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Sequence-Based Linkage Analysis
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The rapid decrease in the cost of DNA sequencing will enable its use for novel applications. Here, we investigate
the use of DNA sequencing for simultaneous discovery and genotyping of polymorphisms in family linkage studies.
In the proposed approach, short contiguous segments of genomic DNA, regularly spaced across the genome, are
resequenced in each pedigree member, and all sequence polymorphisms discovered within a pedigree are used as
genetic markers. We use computer simulations consistent with observed human sequence diversity to show that
segments of 500–1,000 base pairs, spaced at intervals of 1–2 Mb across the genome, provide linkage information
that equals or exceeds that of traditional marker-based approaches. We validate these results experimentally by
implementing the sequence-based linkage approach for chromosome 19 in CEPH pedigrees.

Introduction

Since the introduction of a framework for genetic linkage
analysis in humans (Botstein et al. 1980), several dif-
ferent types of polymorphisms and genotyping tech-
niques have been used in linkage studies. Originally, re-
striction fragment-length polymorphisms, assayed by
Southern hybridization, served as markers. Currently,
short tandem repeats (STRs) are the markers of choice,
but difficulties in attempts to fully automate STR ge-
notyping have driven the development of alternatives.
In particular, the possibility of using SNPs as markers
has received considerable attention (Lander 1996; Krug-
lyak 1997; Wang et al. 1998; Wilson and Sorant 2000;
Sachidanandam et al. 2001; Goddard and Wijsman
2002). SNPs are abundant in the human genome (Sach-
idanandam et al. 2001), and genotyping large numbers
of SNPs can offset their lower polymorphism compared
to that of STRs (Kruglyak 1997). The use of SNPs in
linkage analysis has been limited to date (John et al.
2004; Middleton et al. 2004) but is poised to grow with
the recent publication of the first SNP-based genetic map
(Matise et al. 2003) and with the development of high-
throughput technologies for SNP genotyping (Jurinke et
al. 2002; Oliphant et al. 2002; Hardenbol et al. 2003;
Kennedy et al. 2003; Barker et al. 2004; Matsuzaki et
al. 2004).
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All of these approaches to linkage analysis share the
following steps. First, a set of polymorphic markers is
discovered in a reference population and is placed on a
genetic map. Second, this common set of markers is
genotyped in a number of pedigrees collected for a ge-
netic linkage study. Separate techniques may be used for
the marker discovery and genotyping steps. An alter-
native approach is to simultaneously discover and ge-
notype polymorphisms in each pedigree under study.
Here, we investigate the use of DNA sequencing in such
an approach. DNA sequencing is a mature and acces-
sible technology with very high throughput capacity,
and further dramatic improvements in efficiency and
cost are predicted to take place in the near future (Bras-
lavsky et al. 2003; Kling 2003; Schlotterer 2004; Shen-
dure et al. 2004). We propose resequencing a number
of short contiguous segments of genomic DNA (se-
quencing blocks [SBs]) for each pedigree member. All
sequence polymorphisms in the SBs discovered within
a pedigree, whether common or rare in the population,
are used as markers. In practice, for current sequencing
technologies, a single SB will consist of �1 sequencing
reads, with each read typically in the range of 500–
1,000 bp.

A key factor in the sequence requirements of this ap-
proach (the size of SBs and their spacing) is the amount
of sequence variation among the pedigree founders. We
use computer simulations consistent with observed hu-
man sequence diversity to show that SBs of 500–1,000
bp, spaced at intervals of 1–2 Mb across the genome,
provide linkage information that equals or exceeds that
of traditional approaches. Thus, sequence-based linkage
analysis is practical with a modest amount of resequ-
encing. We validate these results experimentally by im-
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plementing the sequence-based linkage approach for
chromosome 19 in CEPH pedigrees.

Methods

Simulations

We created pedigree data in two steps: the generation
of variant sites in founder chromosomes followed by the
transmission of genetic material to offspring. In the case
of resequencing data, we first generated founder chro-
mosomes consistent with population-genetics theory and
observed human sequence diversity with the use of the
MS program (Hudson 2002). The second step was per-
formed using the program Gensim (M. J. Daly, unpub-
lished data, with modifications by one of the authors
[I.F.]). In the case of STR and SNP data, both steps were
performed using Gensim.

Simulated Resequencing Data

We used a model of a single population with constant
effective size, nucleotide diversity , and�4v p 8 # 10
population recombination rate . The ped-�4r p 4 # 10
igree data consisted of 1,000 sets of eight chromosomes
for every combination of SB size and interval length. In
each set, the SBs were generated independently of each
other. These segments were then positioned at intervals
of 1, 2, or 5 cM, to produce resequenced founder chro-
mosomes. This procedure assumes that SBs are in com-
plete linkage equilibrium, which is appropriate for ge-
netic distances �1 cM. Empirical data suggest that
linkage disequilibrium (LD) in human populations is
higher than that in our population model, as a result of
deviation from the assumptions of a constant effective
size and a uniform recombination rate (Pritchard and
Przeworski 2001; Ardlie et al. 2002), but this is unlikely
to influence our conclusions, because both the model
and empirical data predict high LD within SBs and little
LD between adjacent SBs. For simplicity, all simulations
used a constant ratio for conversion between the physical
and genetic maps of 1 cM/Mb. In practice, SBs should
be chosen at uniform spacing relative to genetic, rather
than physical, maps; this can be readily accomplished
because genetic markers with known intervals have been
mapped to human genome sequence (Kong et al. 2002;
Matise et al. 2003).

Simulated STR and SNP Data

Founder genotypes were drawn from maps of equi-
distant markers. We generated 1-, 2-, and 5-cM SNP
maps and a 10-cM STR map. All markers had equally
frequent alleles: four alleles for STRs and two alleles for
SNPs. For each map, 500 simulations were performed,
each time with newly derived founder genotypes.

CEPH Pedigree Resequencing

The chromosome 19 reference sequence (NCBI build
34, April 2003) was downloaded from the University of
California–Santa Cruz (UCSC) Genome Bioinforma-
tics Web site, with repetitive regions premasked using
RepeatMasker. Chromosome 19 consisted of ∼63 Mb
of total sequence. SBs were selected along the euchro-
matic portions of the chromosome (∼55 Mb) at 1-Mb
intervals, for a total of 55 SBs. At each SB, two over-
lapping PCR amplicons were designed using PCR-Over-
lap (Rieder et al. 1999). This overlapping-PCR-amplicon
strategy provides sequence data on internal PCR primers
for each amplicon and allows screening of potential al-
lele-specific priming, which could lead to misgenotyp-
ing. All PCR primers were ∼23 bp in length and were
concatenated with a universal-M13 forward or reverse
sequence to standardize the sequencing protocol.
Templates were amplified using the Elongase PCR
kit (Invitrogen) on MJR Tetrad thermal cyclers. Sam-
ples were sequenced using Big-Dye Terminator chem-
istry (Applied Biosystems) on an ABI 3730XL DNA an-
alyzer. Each ∼900-bp PCR amplicon was sequenced
from both ends, providing redundant sequence infor-
mation at overlapping regions of the two chromato-
grams. Data analysts assembled the sequence data for
each SB (4 chromatograms/individual generated from 2
PCR amplicons) onto a reference genomic sequence with
the use of Phred (Ewing and Green 1998; Ewing et al.
1998) and Phrap (P. Green; see Phred, Phrap, and
Consed Web site). The resulting alignments were edited
for accuracy with the use of Consed (Gordon et al.
1998). Of the 55 loci initially selected, 8 were eliminated
prior to polymorphism discovery as a result of failed or
nonspecific PCR amplification. Polymorphisms (90% of
which were SNPs and 10% of which were small inser-
tions/deletions) were then identified—using PolyPhred
4.0 (Nickerson et al. 1997)—from pairwise compari-
sons of individual sequence chromatograms within
regions with an average quality score 140. Analysts re-
viewed all polymorphisms identified by PolyPhred, for
false positives associated with features of the surround-
ing sequence or biochemical artifacts. The total per-
centage of usable chromatograms was 190%, which is
a typical success rate for a large-scale sequencing center.
Detailed protocols for PCR and sequencing are avail-
able at the University of Washington–Fred Hutchinson
Cancer Research Center Web site. DNA samples from
CEPH pedigrees were purchased from the Coriell Cell
Repository. Samples from the parents and six children
each from pedigrees 66, 1424, 1349, 1362, 1408,
1423, 1344, 1345, 1346, 1347, 1340, and 1332 were
sequenced.
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Quality Control of Experimental Data

Of 19,776 potential genotypes (206 variants typed in
96 individuals), 1,829 were not resolved and were coded
as unknown. The vast majority of missing genotypes
were due to poor-quality chromatograms that were
never examined in detail. All remaining chromatograms
were examined for non-Mendelian transmission of al-
leles within each CEPH family. Genotypes showing non-
Mendelian inheritance were reviewed and either were
resolved on the basis of the interpretation of the raw
chromatogram data or were coded as unknown (!1%
of the total). The remaining (17,947) genotypes were
checked for obligatory recombinations within SBs with
the use of a simple script. When such recombination was
detected, the genotypes of the entire SB, across all fam-
ilies, were reviewed on the basis of the raw chromato-
grams. This led to a change in 58 (0.3%) of 19,776
genotypes. Finally, the program Merlin (version 0.9.12b)
was used in error-detection mode with default settings
(Abecasis et al. 2002) to detect unlikely recombination
events across SBs. For simplicity, we discarded all ge-
notypes that were flagged as potential errors by Merlin.
The process converged after a second round, with a total
of 157 (0.8%) discarded genotypes. The total number
of genotypes coded as missing was 1,986 of 19,776.
Thus, single-point and multipoint consistency checks led
to the removal of !2% of genotypes from high-quality
chromatograms, a rate comparable to error rates for
other typing technologies.

Estimation of Allele Frequencies

Allele frequencies were assigned in accordance with
their relative count among all pedigree founders. In seven
cases, an allele was not present in the founders (because
of missing genotypes), but, nevertheless, was implied by
the offspring in one or more pedigrees. For those alleles,
we increased the allele count by one for each pedigree
in which the implied allele was detected.

Simulations of Experimental Study

We used the procedure employed in the simulation of
the first-cousin pedigrees, in which each data set con-
sisted of 1,000 simulated pedigrees generated indepen-
dently of each other from the same population model.
Pedigree structure and SB size and position matched the
experimental setup. We considered two primary cases.
In the first case, we used all 55 blocks initially selected
for variation discovery and typing. In addition, we as-
sumed no missing genotypes and the same nucleotide
diversity that was used in the simulation of first-cousin
pedigrees ( ). In the second case, we in-�4v p 8 # 10
cluded only the 47 SBs that entered into the polymor-
phism-discovery stage, removed 10% of the remaining

genotypes at random, and used a nucleotide diversity
value appropriate for CEPH families ( )�4v p 7.08 # 10
(see University of Washington–Fred Hutchinson Cancer
Research Center Web site).

Conversion of Physical to Genetic Distance

In the first-cousin–pedigree simulations we used a con-
stant conversion factor, 1 cM/Mb. For the experimental
data and the simulations of the experimental setup, we
used a realistic conversion by building a linear inter-
polation function based on a set of 22 markers on chro-
mosome 19, for which both the sequence position and
the linkage map position were known. The data were
obtained from the SNP Consortium Web site (Matise et
al. 2003). We excluded from the calculations one marker
that introduced a local negative conversion factor. A
similar conversion function was obtained on the basis
of another set of markers from the LDB2000 Web site.

Information Content (IC) Computation

In both simulation and experimental studies, IC was
computed every 0.5 cM, to facilitate homogeneous sam-
pling along the chromosome. The computations were
performed with Genehunter (Kruglyak et al. 1996; Mar-
kianos et al. 2001) running in multipoint mode. Gene-
hunter version 2.1_r3 was used with a slightly modified
output format, to augment automated data extraction.
Most of the other analyses were performed within the
statistical and graphical environment R (see the R Project
Web site).

Results

We report all results in terms of IC, which measures the
fraction of inheritance information that was extracted
from a collection of pedigrees (Kruglyak et al. 1996). IC
ranges from 0 (no information was extracted) to 1 (com-
plete inheritance reconstruction). IC is a good predictor
of the power to detect linkage (Kruglyak 1997) and de-
pends only on the properties of the linkage marker set
and not on any particular trait model.

SB Size and Spacing for High IC

To evaluate the number and spacing of SBs required
for linkage analysis, we simulated an extensive set of
resequencing scenarios, with SBs of constant size in the
range of 100–2,500 bp spaced at constant intervals of
1, 2, and 5 cM. The mapped region was assumed to
span 50 cM. Throughout the simulations, we used a
pedigree consisting of two first cousins, their parents,
and the two grandparents common to both cousins. Seg-
regating sites in the founder chromosomes were gener-
ated to be consistent with population-genetics theory
and observed levels of human nucleotide diversity (i.e.,
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Figure 1 Average IC as a function of SB size and interval length.
Curves correspond to data sets with a constant interval and varying
SB size; the lines are visual guides. Each point represents the mean of
1,000 simulated instances. The horizontal dotted lines depict the IC
expected from conventional genotyping techniques based on STR or
SNP markers.

Figure 2 Average IC as a function of total length of resequenced
DNA. (Same data as in fig. 1 but with rescaled X ordinates.) The
bottom X-axis shows the total length as a fraction of total genomic
DNA, under the assumption of 1 cM/Mb. The top X-axis shows the
number of sequencing reads per genome (under the assumption of
800-bp reads and a genome size of 3,300 Mb). Both horizontal axes
are logarithmic. Symbols and line types are the same as in figure 1.

1 nucleotide difference in 1,250 bp between two haploid
genomes), and then were propagated to the remaining
pedigree members. It was assumed that all pedigree
members are available for genotyping.

The main consideration for sequence-based linkage
analysis is to reach high IC while minimizing the amount
of resequencing. As shown in figure 1, an increase in the
length of SBs or in their density (and, therefore, an in-
crease in their total number) increases IC, but, at a cer-
tain point, more resequencing leads to diminishing re-
turns. The key result of the simulation study is that high
IC is reached with an SB size and spacing that is readily
achieved with current sequencing technology. With an
SB spacing of 1–2 cM, an SB length of 500 bp guarantees

, and an SB length of 1,000 bp providesIC 1 0.8 IC 1

. Thus, a linkage study that uses 1,500–3,000 SBs,0.9
each consisting of 500–1,000 bp, will achieve near-com-
plete information extraction. The results can be recast
by plotting IC as a function of the total length of
resequenced DNA per individual (fig. 2), showing that
resequencing 0.02%–0.05% of the genome (∼1 Mb) is
sufficient to reach high values of IC. In figure 2, the near
overlap of the curves for different SB spacing illustrates
that, as long as the genome sampling is sufficiently dense
and homogeneous, IC is determined mostly by the total
length of resequenced DNA, rather than by the precise
details of SB length and spacing (although more densely

spaced, shorter SBs achieve the same IC at somewhat
shorter total length). This observation allows flexibility
in study design. For example, it may be most efficient
to minimize the total number of reads, with maximum
read length determined by a given technology. In this
case, the SB length should be chosen as an integer mul-
tiple of the maximum read length, with the spacing dic-
tated by the desired IC. The use of more densely spaced
SBs that are shorter than the maximum read length
would be inefficient, even if it led to a somewhat shorter
total length of resequenced DNA. Although, in figure 2,
we show results for SBs that match typical read lengths
of Sanger sequencing, we expect the results to remain
the same, as long as the same fraction of the genome is
sequenced at regular or random intervals. The only re-
quirements are that the resequenced segments represent
unique sequences and that there are no large gaps be-
tween segments.

We chose the pedigree with two first cousins for com-
parison with work published elsewhere (Kruglyak
1997). However, we note that very similar results were
obtained in simulations and experimental analysis of the
two-generation nuclear families from CEPH pedigrees
(see “Experimental Validation of Sequence-Based Link-
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Figure 3 IC obtained from CEPH families as a function of link-
age map position along chromosome 19. Curves reflect the average at
each position over all pedigrees in the data set (12 in the experiments;
1,000 in the simulations). The bar with vertical lines depicts the lo-
cations of the SBs on the genetic map.

age Analysis” section). Thus, we do not expect major
differences in our conclusions when different pedigree
structures are used. Removal of genotypes of the grand-
parents of the cousins produced very similar IC (relative
to its maximum value, which is !1 when some individ-
uals are unavailable) as a function of SB size and density.

Comparison of Sequence-Based Approach with STR
and SNP Maps

It is important to compare sequence-based linkage
analysis with conventional approaches. To provide a
baseline for comparison, we computed expected IC for
several idealized STR or SNP linkage maps. For STRs,
we simulated a standard whole-genome 10-cM scanning
set, which provides an average IC of 0.775 for the ped-
igree structure being considered. A sequence-based ap-
proach with equivalent IC requires SBs of ∼200, 400,
and 1,250 bp for SB spacing of 1, 2, and 5 cM, respec-
tively (fig. 1). The total amount of resequencing per sin-
gle STR (SB length times the number of SBs in a 10-cM
region) is ∼2 kb. For SNPs, we simulated maps with
ideal SNPs (i.e., with 50-50 allele distribution) spaced
every 1, 2, and 5 cM, the same as the SB spacing ex-
amined for the sequence-based approach. The average
IC values for the three maps are shown in figures 1 and
2. For each spacing, the sequencing curve crosses the
SNP line at an SB size of 1 kb, showing that the infor-
mation from a single ideal SNP is equivalent to that from
a 1-kb SB (corresponding to one or two sequence reads).
IC for SNPs with a more realistic 60-40 allele distri-
bution is expected to be nearly identical (Kruglyak
1997), and thousands of such SNPs have been identified
by the HapMap consortium (see HapMap Web site).

Experimental Validation of Sequence-Based Linkage
Analysis

How well do the simulation-based results translate to
the laboratory? To answer this question, we performed
sequence-based linkage analysis of chromosome 19 in
12 CEPH pedigrees. From each pedigree, we selected the
two parents and six children—a total of 96 individuals—
for resequencing. On the basis of the prediction that SBs
∼1 kb long spaced at 1–2 cM can produce high IC, the
entire chromosome 19 (63 Mb in physical distance and
110 cM in genetic distance [Matise et al. 2003]) of each
individual was sampled at a spacing of 1 Mb with SBs
of average size 1.6 kb. As noted in the “Methods” sec-
tion, at each SB we designed two overlapping ∼900-bp
PCR amplicons, and each amplicon was sequenced from
both ends. The high redundancy of the experimental
protocol minimized errors due to allele-specific ampli-
fication and base calling at the end of long sequencing
reads. Initially, we selected SBs at 55 loci along the chro-
mosome, but 8 failed PCR amplification. We report re-
sults for the remaining 47 loci, which encompass ∼75

kb of sequence. In total, we discovered 206 sites that
were polymorphic in at least one pedigree; these were
used as genetic markers for linkage analysis. The data
set included 19,776 potential genotypes, of which 1,986
(∼10%) were coded as missing, either because of low-
quality sequence (∼8%) or because they were flagged as
potential genotyping errors (!2%). We used the re-
maining genotypes to reconstruct inheritance and com-
pute IC (fig. 3). As predicted, the average IC was high
(0.87) and close to that expected on the basis of simu-
lations for the same pedigree structure and resequencing
strategy (0.92). We also ran the simulation with param-
eters that closely matched the experimental setup—we
incorporated the lower sequence diversity observed in
CEPH samples, discarded the eight SBs that did not am-
plify by PCR, and coded 10% of the remaining geno-
types as unknown. This resulted in a reduction of IC
from 0.92 to 0.90 (see “Methods” section for details).
The small difference between the experimental result and
theoretical prediction (0.87 vs. 0.90) is primarily due to
unexpectedly low sequence diversity at the distal end of
chromosome 19 (fig. 3).

Discussion

The rapid decline in the cost of sequencing, along with
the availability of reference genome sequences for hu-
man and other organisms, makes linkage analysis
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through simultaneous marker discovery and genotyping
by resequencing an approach worth exploring. We have
used realistic simulations of human genetic variation and
chromosomal segregation to show that SBs of 500–
1,000 bp (corresponding to one or two reads, with cur-
rent sequencing technology), spaced every 1–5 cM, will
provide linkage information similar to that obtained
from SNP maps with the same density, or from a typical
10-cM STR map. These simulation-based results were
validated with proof-of-principle experimental analysis
of human chromosome 19 in 12 CEPH pedigrees. In this
analysis, observed IC was in close agreement with sim-
ulations. Approximately 10% of the SBs were rejected
at the PCR-amplification stage, and ∼10% of genotypes
were discarded during quality control, but this led to
only an ∼5% drop in IC relative to simulations of ideal
data. Thus, sequence-based linkage analysis is currently
feasible, without the need for further technological or
computational developments. The relatively small num-
ber and size of sequence segments needed to maximize
inheritance information is a reflection of considerable
human sequence variation. Sequence-based markers are
biallelic SNPs or insertions/deletions. Our results rein-
force the fact that such markers, despite low individual
heterozygosity, are highly useful for linkage analysis,
provided that they are spaced at sufficiently high density.

Given current costs, resequencing is not yet compet-
itive with STR or SNP genotyping for genome scans in
human pedigrees. However, even without a high degree
of automation, the cost of the sequence-based approach
is within an order of magnitude of the cost of currently
available high-throughput genotyping technologies. In
addition, there are applications in which sequencing is
already competitive. For example, the fine-mapping
stage of positional-cloning projects could benefit from
such an approach. Also, studies in outbred animal pop-
ulations for which a draft genome sequence is available
but for which genetic marker sets are not well developed
can readily adopt such a typing strategy. A key advan-
tage of the approach is that a uniform and highly flexible
experimental design can be used to meet any desired
map resolution and the IC requirements of a study. Fi-
nally, it is worth noting that, in sequence-based linkage
analysis, every discovered sequence variant is used as a
genetic marker. This includes the variants that are in-
dividually rare in the population and have very low
heterozygosity but whose total number is large enough
to provide many polymorphisms in a pedigree. Thus,
resequencing provides access to this abundant pool of
variation—something that is impossible to achieve with
conventional STR and SNP maps. This opens the pos-
sibility, for example, of the use of rare variants as
unique tags that trace the fate of chromosomal regions
in large pedigrees with much-simplified computational
algorithms.
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