1-cM SNP map, only one 6q
locus and the HLA locus remained significant at P <
.05 (table 1). In fact, the results of the 1-cM SNP linkage
analysis more closely resembled those of the initial mi-
crosatellite genome scan, suggesting that higher IC in the
full set of 10,423 SNPs contributed to observed differ-
ences between the microsatellite and SNP genome scans.

LD

Algorithms that estimate identity-by-descent (IBD)
sharing probabilities in Merlin assume linkage equilib-
rium between all markers; in fact, these algorithms have
been shown to be unreliable when there is strong LD
between markers (Schaid et al. 2002). Given the high
density of this SNP marker set, we were interested in
determining whether some of our linkage results might
have been due to possible LD between SNPs. As a first
step, we assessed the extent of LD by calculating pair-
wise LD statistics for SNPs on all chromosomes. There
was, indeed, evidence of LD and of haplotype blocks for
small clusters of SNPs on all chromosomes. Figure 4
shows LD measurements across the 40-cM region on
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Figure 2

(solid line) and microsatellites (dashed line).

chromosome 6 under the peak of linkage. Several clus-
ters of two to six SNPs demonstrated LD; 45% of SNPs
had an 7>> 0.4 for at least one pairwise comparison.
The results from this chromosome were typical of the
entire genome; therefore, we sought to explore the effects
of LD on the results in two ways. First, all but a single
SNP from groups of SNPs in LD were removed. This
led to a very slight increase in NPL score for peaks on
chromosomes 6 and 13 and a modest reduction in NPL
score on chromosomes 12 and 21 (fig. E [online only])
and chromosome X (data not shown). However, re-
moving SNPs in LD also resulted in a concomitant de-
crease in IC, due to marker loss. For example, IC at the
peak on chromosome 13 dropped from 0.76 to 0.61
when markers in LD were removed, thus making it dif-
ficult to assess whether modest effects on the evidence
for linkage were due to LD or to losses in IC.

Second, we employed an alternative method to over-
come the inability of Merlin to incorporate LD into es-
timating IBD sharing probabilities, this time retaining
information from all of the SNPs. For the 40-cM region
of linkage on chromosome 6 at HLA, we assigned hap-
lotypes to individuals for clusters of SNPs in LD and
treated them as single multiallelic markers in the linkage
analysis. This also resulted in a decrease in NPL score
over the HLA region (maximum NPL score 3.6). Once
again, there was a concomitant reduction in IC, in part
due to removal of Mendelian errors resulting from

Multipoint NPL scores for chromosomes 12, 13, 21, and X, demonstrating differences observed in allele sharing between SNPs

lower-probability haplotype assignments. Overall, how-
ever, we found the results to be qualitatively similar
when SNPs in LD are either retained or removed (fig. E
[online only]).

Discussion

This study represents a proof of principle for the use of
a high-density SNP marker set in linkage analysis for a
complex disease. The SNP genome scan replicated the
known HLA locus at a genomewide significance interval
(P <.00004) (Lander and Kruglyak 1995) and was per-
formed in a fraction of the time required for the original
microsatellite scan, taking a few weeks rather than many
months to genotype this cohort. Furthermore, the 1-LOD
interval of linkage for the SNPs was 13 cM less than the
interval identified for the microsatellite scan. Thus, two
major advantages of the high-density SNP scan over mi-
crosatellites are the speed of generating genotype data and
the considerable savings in downstream fine mapping in
this cohort due to better definition of the linkage peaks.
A further advantage of the WGSA technology is the sam-
ple requirement; genotyping 11,245 SNPs required only
250 ng total of starting genomic DNA, a reduction of
more than 10-fold compared with the amount of sample
required to genotype 350 microsatellites.

The results from the two scans were similar but not
identical, and, although the differences were largely
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qualitative and at modest significant levels, four regions
of nominal linkage were detected in the SNP scan that
were not observed in the microsatellite scan. Since most
genetic studies of complex diseases follow up areas of
nominal evidence of linkage in a second cohort, it is
important to consider what might have contributed to
these differences in the same family cohort.

There are several possible explanations for the ob-
served differences: genotyping error of either the SNPs
or microsatellites, errors in maps used, differences in
IC, and the presence of LD leading to false IBD sharing
probabilities estimated by Merlin. Each of these pos-
sibilities was investigated. SNPs used in this study were
estimated to genotype at >99% accuracy (Kennedy et
al. 2003). In addition, we implemented error checking,
using PEDCHECK and Merlin to ensure removal of as
many erroneous genotypes as possible prior to linkage
analysis. Including unlikely genotypes in the analysis or
removing a further 232 SNPs with a >2% error did not
alter the results substantially. The increase in allele shar-
ing observed for the SNP scan on chromosome 12q
could possibly be attributed to genotyping error: when
three SNPs with a >2% error rate were removed, the
NPL score fell below the nominal significance threshold
and closely approximated the results observed with the
microsatellite scan (table 1).

Errors in map positions or marker order can lead to
loss of power to detect linkage (Daw et al. 2000). It has
not been possible in this study to construct a meiotic

Entropy values calculated in Merlin for the whole cohort for SNPs (solid line) and microsatellites (dashed line) for chromosomes

recombination map based on 10,425 SNPs; all maps
were constructed using interpolation. Comparison of
the data when NCBI builds 31 and 33 were used for
both the Marshfield and deCode genetic maps revealed
no changes in overall results, suggesting that, in this
case, map construction is an unlikely explanation for
the observed differences between the microsatellite and
SNP scans. This suggests that the interpolated maps
constructed for this analysis are adequate for linkage
analysis and are unlikely to be a source of additional
error.

One of the key advantages of this high-density SNP
map is the expected increase in IC compared with the
conventional microsatellite set. IC across the genome
was uniformly higher for the SNPs than the microsa-
tellites. An increase in IC will lead to a proportionally
higher expected LOD score for a true region of linkage
(Kruglyak 1997). This is consistent with the higher LOD
score for seven of the nine regions detected in the SNP
scan. By reducing the density of the SNP set to one SNP
every cM (i.e., 3,300 markers), we generated results that
more closely resembled the microsatellite scan, sug-
gesting that the variability in IC was the main factor
contributing to the observed differences in results.

Independent results also suggest that increased IC
contributed to detection of several regions by the SNP
scan that were undetected in the microsatellite scan.
Additional microsatellite data were available for chro-
mosomes 6 and X that increased the IC of the micro-



John et al.: Whole-Genome Scan Using SNP Arrays

Figure 4

61

Pairwise LD for 106 SNPs mapping to a 40-cM (35-75 cM) region on chromosome 6 under the peak of linkage at HLA*DRBI1.

Measures of 7* are shown in the upper triangle, and measures of D’ are shown in the lower triangle.

satellite linkage analysis for those regions. Fine mapping
using additional microsatellite markers spaced at <1-
cM intervals along a 30-cM region of HLA reveals a
pattern very similar to the high-density SNP analysis
reported here (authors’ unpublished data).

Likewise, additional biological and fine-mapping ev-
idence implicates the region identified on the X chro-
mosome at ~53 cM. This region overlaps with regions
identified in other autoimmune diseases, including in-
sulin-dependent diabetes mellitus (Cordell et al. 1995),
multiple sclerosis (Ebers et al. 1996; Ban et al. 2002,
2002), and Graves disease (Imrie et al. 2001). Several
clinical and genetic features are shared between RA and
these other autoimmune conditions; this, combined
with the 4:1 female-to-male preponderance of RA cases
(Doran et al. 2002), implicates the X chromosome in
RA. Although this region showed no linkage in the first
microsatellite scan, subsequent fine mapping with a
denser set of microsatellites at 0.9-cM spacing in the
same U.K. cohort resulted in a LOD score of 1.69 at
marker DXS8090 (authors’ unpublished data). This
marker maps close to the linkage peak detected in the
SNP scan, confirming that the NPL score observed in
the SNP scan reported here is due to increased IC. Thus,
the initial 10,423-SNP genome scan generated results
on chromosomes 6 and X that are equivalent to sub-
sequent fine mapping using microsatellites and was ac-
complished in a fraction of the time.

The SNP density used in this study exceeds by ap-

proximately threefold that predicted to be necessary to
achieve IC equivalent to that of standard microsatellite
marker sets. Despite this predicted saturation, the max-
imum IC that was ever reached in our SNP analysis was
0.88. This is due to the large proportion of pedigrees
lacking parental genotype data. We also applied mul-
tipoint polymorphism information content (MPIC), an
algorithm that assumes full inheritance information
(Rijsdijk and Sham 2002), to markers on chromosome
6. Using this algorithm, mean MPIC was substantially
higher for the SNP set (94 %) than for the microsatellite
set (70%). The data presented here suggest that, when
parental information is lacking, much higher numbers
of SNPs than predicted are necessary to achieve high
IC. Since many genetic studies involve diseases of late
age at onset, it is not unusual to encounter incomplete
pedigrees; thus, 3,300 SNPs may not achieve good IC
measures in these types of cohorts, and >10,000 SNPs
should not be considered excessive.

Because of the high density of SNPs used in this in-
vestigation, we did detect LD and some areas of con-
served haplotypes across the genome. Since the algo-
rithms used to estimate IBD sharing assume linkage
equilibrium between markers, we were concerned that
the presence of LD would confound the results. Re-
stricting the analysis to SNPs in linkage equilibrium did
modestly alter the linkage results, with some NPL scores
increasing for some regions and decreasing for other
regions. For the HLA region, we assigned haplotypes
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Figure 5

Linkage and association in the HLA region. ¢ = single-point association; ll = haplotype association in region of LD. The

lower panel indicates regions of LD defined by clusters of SNPs where all pairwise correlations were >0.4.

to groups of unrelated individuals through use of the
EM algorithm for clusters of SNPs in LD. However,
because the algorithm assigns haplotypes without re-
gard to family relationships, there will be erroneous
haplotype assignments, which lead to a much higher
Mendelian inheritance error rate, resulting in a further
loss of information. If a proportion of SNPs in the
marker set are in LD, one might expect that algorithms
incorporating such information into the linkage analysis
would improve the accuracy of IBD sharing probabil-
ities and result in greater power.

The ultimate aim of any whole-genome screen linkage
analysis is to detect susceptibility loci for the disease
under investigation. Outside of HLA, no other loci have
been confirmed as RA susceptibility loci. All other
regions showing evidence of increased allele sharing in
this study, although significant at nominal levels, failed
to reach suggestive evidence of linkage (i.e., P <.0007)
(Lander and Kruglyak 1995). Although it is possible
that one or more of these loci may be false positives, it
should be noted that power calculations for this cohort
suggest that only loci conferring genetic relative risks
of >2 (e.g., HLA*DRBI1) are likely to give highly sig-
nificant results. Thus, we would not expect high NPL
scores from true minor susceptibility loci, even at max-
imum IC. Independent biological and genetic evidence
support some of these nominal regions as possible RA
susceptibility loci. In addition to the fine-mapping data
supporting the chromosome 6 and X loci described
above, whole-genome microsatellite scans in other co-

horts (Cornelis et al. 1998; Shiozawa et al. 1998; Ja-
waheer et al. 2003) also add support for the nominal
loci we detected on chromosomes 6q, 12, 13, 21, and
X in this study.

One of the attractive prospects of this type of linkage
analysis is that the SNPs genotyped in a whole-genome
scan can be used as a scaffold for further LD mapping
studies in a region of interest. Along these lines, we
selected the 106 SNPs spanning 40 cM centered around
HLA to assign 15 haplotype blocks and tested these
blocks for evidence of association. Two regions with
significant haplotypic associations were identified by
both haplotype trend regression (a three-SNP haplotype
at 52.18 cM [P = .0007] and a two-SNP haplotype at
70.253 cM [P, = .0003]) and the x?* test (P, = .003 and
P, <1077, respectively) when analyses were performed
in a small case-control cohort of 81 controls and 114
unrelated cases. Although one should be cautious
when interpreting data from many different tests, these
results remain significant at the 5% level after applying
a Bonferroni correction for the 15 LD blocks tested.
It is also noteworthy that the first of these haplotypes
maps directly under the peak of linkage, closest to
HLA*DRB1 (fig. 5), demonstrating, at least in this
cohort, the utility of using the SNPs as a fine-mapping
scaffold.

In this study, we have demonstrated the utility of a
dense SNP map for linkage analysis in a complex dis-
ease. The low genotyping error rates and map construc-
tion used here lead to reliable robust results; further-
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more, the presence of LD between a proportion of
markers did not significantly affect the analysis. The
increased IC offered by this technology improved link-
age signals that were not detected in a low-resolution
microsatellite scan. Since the technology employed here
is also scalable to >100,000 SNPs (Kennedy et al. 2003),
it will be applicable to whole-genome association stud-
ies, when linkage analysis is not possible.
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