
Am. J. Hum. Genet. 73:271–284, 2003

271

A 3.9-Centimorgan-Resolution Human Single-Nucleotide Polymorphism
Linkage Map and Screening Set
Tara C. Matise,1 Ravi Sachidanandam,3 Andrew G. Clark,4,5 Leonid Kruglyak,6 Ellen Wijsman,7
Jerzy Kakol,3 Steven Buyske,2 Buena Chui,8 Patrick Cohen,9 Claudia de Toma,9 Margaret Ehm,10

Stephen Glanowski,5 Chunsheng He,1 Jeremy Heil,5 Kyriacos Markianos,6 Ivy McMullen,5
Margaret A. Pericak-Vance,11 Arkadiy Silbergleit,8 Lincoln Stein,3 Michael Wagner,10

Alexander F. Wilson,12 Jeffrey D. Winick,8 Emily S. Winn-Deen,5,13 Carl T. Yamashiro,8
Howard M. Cann,9 Eric Lai,10 and Arthur L. Holden14

Departments of 1Genetics and 2Statistics, Rutgers University, Piscataway, NJ; 3Cold Spring Harbor Laboratory, Cold Spring Harbor, NY;
4Department of Molecular Biology and Genetics, Cornell University, Ithaca, NY; 5Celera Genomics, Rockville, MD; 6Howard Hughes
Medical Institute and Fred Hutchinson Cancer Research Center and 7University of Washington, Seattle, WA; 8Amersham Biosciences,
Chandler, AZ; 9Fondation Jean Dausset–CEPH, Paris; 10GlaxoSmithKline, Research Triangle Park, NC; 11Duke University Medical Center,
Durham, NC; 12National Institutes of Health/National Human Genome Research Institute, Baltimore; 13Roche Molecular Systems,
Pleasanton, CA; and 14First Genetic Trust, Deerfield, IL

Recent advances in technologies for high-throughout single-nucleotide polymorphism (SNP)–based genotyping have
improved efficiency and cost so that it is now becoming reasonable to consider the use of SNPs for genomewide
linkage analysis. However, a suitable screening set of SNPs and a corresponding linkage map have yet to be described.
The SNP maps described here fill this void and provide a resource for fast genome scanning for disease genes. We
have evaluated 6,297 SNPs in a diversity panel composed of European Americans, African Americans, and Asians.
The markers were assessed for assay robustness, suitable allele frequencies, and informativeness of multi-SNP
clusters. Individuals from 56 Centre d’Etude du Polymorphisme Humain pedigrees, with 1770 potentially informa-
tive meioses altogether, were genotyped with a subset of 2,988 SNPs, for map construction. Extensive genotyping-
error analysis was performed, and the resulting SNP linkage map has an average map resolution of 3.9 cM, with
map positions containing either a single SNP or several tightly linked SNPs. The order of markers on this map
compares favorably with several other linkage and physical maps. We compared map distances between the SNP
linkage map and the interpolated SNP linkage map constructed by the deCode Genetics group. We also evaluated
cM/Mb distance ratios in females and males, along each chromosome, showing broadly defined regions of increased
and decreased rates of recombination. Evaluations indicate that this SNP screening set is more informative than
the Marshfield Clinic’s commonly used microsatellite-based screening set.

Introduction

The approaches and technologies used for linkage analy-
sis of human diseases have undergone several major ad-
vances since RFLPs were first used as genetic markers.
Currently, the primary resources for linkage analysis are
robust and highly informative microsatellite markers
(Weber and May 1989; Weissenbach et al. 1992; Shef-
field et al. 1995). However, the ability to scale up the
typing of microsatellite markers to very high throughput
is limited, since electrophoretic separation must be done
to accurately determine fragment sizes. SNPs are an abun-
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dant resource in the human genome and in other genomes.
What they lack in informativeness (maximum heterozy-
gosity is 0.5), they make up for in abundance, uniformi-
ty, global genomic distribution, and adaptability to mas-
sively parallel genotyping technology. Therefore, the use
of SNPs as genetic markers offers the promise of lower-
cost very-high-throughput genotyping.

The high density of SNPs in the human genome,
together with the relatively narrow width of regions
in linkage disequilibrium (LD), have led to the propos-
al that SNPs be employed for genomewide association
screening (Lander 1996; Risch and Merikangas 1996;
Collins et al. 1997; Kruglyak 1997). However, consid-
erably less attention has been paid to the potential utility
of SNPs for linkage-based genome scans, an approach
that can be put into practice immediately. Several studies
have established the theoretical rationale that predicts
that a high-density genomewide SNP-marker set could
be superior to the current microsatellite sets for genome
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scanning by linkage (Kruglyak 1997; Wilson and Sorant
2000; Weber and Broman 2001; Goddard and Wijsman
2002). Kruglyak (1997) showed that 700–900 SNPs
spaced equally throughout the genome would have the
same statistical power as the standard 350–400 mapped
microsatellite markers and that 3,000 SNPs at 1-cM
spacing throughout the genome would be far superior
in information content (IC). Other theoretical studies
and computer simulations have demonstrated that two-
and three-locus composite diallelic markers can provide
linkage information, similar to highly informative mul-
tiallelic markers (Wilson and Sorant 2000; Goddard and
Wijsman 2002).

Numerous academic groups and biotechnology com-
panies have pushed forward with the development of
new technologies and methods to greatly accelerate
SNP genotyping (Dearlove 2002; Tsuchihashi and Dra-
copoli 2002), and work is under way on new analytical
methods that can take advantage of genomewide SNP-
genotype data (Gudbjartsson et al. 2000; Markianos
et al. 2001; Abecasis et al. 2002). The success that the
SNP Consortium (TSC) and other groups have had in
the discovery of millions of SNPs throughout the hu-
man genome and the precise physical mapping of these
SNPs onto the genome have provided the starting ma-
terial for a high-density genomewide SNP-marker set
(Wang et al. 1998; Sachidanandam et al. 2001; Venter
et al. 2001). However, a map of such diallelic markers
has, to our knowledge, not yet been constructed. By
use of existing STR markers as anchors, we have eval-
uated the polymorphism and robustness of 120,000
candidate SNPs for construction of a SNP linkage
marker set. A subset of ∼3,000 SNPs were selected for
map construction and were genotyped in 56 families
from the CEPH (Dausset et al. 1990) pedigree panel.
The final SNP linkage maps contain 716 SNP clusters
(i.e., groups of physically close markers) and 332 sin-
gleton SNPs.

Methods

We sought to build a SNP map composed of clusters
of two to four physically close SNPs located every ∼5
cM throughout the genome, interspersed with singleton
SNPs between the clusters. STRs from the Marshfield
linkage map were used to help identify the SNPs to be
used for map construction. These STR anchors were
not themselves included in the map construction. A
large set of candidate SNPs was initially evaluated for
polymorphism and genotyping success in a diversity
panel (phase I). A subset of SNPs best suited for map-
ping were then selected and genotyped in a panel of
CEPH pedigrees for map construction (phase II). Celera
Genomics and Motorola Life Sciences (now Amersham

Biosciences) provided genotyping services for the pres-
ent project.

Phase I SNP Selection

All STR markers present both in the UniSTS database
and on the Marshfield linkage map (see the Center for
Medical Genetics Web site) (Broman et al. 1998) were
identified and localized on the August 2001 Golden Path
genome assembly (see the UCSC Genome Bioinformat-
ics Web site) (Lander et al. 2001). A set of 1,345 anchor
STRs were selected at ∼2.5-cM intervals on the Marsh-
field map. In the TSC database (Single Nucleotide Poly-
morphisms for Biomedical Research), all SNPs located
within 100 kb of an anchor STR were identified. SNPs
located in regions with high repeat content (defined as
regions with 130% repeat content in the 500-bp flank-
ing regions) were excluded from further use, owing to
difficulties in the design of unique PCR primers. For
evaluation of each SNP cluster, 10–20 SNPs were se-
lected; for evaluation of each singleton map position,
2 SNPs were selected. In this manner, 120,000 SNPs
were initially identified and assigned to either Celera
Genomics or Motorola Life Sciences for evaluation and
genotyping in the TSC allele-frequency panel. These
SNPs were chosen to yield as complete and even cov-
erage of all 100-kb clusters as possible. For a few STR
sites, there were not enough TSC SNPs with successful
assay designs to meet these goals. For these STR sites,
Celera performed a search of its database and supple-
mented the TSC collection with 104 candidate SNPs
from dbSNP and 39 SNPs discovered by the Celera hu-
man genome sequencing program (Venter et al. 2001).
Each SNP evaluated by Motorola was confirmed by se-
quencing for accuracy in three diverse DNA samples, as
well as by analyzing the cluster patterns for all samples
tested in scatter plots, and only accurately performing
SNPs progressed through the project.

SNP Evaluation in the Allele-Frequency Panel

Ninety individuals from the TSC allele-frequency pan-
el were genotyped using 6,297 SNPs. The panel is com-
posed of 30 European Americans, 30 African Americans,
and 30 Asians (10 Chinese and 20 Japanese). (For details
on the TSC panel, see the Allele Frequency Panels Web
site.) Celera Genomics genotyped 5,446 SNPs, and Mo-
torola Life Sciences genotyped 851 SNPs. The allele fre-
quency of each SNP was determined in each of the three
populations. Only SNPs that were polymorphic in two
of the three populations were candidates for phase II.
An expectation-maximization algorithm, as implement-
ed in the program Hapfreqs (Goddard et al. 1996), was
used to obtain maximum-likelihood estimates of hap-
lotype frequencies, which were used to determine the
composite (haplotype) heterozygosity of each SNP clus-



Matise et al.: A 3.9-cM SNP Map and Screening Set 273

ter for each population. Using the program LD (software
by M. Eberle and L. Kruglyak; for download, see the
Kruglyak Lab Web site), we estimated the measure of2r
LD for all pairs of markers within each cluster (Carlson
et al. 2003). Initially, we anticipated that cluster LD
would be used in the SNP-selection procedure, but, since
nearly all sets of SNPs that were evaluated for each clus-
ter demonstrated quite low LD, it was not ultimately
part of the SNP-selection criteria. For each singleton STR
anchor, the SNP with the highest heterozygosity (aver-
aged across all populations) was selected for submission
to phase II of the project. For each cluster, the three
SNPs that provided both the highest total composite
heterozygosity (averaged across all populations) and the
smallest population-specific deviations from the highest
total composite heterozygosity were selected for submis-
sion to phase II. In some cases, the number of SNPs per
cluster is either fewer or more than three.

Celera Genotyping

SNPs assigned to Celera Genomics were mapped to the
Celera reference human genome sequence, and 300 bp of
flanking sequence on both sides of each SNP was imported
into the TaqMan assay-design program. A pipelined ver-
sion of Primer Express (Applied Biosystems), modified for
this purpose, was used to design both the PCR primers
and the TaqMan minor groove binder (MGB) probes.
One allelic probe was labeled with the fluorescent FAM
dye, and the other was labeled with the fluorescent VIC
dye. PCRs were set up with pipetting robots (BioCube
[Protedyne] and Biomek 2000 [Beckman-Coulter]). The
PCRs were run in TaqMan Universal Master Mix without
uracil-DNA-glycosylase (Applied Biosystems), with PCR
primer concentrations of 900 nM and TaqMan MGB-
probe concentrations of 200 nM. Reactions were per-
formed in a 384-well format in a total reaction volume
of 5 ml with 1.0 ng of genomic DNA. The plates were
then placed in a thermal cycler (PE 9700; Applied Biosys-
tems) and were heated at 95� C for 10 min, followed by
50 cycles of 95�C for 15 s and 60�C for 1 min, with a
final soak at 25�C. The TaqMan assay plates were trans-
ferred from the thermal cyclers to the Prism 7900HT in-
struments (Applied Biosystems), in which the fluorescence
intensity in each well of the plate was read. Fluorescence
data files from each plate were analyzed by automated
allele-calling software (Heil et al. 2002) and were re-
viewed by a skilled operator, and genotyping results were
exported directly into an Oracle database from which
genotype results were delivered electronically to TSC. In-
dividual genotypes that were ambiguous (i.e., did not fall
clearly into a genotype cluster) were designated as missing
data, and data for SNPs that did not clearly form separate
genotype clusters were excluded from further analysis. In
addition, SNPs for which all genotypes appeared as het-

erozygotes were excluded, and SNPs with strong devia-
tion from Hardy-Weinberg proportions were flagged. Ge-
nomic DNA samples for phase I were purchased from the
TSC allele-frequency DNA panels.

Motorola CodeLink Genotyping

PCR primer pairs were designed to amplify SNP target
sequences in a 32-plex format, using proprietary in silico
processes. Automated PCR-primer design included source
sequence filtering against vector and repetitive sequenc-
es. Amplicon length was set for 90–122 bp. Primer mix-
tures were made using Qiagen BioRobot 9604 and Bio-
mek FX robots. All primer pairs were tested in uniplex
PCRs, and poor performers were rejected prior to inclu-
sion in 32-plex formatting. Automated PCR setup was
performed with a Tecan Genesis robot. Plates containing
primer sets for each of the 32-plex PCRs in individual
wells were manufactured to ensure uniformity and re-
peatability of target generation. Assay PCR included a
nucleotide mixture containing a 1:8 ratio of dUTP to
dTTP and was performed on Tetrad thermal cyclers (MJ
Research). PCR amplicons (targets) were pooled and
purified using QIAquick 96 PCR Purification Kit and
BioRobot 3000 (Qiagen). Target fragmentation was
performed with uracil-DNA-glycosylase (New England
Biolabs). Each array type was supplied with an amplicon
target from a complementary set of eight pooled 32-plex
PCRs.

Four different CodeLink bioarrays were specifically de-
signed and manufactured for the SNP Consortium Link-
age Map Project. Each of the four bioarray designs con-
tained 256 different pairs of SNP probes, for a total of
1,024 SNPs. Each CodeLink SNP bioarray had four iden-
tical and separately assayable arrays on a single slide. A
reaction chamber (FlexChamber; Motorola Life Sciences)
maintained each array as an independent set of SNP-geno-
type assays, allowing for minimal assay volumes and per-
mitting the testing of a different samples in each chamber.
The CodeLink SNP assay utilizes a DNA polymerase–
mediated, allele-specific extension of anchored oligonu-
cleotide probes attached to a three-dimensional activated
matrix. At their 3′ ends, each pair of allele-specific oligo-
nucleotide probes are complementary to the polymorphic
position of a SNP. Pooled and fragmented multiplex target
DNA was added to the CodeLink SNP-genotyping re-
agents, including a biotin-labeled acyclo terminator nucle-
otide (PerkinElmer) mixture and Thermo Sequenase DNA
polymerase (Amersham). The complete target-reaction
mixture was loaded on the bioarrays, and chambers were
sealed. Loaded bioarrays were then placed on a Hybaid
Omnislide, and the CodeLink SNP thermal-cycling pro-
gram was engaged. Bioarrays were then washed and la-
beled with streptavidin–Alexa Fluor 532 conjugate (Mo-
lecular Probes). Stained bioarrays were scanned on an
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Axon Scanner A. Genotype data analysis was performed
on the scanned chip images by using a proprietary Code-
Link SNP-calling algorithm. The phase I samples were
genotyped in duplicate, and consensus genotypes were
generated.

DNA Samples

Genomic DNA samples for phase I (the diversity sam-
ple) were obtained from the allele-frequency DNA panels
(Coriell Cell Repository), and genomic DNA for phase
II (the CEPH pedigrees) was obtained from the Fonda-
tion Jean Dausset–CEPH and Coriell.

Genotype Cleaning

We used a modified version of the Ilink program (Lath-
rop et al. 1984; Cottingham et al. 1993; Schäffer et al.
1994; Terwilliger and Ott 1994; Gordon et al. 2001) to
obtain an average estimate of the rate of genotyping error
on the data that we received from Celera Genomics and
Motorola Life Sciences. This program uses the Elston-
Stewart algorithm to maximize the likelihood as a func-
tion of the SNP allele frequencies and three error param-
eters— , , and (the probability that a true homozy-v v v1 2 3

gote is incorrectly coded as a heterozygote, the probability
that a true homozygote is incorrectly coded as another
homozygote, and the probability that a true heterozygote
is incorrectly coded as a homozygote, respectively). This
approach uses the same error model as that developed by
Sobel et al. (2002), which assumes that error rates are
independent of the particular alleles at each locus. For
diallelic loci, this is the most general model possible under
this assumption. The PedCheck program (O’Connell and
Weeks 1998) was used to identify non-Mendelian inher-
itance and to search for pedigrees with an unusual number
of Mendelian inconsistencies, which can be a clue to errors
in pedigree structure or sample switching.

The error-detection approach in Merlin (Abecasis et
al. 2002) was used to search for Mendelian-consistent
genotype errors within each of the SNP clusters. Merlin
applies a maximum-likelihood approach for identifi-
cation of specific genotypes that cause larger-than-ex-
pected changes in the multipoint likelihood of the data
(Abecasis et al. 2002). Such genotypes are likely to be
erroneous. Our SNP clusters span �100 kb, and re-
combination events within a region of 100 kb are rel-
atively rare. Therefore, recombination events could not
be used to determine the order of markers within clus-
ters; instead, we relied on observed physical order, as
identified in assembled DNA sequence. Because this
step was performed early in our project, within-cluster
marker order was determined from the National Center
for Biotechnology Information (NCBI) build 28 (Feb-
ruary 2002) assembly.

Once our maps were completed, we used the Sim-
Walk2 (Sobel and Lange 1996; Sobel et al. 2002) pro-

gram to search for Mendelian-consistent erroneous ge-
notypes across all autosomal mapped SNPs. For the
relatively large CEPH pedigrees, SimWalk2 applies a
Monte Carlo Markov-chain approach with general er-
ror models, to compute posterior mistyping probabil-
ities for each genotype. It identifies both genotypes that
imply improbable recombination patterns and geno-
types likely to be erroneous on the basis of the observed
allele frequencies. Because the SNP clusters were pre-
viously cleaned and because SimWalk2 analysis is ex-
tremely time-consuming, we used only one SNP (the
most informative) to represent each SNP cluster for
the present analysis. Although SimWalk2 is slow, this
method could be used to analyze all 56 of the CEPH
pedigrees that we studied, whereas other programs,
such as Mendel and Merlin, could not analyze all ped-
igrees. Because SimWalk2 cannot analyze X-linked
markers, we used Merlin to search for erroneous ge-
notypes for the X chromosome. Because of reduced
memory needs for the analysis of the X chromosome,
Merlin was able to evaluate all 56 pedigrees.

Linkage-Map Construction

For construction of the SNP linkage map, a common
set of 42 CEPH pedigrees were genotyped by both Celera
Genomics and Motorola Life Sciences. In addition to
these 42, Celera genotyped 6 pedigrees, and Motorola
genotyped 8 pedigrees, for a total of 56 CEPH pedigrees
utilized for genotyping. All of the pedigrees were selected
from the complete CEPH panel, to maximize sibship size
and presence of four grandparents. Celera genotyped
661 individuals, and Motorola genotyped 609–639 indi-
viduals. These panels include 770–842 potentially infor-
mative meioses.

The SNPs assigned to each chromosome were tested
for linkage to other SNPs on the same chromosome. A
LOD threshold of 3.0 was used to determine linkage
groups. The MultiMap (Matise et al. 1994) and Cri-
Map (Lander and Green 1987) programs were used for
construction of the linkage maps, and the Kosambi map
function was applied. Markers within clusters were as-
signed to haplotype systems as defined and implemented
in Cri-Map. SNP clusters were placed on the map before
singleton SNPs, to maximize unique placement of clus-
ters. A LOD threshold of 3.0 (2.0 for the X chromosome)
was used for initial map construction; this was followed
by a final round of mapping, to include a few additional
markers, using a LOD threshold of 2.0. The statistical
support for the order of the resulting maps was evaluated
by the Flips function (as defined in Cri-Map). The maps
were further confirmed by removal and remapping of
each marker on every map. In the present analysis, any
markers that do not remap to their postulated position
are removed from the map.

The rates of recombination per unit of physical dis-



Matise et al.: A 3.9-cM SNP Map and Screening Set 275

tance (recombination intensities) were initially deter-
mined as the map size of each interval divided by the
length (in bp) of each map interval. Recombination
intensities are expressed as cM/Mb. Owing both to er-
rors present in the data and to the well-known tendency
of derivative estimators to amplify noise, plots of the
raw breakage intensity showed a highly fluctuating pat-
tern (data not shown). To more precisely determine the
rate of change of genetic distance relative to sequence
distance, we used the software Locfit (Loader 1999) to
fit a local quadratic regression to the map distance as
a function of the sequence distance. The local quadratic
functions were based on Gaussian-weighted sliding win-
dows containing a constant proportion of markers. The
linear component, or the first derivative, was extracted
from the local quadratic fit at each marker position. This
local slope can be thought of as a good approximation
to the first derivative of the underlying function that
relates map distance to sequence distance. We used gen-
eralized cross-validation to select the best values of the
tuning parameter (Craven and Wahba 1979).

Comparison with Other Linkage and Physical Maps

The physical position of each SNP was determined by
searching, with BLAST, for sequence homology to the
NCBI build 28 (February 2002), build 29 (May 2002),
and build 30 (August 2002) genome assemblies and the
Celera component 4 (C4) (May 2001) human genome
assembly (Venter et al. 2001) for each chromosome. The
order of SNPs on our linkage maps was compared with
that of the Marshfield and deCode linkage maps (Broman
et al. 1998; Kong et al. 2002). Since no STR markers were
actually included in our linkage maps, for these compar-
isons, we used the closest microsatellite markers from the
Marshfield map that were identified near each mapped
SNP as proxies. The interpolated physical positions of
SNPs on the deCode map were obtained from the deCode
map supplemental Web data (A High-Resolution Recom-
bination Map of the Human Genome). The order of
markers on our map was compared with other maps by
using the method of identification of the longest common
subsequence (LCS) (Agarwala et al. 2000), a method com-
monly used in computer science. This approach identifies
the largest subset of markers that have the same relative
order on both maps. The level of concordance between
two maps is determined as the length of the LCS divided
by the number of markers compared (i.e., the number of
markers in common between two maps). The LCS pro-
vides a measure that is easily compared across multiple
map comparisons.

Evaluation of IC

Multilocus polymorphic information content (MPIC)
(Goddard and Wijsman 2002) was computed for each
cluster of SNPs under the assumption of zero phase in-

formation (MPICmin) and under the assumption of com-
plete phase information (MPICmax). IC was measured
using the Genehunter program, version 2.1 (Markianos
et al. 2001), for several maps and data sets: the Marsh-
field version 10 STR screening set, using genotypes from
eight CEPH pedigrees (1331, 1332, 1347, 1362, 1413,
1416, 884, and 102); complete SNP maps from the pres-
ent study, using genotypes from the same set of eight
CEPH pedigrees; and a modified SNP map of chromo-
some 12 (from the present study) with a subset of only
47 markers, also using the same set of eight CEPH ped-
igrees. Genotypes for the Marshfield STR screening set
map were obtained from the Center for Medical Genetics
Web site. Genotypes were simulated for STR markers
for the nuclear-pedigree and sib-pair analyses of chro-
mosome 22, using the Simulate program (Terwilliger et
al. 1993).

Results

The project was divided into two phases: Phase I consisted
of the initial genotyping and evaluation of a large sample
of SNPs in the TSC allele-frequency panel, to identify a
subset of informative and robust SNPs for the construc-
tion of linkage maps in phase II; the phase I data alone
are of interest, because they provide information to an-
alyze distributions of LD in 538 clusters of SNPs spanning
the genome (Clark et al. 2003 [in this issue]). Phase II
consisted of the genotyping of this subset of SNPs in a
large sample of CEPH pedigrees and the subsequent con-
struction of the SNP linkage map.

Phase I SNP Selection

TSC selected 19,602 SNPs to be evaluated by Celera
Genomics for phase I of the present project. These were
distributed among 1,345 SNP clusters (groups of SNPs
spanning !100 kb) spaced at 2.5-cM intervals through-
out the genome. Of these, 15,469 SNPs could be mapped
to the Celera genome sequence, and 11,447 passed the
TaqMan assay-design pipeline. A total of 6,000 of these
SNPs (2–8 per cluster) were selected for evaluation in
90 individuals from the TSC allele-frequency panel. Of
these, 554 failed TaqMan assay synthesis, and 453 were
either homozygous or heterozygous in all samples, re-
sulting in 4,993 successful TaqMan SNP assays. Celera
generated a total of 490,140 genotypes for phase I.

Motorola Life Sciences CodeLink evaluated 2,917
SNPs from 335 SNP clusters with an average cluster
spacing of ∼10 cM, for phase I of the present project.
The incoming SNP sequences were filtered for highly
repetitive regions and motifs, resulting in a culling of
the original allotment to 2,222 SNPs (24% reduction).
Of these, 1,517 passed the CodeLink primer- and
probe-design processes, and SNP content was select-
ed for evaluation from 331 of the 335 SNP clusters.
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One thousand twenty-four SNPs (1–4 per cluster)
were selected for evaluation in the 90 individuals from
the TSC allele-frequency panel. Of these, 61 SNPs could
not be amplified by PCR, and 166 failed owing to poor
performance on the bioarray. One hundred six SNPs
were monomorphic in all three populations tested, 85
were monomorphic in two populations, and 606 SNPs
were polymorphic in at least two of the three popu-
lations tested. A total of 76,590 genotypes for phase I
of the project were generated using CodeLink.

SNP Evaluation in the Allele-Frequency Panel

The average observed minor-allele frequencies were
0.253, 0.236, and 0.247 in the European American,
African American, and Asian population samples, re-
spectively. The average composite heterozygosity in the
SNP clusters among the SNPs chosen for phase II (see
the “Methods” section) was 0.64 in European Amer-
icans, 0.66 in African Americans, and 0.61 in Asians.
The average pairwise LD within clusters among the
SNPs chosen for mapping in phase II was .2r p 0.1
Details on the distribution of allele frequencies and LD
in these populations can be found in the companion
article (Clark et al. 2003 [in this issue]).

Premapping Genotype Cleaning

Considerable effort was made to remove erroneous and
problematic genotypes. As described in the “Methods”
section, the Ilink, PedCheck, Merlin, and SimWalk2 com-
puter programs were used to assess and identify genotypes
that are likely to be erroneous or changed from parental
form by either mutation or gene conversion. The appli-
cation of multiple methods allowed us to detect both
Mendelian-inconsistent and Mendelian-consistent errors.
Problematic genotypes (due to errors, mutations, and gene
conversions) were excluded from analysis and from the
Cri-Map–format data files that we have made publicly
available.

Genotype errors and error rates were identified with
three approaches. A modified version of the Ilink program
was used to estimate the average probability of genotype
error in the initial uncleaned data to be 0.003 � 0.008
(averaged over 52 SNPs). Comprehensive evaluation of
genotypes by the PedCheck program identified a mini-
mum of 1,940 Mendelian-inconsistent genotypes, result-
ing in an estimated error rate of 0.001. Although non-
Mendelian inheritance can clearly be identified within a
pedigree, it is often not possible to determine which spe-
cific individual or individuals in the pedigree have an er-
roneous genotype. Therefore, for each marker, the geno-
types were deleted for all members of any pedigree that
were determined to have non-Mendelian inheritance (i.e.,
the data is “overcleaned”). This approach resulted in the
deletion of 1.6% of the genotypes. It is impossible to

estimate the actual error rate from these data. Evaluation
of the PedCheck results did not identify any errors in
pedigree structure. Merlin was used next, to search for
Mendelian-consistent erroneous genotypes within our
SNP clusters. This step identified and deleted 4,581 like-
ly erroneous genotypes.

Postmapping Genotype Cleaning

Once our maps were completed, we used the SimWalk2
program to search for Mendelian-consistent erroneousge-
notypes across all autosomal mapped SNPs, and we used
the Merlin program to search for Mendelian-consistent
erroneous genotypes across the X-linked mapped SNPs.
A total of 2,579 likely erroneous genotypes were identified
and removed by this step (error rate 0.004). This cleaning
step reduced the total length of our maps by 6.5%. Both
Broman et al. (1998) and Kong et al. (2002) applied sim-
ilar postmapping cleaning steps for the Marshfield and
deCode linkage maps, which resulted in map reductions
of 25% and 11%, respectively. The final sex-averaged
length of the SNP linkage map is 3,707 cM, with 4,415
cM observed in females and 2,642 cM observed in males.
By design, the SNP linkage map spans the same physical
length as do the Marshfield linkage maps. Our total map
length is 1% longer than the Marshfield map, which is
3,672 cM in sex-averaged length. If the CIs surrounding
these estimates of map length are considered, then the
length of the SNP linkage map is consistent with the length
of the Marshfield map.

SNP Linkage Map

Using the criteria described in the “Methods” section,
we selected a subset of 2,988 SNPs from phase I for
genotyping in the 56 CEPH pedigrees, with 1.48 million
genotypes generated by Celera Genomics and 550,000
genotypes generated by Motorola Life Sciences. A total
of 2,825 of these SNPs were informative in CEPH ped-
igrees. The average minor-allele frequency of these SNPs
in the CEPH pedigrees was 0.28. Of these, a total of
2,771 SNP markers were confirmed, by linkage analysis,
as belonging to 1 of the 23 chromosome-specific linkage
groups (table 1) and were used for map construction.

The SNP linkage maps contain a total of 2,223 SNP
markers mapped, as singletons or clusters (i.e., groups
of SNPs that lie within 100 kb on the NCBI build 31
genome assembly), to 1,048 unique map positions (table
1). Of these, 1,891 markers comprise 716 SNP clusters,
and the remainder (332) are singleton SNPs. The average
map resolution is 3.9 cM between map positions, with
76% of the intervals being !5 cM (fig. 1A). The statis-
tical support for relative local marker order ranges in
odds from 100:1 to 11040:1. An additional 558 SNPs
could not be assigned unique map positions, owing to
lack of significant linkage support and/or lack of con-
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Table 1

Description of the SNP Linkage Maps

CHROMOSOME

NO. OF

SNPS IN

LINKAGE

GROUP

NO. OF

MAP

POSITIONSa

NO. OF

SNPS

ON MAPb

NO. OF

CLUSTERS

MAP LENGTH

(cM)c

MAP

RESOLUTION

(cM)d

PHYSICAL

LENGTH

(Mb)
cM/Mb
RATIO

Sex
Averaged Female Male

1 242 93 204 69 277.7 353.8 191.4 3.0 239.74 1.16
2 210 81 176 58 259.9 337.9 175.2 3.2 237.39 1.09
3 185 77 156 50 220.7 203.2 160.9 2.9 197.40 1.12
4 159 57 124 42 216.0 275.1 159.7 3.9 190.04 1.14
5 162 64 130 43 211.3 255.0 164.3 3.4 179.99 1.17
6 155 57 126 43 193.1 235.5 142.5 3.4 169.69 1.14
7 138 56 118 38 182.6 226.1 140.0 3.3 153.76 1.19
8 141 57 113 31 160.1 210.8 109.8 2.9 138.82 1.15
9 130 47 96 32 158.4 190.8 130.9 3.4 131.04 1.21
10 136 54 116 37 176.3 211.1 131.9 3.3 133.36 1.32
11 107 43 87 31 152.6 187.3 116.5 3.6 130.66 1.17
12 127 47 97 29 170.6 210.5 126.3 3.7 131.48 1.30
13 85 36 69 20 121.5 149.3 97.2 3.5 94.08 1.29
14 100 33 82 28 115.3 126.1 86.3 3.6 81.48 1.42
15 84 29 59 17 120.5 143.0 93.5 4.3 75.95 1.59
16 99 34 78 25 137.6 168.8 105.8 4.2 90.08 1.53
17 90 28 65 19 126.8 157.2 94.8 4.7 79.99 1.59
18 99 37 81 27 124.8 149.4 91.0 3.5 75.56 1.65
19 67 25 43 14 120.5 128.1 114.6 5.0 57.89 2.08
20 81 31 74 24 106.4 128.8 85.0 3.5 58.43 1.82
21 51 18 44 11 66.6 79.9 51.2 3.9 31.86 2.09
22 55 22 50 18 78.9 78.2 72.8 3.8 32.01 2.46
X 68 22 35 10 208.6 208.6 … 9.9 144.61 1.44

Overall 2,771 1,048 2,223 716 3,706.8 4,414.5 2,641.6 3.9 2,855.31 1.4

a A map position may consist of a single SNP or a cluster of SNPs.
b These SNPs have single map positions; the remaining SNPs are localized to bins.
c Assuming zero recombination within clusters.
d Sex-averaged map length divided by the number of map positions.

sistent evidence confirming membership in a 100-kb SNP
cluster. These markers are therefore localized to LOD 3
map intervals or bins, instead of to specific map posi-
tions. Of the SNP clusters, 54% contain three SNPs,
42% contain two SNPs, 3% contain four SNPs, and the
remaining 1% contain five to eight SNPs. The average
distance spanned by markers within a cluster is 53 kb,
and the distribution of cluster sizes is shown in figure
1B. In 1770 meioses, the majority of the clusters (66%)
have zero recombination events between SNPs, 20%
have one recombination event between SNPs, and the
remaining 14% have two or more recombination events
between SNPs.

Although these SNP maps are not dense enough to
study how recombination rates vary along each chro-
mosome at a fine scale, we plotted the ratio of cM/Mb
in females and males for each chromosome (see the
“Methods” section), to observe broad trends. One ex-
ample plot, for chromosome 16, is shown as figure 2;
plots for the remaining chromosomes are available at
the corresponding author’s Web site (Additional Data
for the TSC SNP Linkage Map). We observed 1.4 cM/
Mb when averaged over the entire genome, although
this varied greatly both by chromosome and by specific
chromosome region (table 1 and fig. 2). As has been
reported elsewhere, the ratio of cM/Mb increases with

decreasing physical chromosome size (Lander et al.
2001; Kong et al. 2002). In addition, although every
autosome showed increased recombination in females
as compared with males, the average female-to-male
length ratio, 1.7:1 cM, also varied considerably by
chromosome and by specific chromosome region.

Comparison with Other Linkage and Physical Maps

We compared the order of SNPs on our linkage maps
with their observed order on the NCBI build 28 (Feb-
ruary 2002), build 29 (May 2002), and build 30 (August
2002) genome assemblies and the Celera C4 (May 2001)
human genome assembly (Venter et al. 2001) (table 2).
The average concordances with each of these maps, as
determined by the proportion of markers in the LCS (see
the “Methods” section), were 93%, 92%, 99%, and
96%, respectively. The concordance between the SNP
linkage maps and the build 30 genome sequence assem-
bly ranges from 100%, on 14 chromosomes, to a low
of 94%, on chromosome 16.

We also compared the order of STR markers near
SNPs on our SNP maps (see the “Methods” section) with
the Marshfield and deCode STR linkage maps (Broman
et al. 1998; Kong et al. 2002). The SNP linkage map
has excellent concordance with both: on average, it is
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Figure 1 Map features. A, Distribution of sizes of autosomal
map intervals. B, Distribution of sizes of SNP clusters.

97% concordant with the Marshfield maps and 99%
concordant with the deCode maps. We identified a num-
ber of STR markers each of whose chromosomal as-
signment on one or both of the NCBI build 30 and
Celera C4 assemblies is different from its chromosomal
assignment as determined by linkage analysis (data avail-
able at the corresponding author’s Web site [Additional
Data for the TSC SNP Linkage Map]).

Finally, we compared the order and map distances of
our SNP maps with the deCode interpolated SNP linkage
maps. Approximately 2 million SNPs were placed onto
the deCode linkage maps by using linear interpolation
between their physical assembly and their genetic map
(Kong et al. 2002). This approach arrived at estimated
linkage-map positions for markers that were neither ge-
notyped nor evaluated for recombination. On average,
the order of markers is 99% concordant between our
SNP map and the deCode interpolated SNP map (table

2). We compared map distances between markers in
common over the 14 completely concordant chromo-
somes. The map distances are well correlated, with r
equal to 0.92 (fig. 3). Of the 963 map intervals included
in the present comparison, 43% differ by !0.1 cM, 32%
differ by 0.1–1 cM, and 25% differ by 11 cM.

Evaluation of IC

The utility of our SNP map for linkage mapping was
evaluated by two measures, MPIC (Goddard and Wijs-
man 2002) and IC (Kruglyak 1997). MPIC, an extension
of the polymorphism information content (PIC) measure
(Botstein et al. 1980), determines the probability of iden-
tifying which haplotype in a cluster of tightly linked loci
is transmitted from a parent to an offspring. MPIC is
partially a function of the amount of phase information
obtainable within a given data set (see the “Methods”
section). Because the amount of phase information is
study specific, we calculated MPIC for each SNP cluster
under both an assumption of availability of complete
phase information (MPICmax) and an assumption of zero
phase information (MPICmin). The median MPICmax was
0.65 (range 0.11–0.99), and the median MPICmin was
0.50 (range 0.11–0.59). For comparison, the median PIC
from the Marshfield version 9 screening set is 0.68 (God-
dard and Wijsman 2002).

IC, as defined by Kruglyak (1997), is a measure of
the fraction of inheritance information extracted by a
linkage map, as compared with an infinitely dense map.
We computed the IC of our SNP maps and of the Marsh-
field version 10 screening set. The Marshfield screening
map was constructed using a subset of only eight of the
CEPH pedigrees. For comparison, genotypes from only
the same eight-pedigree subset were used when evaluat-
ing the IC of the SNP linkage map. The average, mini-
mum, and maximum IC values for all chromosomes for
both our SNP linkage maps and the Marshfield screening
set are shown in table 3. In addition, detailed results for
chromosome 12 are shown in figure 4. The Marshfield
screening map of chromosome 12 has 17 markers, an
average map resolution of 8.2 cM, and an average IC
of 0.79 (fig. 4B). The SNP linkage map of chromosome
12 contains a total of 97 markers, distributed among
29 clusters and 18 singleton SNPs, with an average dis-
tance of 3.7 cM between the 47 map positions; the av-
erage IC of the SNP linkage map was 0.86 (fig. 4A).

It has been estimated that, as compared with STR
markers, 1.7–2.5 times as many SNP markers are needed
to obtain equivalent IC (Kruglyak 1997; Goddard and
Wijsman 2002). Therefore, we also evaluated the IC of
a SNP linkage map of chromosome 12, containing only
47 evenly spaced markers (2.8 times as many as the
Marshfield screening map). Unlike the complete SNP
map of chromosome 12, no markers in this subset are
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Figure 2 Female and male smoothed cM/Mb ratios, plotted along chromosome 16. Data are plotted separately for the p and q arms.

clustered, and the markers are more evenly distributed.
The average IC of this 47-marker 3.7-cM SNP map was
0.82 (range 0.65–0.98) (fig. 4C). This result shows that
our map of 47 SNP markers has an IC comparable to
a map of 17 microsatellite markers. However, several
factors affect estimates of IC, and analysis of other chro-
mosomes indicates that the relationship between SNP
and microsatellite informativeness is not simple.

We were curious how the IC of a SNP-marker set would
compare to a microsatellite-marker set when used to an-
alyze a collection of sib pairs, with and without parents
available. To evaluate the SNP IC within nuclear pedi-
grees, we analyzed genotype data from chromosome 22,
and we created sib pairs from the 42 commonly genotyped
three-generation CEPH families by removing the grand-
parents and analyzing the first two offspring from each
pedigree. For the microsatellite comparison, we simulated
data for 42 nuclear pedigrees (two parents and two off-
spring each) for markers with the same allele frequencies
and map features as those on the Marshfield version 10
screening set. When parents were included in the analyses,
the average IC for the SNP set was 0.75, and the average
IC for the microsatellite set was 0.74. When parents were
not included in the analyses, the average IC for the SNP
set was 0.41, and the average IC for the microsatellite set
was 0.41. Although the IC for both SNPs and STRs drops
considerably when only sib pairs (i.e., with parents un-
available) are analyzed, the IC of the 3.9-cM SNP set
remains comparable to that of an 8.4-cM microsatellite
screening set.

Discussion

Considerable effort is being put into the development of
new methods for high-throughput SNP genotyping (Tsu-

chihashi and Dracopoli 2002). Some of these methods
have achieved a level of affordability and ease of use
such that genomewide linkage scans can now be per-
formed using SNPs. However, these approaches cannot
move forward without a SNP-based linkage map. It is
anticipated that the successful identification of a set of
SNPs tailored for linkage analysis, such as that presented
here, will stimulate development of mass-produced (i.e.,
less expensive) means for large-scale genotyping with
this same marker set.

The SNPs in the 3.9-cM linkage set presented here have
been rigorously validated, including evaluation for assay
robustness in at least one genotyping platform and es-
timation of allele frequencies in medium-sized samples
from three different ethnic groups. The SNPs within each
100-kb cluster show low rates of recombination, as ex-
pected, and also show a low level of LD. These features
maximize the SNP set’s utility for linkage studies, al-
though modifications to existing computer programs are
required in order to easily accommodate both the pres-
ence of LD and nonzero recombination within marker
clusters. For analyses using only a small number of SNPs,
currently available programs such as Linkage (Lathrop
et al. 1984) or Fastlink (Cottingham et al. 1993; Schäf-
fer et al. 1994) can simultaneously accommodate both
LD and recombination. For analyses involving larger sets
of markers, until new program modifications are intro-
duced, one resolution would be to eliminate genotypes
that introduce recombination within clusters. Although
many of these genotypes will accurately represent true
recombination events and removal would introduce some
small bias on the results, some apparent recombinants
will be erroneous. This process is similar to the current
practice, required by most linkage analysis programs, of
removal of genotypes that introduce non-Mendelian seg-
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Figure 3 Map distance for corresponding map intervals on the
TSC SNP linkage map and the deCode interpolated SNP linkage map.

Table 2

Percentage of Markers Whose Map Order Is Concordant between the SNP Linkage Map and Other Maps

CHROMOSOME

NO. OF MAP

POSITIONS

CONCORDANT MARKERS

(%)

NCBI Build 28
Assembly

NCBI Build 29
Assembly

NCBI Build 30
Assembly

Celera C4
Assembly

Marshfield
Linkage Map

deCode
Linkage Map

deCode
SNP Mapa

1 93 86 87 99 94 97 98 98
2 81 95 85 97 97 97 98 98
3 77 97 91 99 97 98 100 99
4 57 96 91 96 96 98 98 100
5 64 76 84 100 98 98 96 100
6 57 89 96 96 94 100 100 99
7 56 92 100 100 98 96 100 100
8 57 93 94 100 96 98 97 100
9 47 93 98 100 97 93 100 100
10 54 96 87 100 93 94 100 100
11 43 85 93 98 95 100 97 97
12 47 93 90 100 93 100 100 100
13 36 97 100 100 94 97 100 100
14 33 97 97 97 97 96 100 97
15 29 96 88 100 100 100 100 100
16 34 85 62 94 97 91 96 98
17 28 85 83 100 100 100 100 100
18 37 94 96 97 100 100 96 97
19 25 91 92 100 95 91 100 97
20 31 100 100 100 93 96 96 100
21 18 100 100 100 100 100 100 100
22 22 100 100 100 100 100 100 100
X 22 100 100 100 89 95 100 100

Overall 1,048 93 92 99 96 97 99 99

a Constructed by linear interpolation between physical and genetic maps.

regation. In these cases, many such Mendelian inconsis-
tencies are due to erroneous genotypes, but some are due
to marker mutations; hence, the simple removal of a small
subset of problematic genotypes is a commonly accepted
practice in linkage studies. Developers of genetic-analysis
software are aware of this issue, and we are confidant
that they are pursuing changes that will allow for proper
solutions to this issue.

Given a fixed limit on the total number of SNPs to be
placed on this map, the relative utility of a dense map of
uniform SNPs versus a less dense map of SNP clusters
depends on the types of linkage analyses for which the
map will be used (e.g., multipoint vs. two-point) and the
types of pedigrees analyzed (e.g., small vs. large and/or
complex). Since methods of linkage analysis continue to
be improved and developed, we felt the best approach
to be an intermediate one; therefore, we created a map
that contains both SNP clusters and singleton SNPs. Each
SNP cluster can be used as a composite marker for two-
point linkage analysis, or multipoint analyses can be per-
formed using SNPs from each cluster plus the singleton
SNPs. This SNP map will make a useful tool for initial
linkage screening. Follow-up finer mapping can proceed
in the same manner as it does now after a linkage scan
with STR markers, using a dense map that includes both
STR and SNP markers. As the genome assemblies con-
tinue to improve, it will be possible to increase the res-
olution of this map by the addition of SNPs and/or SNP
clusters that have insignificant support for linkage map

locations to their most likely positions in cases in which
these agree with locations identified on the physical map.

The median MPIC values across all clusters were
0.50–0.65, depending on the assumptions of availability
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Figure 4 IC for chromosome 12, on SNP linkage maps and
Marshfield screening set 10. A, Complete SNP map with 97 markers
(black). B, Marshfield map with 17 markers (red). C, SNP map with
47 markers (blue).

Table 3

IC of SNP Maps and Marshfield Version 10 Screening Set

CHROMOSOME

SNP MAP MARSHFIELD VERSION 10 SCREENING SET

No. of Map
Positionsa

No. of SNPs
on Mapb

Average
IC

Minimum
IC

Maximum
IC

No. of Markers
on Map

Average
IC

Minimum
IC

Maximum
IC

1 93 204 .91 .71 1.00 30 .79 .67 .95
2 81 176 .91 .80 1.00 25 .79 .63 .96
3 77 156 .91 .74 1.00 25 .83 .68 .98
4 57 124 .88 .75 .99 22 .78 .67 .92
5 64 130 .89 .74 .98 20 .81 .66 .97
6 57 126 .88 .75 .98 21 .75 .45 .95
7 56 118 .90 .72 1.00 21 .83 .72 .95
8 57 113 .91 .75 1.00 19 .82 .61 .95
9 47 96 .88 .80 .98 18 .80 .63 .93
10 54 116 .90 .72 .99 21 .82 .66 .95
11 43 87 .89 .72 .99 20 .79 .58 .96
12 47 97 .86 .66 .99 17 .79 .65 .95
13 36 69 .89 .77 1.00 12 .81 .68 .97
14 33 82 .88 .68 .98 13 .77 .62 .96
15 29 59 .85 .71 .99 13 .82 .67 .98
16 34 78 .86 .75 1.00 15 .81 .73 .94
17 28 65 .88 .59 1.00 13 .79 .65 .95
18 37 81 .88 .75 .99 14 .82 .66 .97
19 25 43 .84 .68 .97 10 .77 .65 .93
20 31 74 .90 .73 .99 11 .77 .43 .94
21 18 44 .92 .82 .98 7 .77 .67 .93
22 22 50 .88 .73 .98 8 .82 .73 .97
X 22 35 .65 .46 .97 17 .79 .64 .96

Overall 1,048 2,223 .88 .73 .99 392 .80 .64 .95

a A map position may consist of a single SNP or a cluster of SNPs.
b These SNPs have single map positions; the remaining SNPs are localized to bins.

of phase information. When complete phase informa-
tion is available, the median SNP MPIC value is similar
to the PIC value for a commonly used microsatellite
screening set. Naturally, in the absence of phase infor-
mation, SNP markers, even in clusters, show reduced
MPIC values. The level of IC averaged across an entire
SNP map, as assessed by the IC measure in Genehunter,
was equal to or greater than that of the Marshfield
screening set map for well-phased CEPH pedigrees, nu-
clear pedigrees (i.e., parents plus two offspring), and
only sib pairs (i.e., two offspring with parents unavail-
able). Since expected LOD scores are closely correlated
with IC (Kruglyak 1997), the observed increase in IC
implies that the SNP linkage maps, as compared with
current STR maps, should provide improved or equal
average power to detect linkage.

A recent study by Rhodes et al. (2002) used SNPs to
replicate previously reported microsatellite-based linkage
for hereditary spastic paraplegia (HSP [MIM 182601]).
HSP has previously been linked to the SPG4 gene, on
chromosome 2, as well as to several other loci. Rhodes
et al. (2002) evaluated one large family in which linkage
to SPG4 has previously been shown (Reid et al. 1999)
and in which the specific SPG4 mutation has been iden-
tified (Lindsey et al. 2000). Rhodes et al. (2002) geno-
typed 122 SNPs across chromosome 2 in 24 family mem-
bers (11 of whom were affected). Of these SNPs, 101
overlap with SNPs in our screening set. Multipoint link-
age analysis using these SNPs confirmed linkage to SPG4,

with LOD scores that were equal to or greater than those
reported in the previously published microsatellite-based
analysis of the same family (results varied depending on
the specific analysis performed) (Rhodes et al. 2002).

As compared with more-informative markers, individ-
ual SNPs suffer from one particular drawback: it is more
difficult to detect genotyping errors by checking for Men-
delian inheritance. To identify and remove problematic
genotypes, we applied extensive procedures both before
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and after mapping. These procedures both reduced the
number of apparent recombination events within our
clusters and resulted in a significant reduction in overall
map lengths. By design, the SNP linkage maps span the
same physical distances as do the Marshfield linkage
maps. The length of the SNP linkage map is within 1.1%
of the length of the Marshfield map, supporting the con-
clusion that the map distances observed on these maps
are reasonable estimates of the true underlying distance,
at least as manifested in the CEPH individuals.

The order of STR markers near the SNPs on our maps
is 97% concordant with the Marshfield maps and is 99%
concordant with the recently published deCode linkage
maps, providing additional support to the general accu-
racy, in marker order, of all three maps. The SNP map
shows varying concordance with the sequence maps:
93% with NCBI build 28 (February 2002), 92% with
NCBI build 29 (May 2002), 99% with NCBI build 30
(August 2002), and 96% with the Celera C4 (May 2001)
assembly. In particular, note that the NCBI build 30 as-
sembly shows a fit to the SNP linkage maps that is much
improved over earlier builds. These data do not lead to
any simple conclusions as to whether a linkage map or
a sequence assembly is more accurate; it is likely that
each has some errors for at least some chromosomes.
However, the fact that our unique SNP data, large num-
ber of CEPH samples, and mapping approaches have
independently produced a map that is highly concordant
with the Marshfield and deCode linkage maps lends cred-
ibility to the overall accuracy of our SNP linkage map.
Further credibility can be given to SNP-based mapping
by the 99% average concordance between our linkage
map and the deCode map; both were constructed using
large (and completely independent) pedigree data sets.
The higher concordance between our linkage map and
the deCode map, as opposed to between our map and
the Marshfield map, is consistent with greater map ac-
curacy due to larger sample sizes. Additionally, com-
parison with the deCode interpolated SNP linkage map
shows that determination of genetic-map position by
interpolation can result in fairly accurate estimates of
position and map distances (fig. 3). However, because
of substantial genomic variation in the ratio of recom-
bination rate per physical distance, such interpolation
will be only reasonably accurate when a dense linkage
map is utilized. Since map distance misspecification has
been shown to be a problem in terms of both false-
positive (Daw et al. 2000) and false-negative (Halpern
and Whittemore 1999) linkage-analysis results, caution
should be exercised in the use of such interpolated dis-
tances.

Given the current state of the physical assembly of the
human genome, any reasonably dense linkage map can
be used to examine how the rate of recombination varies
across the genome and how it varies between females and

males. Although a denser map is required in order to
draw conclusions on a fine scale, the SNP maps presented
here are useful in order to make broad observations about
variation in recombination intensity. Chromosome 16 is
shown here as an example of such plots (fig. 2), which
we have made for each autosome. From our graphs, we
can make some broad observations. First, we note that
the average ratio of cM/Mb differs for each chromosome,
ranging from 1.2, on chromosome 2, to 2.46, on chro-
mosome 22 (table 2) and generally increasing as chro-
mosome size decreases. This ratio also varies, sometimes
by severalfold, along each chromosome (for a plot of
chromosome 16, see fig. 2; plots for the other chromo-
somes are available at the corresponding author’s Web
site [Additional Data for the TSC SNP Linkage Map]).
In addition, although the genomewide average ratio of
female-to-male recombination intensity is 1.7, this also
varies considerably along each chromosome. We note
that, at every metacentric p-telomeric end and at most
metacentric and acrocentric q-telomeric ends, there is a
higher rate of recombination in males than in females.
In the most extreme case (chromosome 18), the telomeric
rate of male recombination is eight times greater than
the female rate. On approximately one-half of the chro-
mosomes, there appears to be a notable increase in female
recombination intensity, followed by a sharp decrease
near the q telomeres. Any further study of these phe-
nomena would require detailed knowledge of the phys-
ical location of the telomeres and would be better suited
to a denser linkage map.

Clusters of SNPs provide the greatest information
for linkage mapping if they exhibit low levels of LD.
In this way, selecting a group of clustered SNPs pro-
vides the greatest number of haplotypes with the most
even frequency distribution. However, by selecting
SNPs with low LD, we may enrich the set for those
that exhibit recombination within clusters. In fact, the
CEPH pedigree data revealed numerous likely recom-
bination events within clusters. The relationships be-
tween intracluster LD, inferred population recombi-
nation rates, and observed intracluster recombinants
is explored in further detail in the companion article
(Clark et al. 2003 [in this issue]). Additional work is
under way by other groups to improve the resolution
of the SNP map in regions with large gaps, especially
on the X chromosome, and, as the sequencing and
assembly of the human genome progresses, it will be
possible to further refine the positions of those SNPs
for which unique map positions could not be iden-
tified.

This SNP linkage map provides an IC equal to or bet-
ter than a commonly used map for genome screening
(Marshfield version 10) and provides a critical initial
resource needed in the pursuit of SNP-based linkage
screening in humans. Given a customized high-through-
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put genotyping platform—such as those currently under
production by Applied Biosystems, Motorola Life Sci-
ences, and Illumina—a whole-genome scan in a study
with 1,000 individuals can be performed in as little as
several days to a few weeks. This improvement in geno-
typing time is especially useful in the study of genes for
complex traits, for which larger sample sizes are re-
quired in order to find significant signals. Further data
from the present study, including the linkage maps and
the genotypes used to evaluate the SNPs and prepare
these maps, can be found at the SNP Consortium Link-
age Map Project Web site. The genotype data have also
been submitted to the CEPH Genotype Database.

With several currently available techniques for
SNP genotyping, a whole-genome scan for a disease
locus could be completed with greater efficiency
than most laboratories currently achieve using STR
markers. The SNP linkage map described here, to-
gether with advancing technologies for high-
throughput SNP-based genotyping, provides the nec-
essary tools for highly efficient, robust, and rapid
linkage-based genome screening.
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