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Method

Sequence and structural variation in a human genome
uncovered by short-read, massively parallel ligation
sequencing using two-base encoding
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We describe the genome sequencing of an anonymous individual of African origin using a novel ligation-based se-
quencing assay that enables a unique form of error correction that improves the raw accuracy of the aligned reads to
>99.9%, allowing us to accurately call SNPs with as few as two reads per allele. We collected several billion mate-paired
reads yielding ~18 < haploid coverage of aligned sequence and close to 300< clone coverage. Over 98% of the reference
genome is covered with at least one uniquely placed read, and 99.65% is spanned by at least one uniquely placed mate-
paired clone. We identify over 3.8 million SNPs, 19% of which are novel. Mate-paired data are used to physically resolve
haplotype phases of nearly two-thirds of the genotypes obtained and produce phased segments of up to 215 kb. We detect
226,529 intra-read indels, 5590 indels between mate-paired reads, 91 inversions, and four gene fusions. We use a novel
approach for detecting indels between mate-paired reads that are smaller than the standard deviation of the insert size of
the library and discover deletions in common with those detected with our intra-read approach. Dozens of mutations
previously described in OMIM and hundreds of nonsynonymous single-nucleotide and structural variants in genes
previously implicated in disease are identified in this individual. There is more genetic variation in the human genome still
to be uncovered, and we provide guidance for future surveys in populations and cancer biopsies.

[Supplemental material is available online at www.genome.org. The data from this paper have been submitted to the NCBI
Short Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession no. SRAO00272. The variants

identified in this study are available at http://solidsoftwaretools.com/gf/project/yoruban.]

The sequencing of the human genome provided the springboard
to understand the role of genetic variation on disease and human
evolution (Lander et al. 2001; Venter et al. 2001). More recently,
the HapMap project surveyed the frequencies of ~4 million highly
ascertained single nucleotide variants on a sample of four major
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human populations (The International HapMap Consortium
2005; Frazer et al. 2007), providing useful background information
to design and analyze genetic association studies for common
variants. However, a hypothesis-free view of the full complement
of genetic variants on individual genomes has been explored in
only a few instances (Levy et al. 2007; Bentley et al. 2008; Ley et al.
2008; Wang et al. 2008; Wheeler et al. 2008), mostly due to cost
and time constraints. Yet, these five studies, together with other
recent population studies (Redon et al. 2006; Korbel et al. 2007;
Kidd et al. 2008), have revealed a much more dynamic picture of
genomic variation in the human species, suggesting that the
prevalence of structural variation has been largely underestimated.
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Therefore, the picture of human genomic variation is far from com-
plete, and the introduction of second-generation, high-throughput,
and inexpensive sequencing opens the possibility of sequencing
hundreds to thousands of human genomes to gain a better un-
derstanding of the full extent of human variation (Kaiser 2008).
Here, we introduce the use of massively parallel short-read se-
quencing by ligation of mate-paired and fragment libraries to un-
cover single nucleotide, insertion and deletion (indel), and
inversion variants of the genome from an anonymous donor from
Yoruba in Ibadan, Nigeria, who was part of the International
HapMap Project (Frazer et al. 2007). We also explore the benefits of
a novel error correction system that aids in single nucleotide
polymorphism (SNP) discovery.

Several techniques for massively parallel DNA sequencing
have recently been described (Ronaghi et al. 1999; Brenner
et al. 2000; Braslavsky et al. 2003; Margulies et al. 2005; Shendure
et al. 2005; Ju et al. 2006; Gibbs et al. 2007; Bentley et al. 2008;
Eid et al. 2009). They broadly fall into two assay categories
(polymerase- or ligase-based) and two detection categories (“asyn-
chronous single molecule” and “synchronous multi-molecule,”
often referred to as “ensemble” readouts). SOLID (sequencing by
oligo ligation detection) sequencing, the method used here, is
a DNA ligase-based synchronous ensemble detection method uti-
lized to read 500 million to over 1 billion reads per instrument run
(Cloonan et al. 2008; Valouev et al. 2008).

All of these techniques are theoretically compatible with
mate-paired sequencing, but they differ in how they generate the
mate-paired reads. Campbell et al. (2008) utilized an approach that
generates short pairs from cluster PCR colonies often referred to as
“paired-ends.” These paired-end reads have limited insert sizes due
to the efficiency and representation of PCR amplification of long
amplicons via cluster PCR. Consequently, very few paired-end
reads are generated that are longer than a Sanger capillary elec-
trophoresis read (<10X clone coverage in pairs >1.0 kb). Korbel
et al. (2007) and Bentley et al. (2008) utilized DNA circularization
and random shearing, circumventing the need to PCR amplify the
entire pairing distance at the cost of more input DNA. These pairs
each differ substantially in their tag length due to the random
shearing step. The asymmetrical tag lengths reduce the pairing
efficiency and often contaminate the library prep with a high
number of 200-bp inserts; thus, no more than 100X clone coverage
is obtained, and many tags are sequenced that are not paired or are
paired in the wrong distance or orientation. Furthermore, these
techniques may result in many inverted molecules that complicate
the detection of inversions.

The preferred pairing method would provide both high se-
quence coverage and high clone or “physical” coverage with
flexible insert sizes such that SNPs, small indels, larger structural
variations, and copy number variants (CNVs) could be surveyed in
one method. Here, we utilize two pairing methods that retain less
variable tag lengths while enabling both high sequence coverage
(14.9x) and high clone coverage (297 X) of the human genome to
enable the broadest survey of variation possible.

Use of ligases for massively parallel short-read DNA se-
quencing of human genomes offers several unique attributes next
to polymerases. Most notable is the use of an error-correcting
probe-labeling scheme (two-base encoding, or 2BE), which pro-
vides error correction concurrent with the color-called alignment
of the data (i.e., without having to resequence the reads). This
correction property has specific utility in bisulfite sequencing, de
novo assembly, indel detection, and SNP detection, but in this
manuscript we will focus only on the SNP detection attributes.

Here, we demonstrate that SOLID sequencing is capable of
efficiently surveying single nucleotide polymorphisms and many
forms of structural variation concurrently at relatively modest
coverage levels. The unprecedented clone coverage allows us to
uncover a significantly larger number of structural variants in a size
range not efficiently explored in previous studies, helping to
complete the picture of functional variants in this genome. The
observed pattern of putatively functional genetic variation in the
Yoruba genome recapitulates population signatures of natural se-
lection and suggests a higher than expected individual load of
potentially deleterious variants in the human genome.

Results

Sequencing performance with short reads

We generated 76.53 Gb of mate-paired reads that align to the ref-
erence human genome (hg18), of which 49.07 Gb have both tags
mapping to the genome as a uniquely placed pair. 46.55 Gb of these
pairs align at the expected distance, order, and orientation, and, of
these, 42.56 Gb are comprised of mate pairs in which at least one
tag has a unique start point and are therefore derived from unique
and unamplified molecules (Supplemental Table S1). In addition,
we generated “fragment” reads (45-50 bp), of which ~10.5 Gb and
8.6 Gb align and align uniquely to hg18, respectively.

Overall, we cover on average 17.9-fold the haploid genome
length. While the genomic regions covered by uniquely placed
mate-paired and fragment reads overlap substantially (80.35% of the
covered regions), the mate-paired reads are mapped to an additional
19.59% of the genome not accessible by the fragments, whereas
only 0.06% of the genome is covered exclusively with fragments.

Over 98.57% and 96.58% of the autosomal genome is covered
by at least one and three reads, respectively, while >99.6% and 95%
is spanned by a single clone and 124 clones, respectively, when we
require that a mate pair be placed uniquely in the genome (Fig. 1).
When we remove this criteria of uniqueness, >99.8% and 99.0% of
the autosomal genome is covered by at least one and three reads,
respectively, while 100% and 95% of the genome is spanned by
a single clone and 212 clones, respectively. Ns in the reference
assembly are excluded. Further investigation of the increased
coverage gained from mate-paired libraries demonstrates that
amore comprehensive sampling of the human genome is achieved
with uniquely placed mate pairs than with the unique placement
of each of the independent tags (Fig. 2). The coverage per chro-
mosome is lower on the sex chromosomes, as expected. While
theoretically mapping all possible 25-mers allowing up to two
mismatches uniquely back to the autosomal reference leaves
75.38% of the reference covered, or “mappable,” we cover 77.1% of
the genome with 25-bp reads allowing up to two mismatches. This
performance is likely due to the presence of sequence that is
missing from the reference. Color space alignments yield greater
specificity than base space in which the genome is 70.86%
uniquely mappable with 25-mers allowing up to two mismatches.
The mate pair coverage nearly matches what is expected based on
the estimated mappability of mate-paired tags (using a constant
insert size and sampling every 25 bases).

The uncovered genomic regions tend to be of low GC content
and enriched in repetitive sequences, in particular long repeats and
segmental duplications (Supplemental Table S2). This is expected
since it is difficult to uniquely map short reads to segmental
duplications and other repeats; when the requirement of unique-
ness is removed, these features are much less prominent or the
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Figure 1. Cumulative plot of sequence and clone coverage from
uniquely placed fragments and uniquely placed mate pairs. The sequence
coverage is derived from the fragment, 2 X 25 mate-paired, and 2 X 50
mate-paired libraries while the clone coverage is from only the mate-
paired libraries (2 X 25 and 2 X 50).

correlation reverses. These uncovered regions also tend to be
enriched in dbSNP entries, which suggests many of these are likely
to be pseudo-SNPs generated by assembly or mapping artifacts as
previously reported (Tuzun et al. 2005). Longer repeats are partic-
ularly enriched in areas not covered by uniquely placed mate-
paired reads, and this is certainly due to an inability to cross over
the repeat at the insert sizes used to generate the libraries in this
work (the longest being 3.5 kb) and suggests that using longer
inserts would help to overcome this limitation.

To assess the sampling of sequence tags across the genome, we
plotted the average sequence coverage across the genome accord-
ing to GC content (see Methods) along with the tenth and 90th
centiles and compared these with what is expected according to
the Poisson distribution. While the 2 X 25 mate pairs and frag-
ments lack the most in low GC content and the 2 X 50 mate pairs
lack the most in high GC content, the combination of all three
library types compensates for one another and has good coverage
in all but the most extreme GC content (Supplemental Fig. S4).

Identification of SNPs

The NA18507 genome has not been Sanger sequenced to more
than 0.5X sequence coverage (Kidd et al. 2008). However, it has
been extensively genotyped as part of the HapMap project (Frazer
et al. 2007), and some regions were shotgun sequenced to higher
depth as part of the ENCODE project (The ENCODE Project Con-
sortium 2007). As a result, false negatives can only be approxi-
mated by estimating how much of the hgl8 genome is left
uncovered (Fig. 1), but false positives can be assessed with several
techniques. Once reads are uniquely mapped to the genome, se-
quence variants can be discovered by comparing read sequence
with the reference genome, and taking into account the re-
dundancy obtained to distinguish natural sequence variation from
sporadic sequencing errors. Using two-base encoding (2BE), only
adjacent sequencing or color differences to the reference can be
candidates for single SNPs. Thus the majority (>92%) of our se-
quencing errors can be eliminated as putative SNPs. Adjacent color
differences that can encode a base change are termed “valid adja-
cent” and are explained in more detail in the Supplemental ma-
terial on color space.

Across the entire genome, we call 3,866,085 SNPs, of which
81% are in dbSNP (release 129). Due to the error-correcting qual-
ities of the color space reads, we only need to see each allele twice
to call a variant, in contrast to other methods that require three
and four alleles (Bentley et al. 2008; Wang et al. 2008). This allows
us to call a comparable number of SNPs in the human genome at
lower coverage levels without sacrificing accuracy, as suggested by
the high dbSNP concordance. To assess the false-discovery rate in
an unknown genome, we performed an analysis similar to that of
Wheeler et al. (2008) in which we counted the number of times our
sample contains an allele that is not annotated at a bi-allelic locus
in dbSNP 129. Using this as a proxy for false discovery, we observe
that 99.88% of dbSNP loci in our sample are called as one of the
two annotated alleles, and a nonannotated third allele is called
only 0.12% of the time.

Comparing new sequencing technologies with array-based
genotyping assays that have selected SNPs with high assay conver-
sion rates can be misleading. This does not address our goal of un-
derstanding our ability to detect all polymorphisms in a human
genome. As a result, we choose to focus our laboratory validation on
SNPs that are novel as indicated by an absence in dbSNP. To confirm
our findings, we randomly selected 333 of our 734,662 novel SNP
calls (those not found in dbSNP 129) for validation with SNPlex
genotyping assays (Tobler et al. 2005). There were 34 assay failures,
which leaves us with 299 successful assays. 86% of our novel SNP
calls are heterozygous, and 94% of the successful assays (280 of the
299) are heterozygous. The SNPlex genotypes are in >95% agree-
ment with the SOLiD-detected genotypes. There are 14 cases in
which SNPlex disagrees with the SOLiD-detected genotype. Two
calls are SOLiD-detected homozygous SNPs that SNPlex calls as
heterozygous, indicating that SOLiD undercalled the heterozygous
state in favor of the variant allele (in both cases SOLiD detects the
reference allele but the variant allele is present in greater numbers
than the reference allele, and the SNP was called a homozygous
variant). These calls are expected due to the lower likelihood of
sampling both alleles proportionately at fairly low coverage. The
remaining disagreements are SOLiD-detected homozygous (one)
and heterozygous (11) SNPs in which SNPlex detects the genotypes
as homozygous for the reference allele. 12/299 (4.01%) of our novel
SNP calls detect one allele that is unsubstantiated by SNPlex and
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Figure 2. Uniquely placed mate pairs provide a more comprehensive
sampling of the human genome than the unique placement of each of the
tags independently. The coverage is separated by mate-paired data
treated as single tags before pairing (mate pairs, unpaired; blue) and
mate-paired data treated as mate pairs (mate pairs, paired; pink).
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could be considered to be true false positives (FPs). Since our novel
SNP calls are made up of ~19% of all of our SNP calls, it can be
inferred that 0.76% of all of our SNP calls are FPs. Eight of the 11
heterozygous FP calls are low coverage (5X to 8X) in which the
variant allele is on only one strand. If we discount these from the
analysis, then 1.34% of our novel SNP calls are indicated as FP, and it
can be inferred that 0.25% of all of our SNPs are FPs. Previous vali-
dation of SNP detection with the fragment, 2 X 25 mate-paired, and
a different set of 2 X 50 mate-paired data with manually reviewed
Sanger CE sequencing confirmed 111 out of 112 assayed novel
heterozygous SNPs that were not in dbSNP.

Our goal is not only to detect SNPs (alternative alleles to the
reference), but also to infer whether the sample is heterozygous or
homozygous at a given position, the most challenging being the
detection of a heterozygous state, given the sampling introduced
by the shotgun process and the bias induced by mapping to a ref-
erence sequence. However, this task is facilitated by the error de-
tection and correction scheme of the SOLiD 2BE sequencing
chemistry, which reduces the average sequencing error rate to
<0.1% (Supplemental Table S1).

To further assess our ability to call genotypes correctly by
sequencing, we compared our data with those from the 3.9M
SNP calls for this individual in the HapMap r26 data release. Out
of the 3,026,465 HapMap homozygous genotypes called (there
are 3,054,399 in HapMap genotyped for NA18507, but some
are not called by us due to low coverage or noise; we make calls
for >99%), we had an overall 99.16% agreement with HapMap.
Removing SNPs with a minor allele frequency (MAF) of <5%, where
genotypes are less confident in the HapMap due to genotyping
assay artifacts (Welch et al. 2008), the agreement climbs to 99.68%.

Higher coverage is required to adequately sample two alleles
rather than one and thus call a hetero-
zygote rather than a homozygote SNP.
Reads that contain variant alleles utilize

genome (Lander et al. 2001; Venter et al. 2001). 27.2% of the
heterozygotes we call are novel, and amongst these 65.3% are
transitions and 34.7% are transversions. SNPs are more densely
represented on autosomes than on the X and Y chromosomes.

Single base changes have the potential to be disruptive to
gene structure when they are within exons. Amongst the SNPs that
we identify in NA18507, 68,624 of them are in a known exon and
16.1% of these SNPs within exons are novel. 12.5% of exons
contain at least one SNP, and one exon contains 49 SNPs. The
distribution of the number of SNPs identified per exon is shown in
Supplemental Figure S6. From these, we identify 9902 SNPs that
produce nonsynonymous changes in coding sequences (ns-SNPs).
While exons comprise 2.6% of the total genome, only 1.78% of all
SNPs we identified are in exons, indicating that there is an un-
derrepresentation of SNPs in exons due to their deleterious po-
tential (Lander et al. 2001; Venter et al. 2001).

Resolving haplotype phases with mate-paired data

Mate-paired data with accurate reads can be used to resolve hap-
lotype phases when two reads in a pair cover alleles at different loci
(Kidd et al. 2008). We combined our 3,759,673 genome-wide au-
tosomal reference-variant SNP calls with autosomal HapMap 126
genotypes (which includes NA18507 genotypes for homozygous
reference-allele loci) to obtain 6,184,461 distinct potential geno-
types. We evaluated the number of mate-paired reads that cover
two or more of these loci to establish the upper limit for potentially
resolving phases with the 14.89X mate-paired data. We observed
4,027,548 potential genotypes (65.12%) covered by 6,767,943
pairs (1.1% of all mate pairs) with 24.03% of the mate pairs calling
SOLiD-detected heterozygous/heterozygous, 35.90% heterozygous/
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Dependence of genotype calling on depth of sequence coverage. The NA18507 geno-
types called by SOLID at all HapMap loci are compared with the HapMap genotypes by SOLID coverage
per genome position (average 18X coverage). Coverage includes alleles representing the reference or
a valid base change; i.e., alleles with single or invalid adjacent mismatches are not included. No prior
information about SNP presence or SNP alleles was used in making SOLiD gentoype calls. The number
of HapMap loci with a given level of SOLID coverage (“Count”) are shown and the percentage of these
loci for which SOLID gives the same genotype as HapMap for homozygotes and heterozygotes is
represented by the colored lines (graphed using the left-hand y-axis and referred to as “% Concor-
dance”) using two genotyping algorithms: Consensus Caller and diBayes. diBayes is more sensitive at
heterozygous SNP detection and yields a lower false-negative rate than Consensus Caller, but we did not
attempt to estimate the false-positive rate of diBayes with validation data. SOLID genotypes that differ
from HapMap gentoypes are nearly always heterozygous undercalls (i.e., the position is called homo-
zogyous for one of the two alleles) or called as N (insufficient evidence to make a confident genotype call).
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homozygous, and 40.07% homozygous/homozygous pairing
events. 3,734,035 pairs (55.17%) have both a Forward (F3) and a
Reverse (R3) tag covering 3,580,440 distinct genotype loci, and the
remaining 44.83% have only a F3 or R3 tag covering 1,205,779
distinct genotype loci. Nearly two-thirds of the genotypes for this
individual are covered by at least one mate-paired read that is in
phase with another genotyped location, and 43% that we detect as
heterozygous are in phase with another that we also detect as het-
€rozygous.

We evaluated all mate pairs that cover HapMap 122 phased
heterozygous genotypes and determined that our phases agree
with 98.95% of the HapMap phases and we cover 21.74% of the
HapMap-phased heterozygous genotypes with at least one mate
pair. We also looked for mate pairs in which both a novel hetero-
zygous locus and a HapMap-phased heterozygous locus are cov-
ered to determine if the phases of the novel loci are in agreement
with the HapMap loci. 76,300 of our novel heterozygotes fall into
this category, and for the 15,946 pairs where both alleles of the
novel heterozygotes are covered, the alleles
are in opposite HapMap phases compared

novel, and the low sequence coverage of Kidd et al. (2008) prevents
much of the genome from being accessible to small indel detection.
Additionally, we find 10,525 insertions of length four to 14, with
dbSNP and Kidd concordances of 74% and 64%, respectively, and
233 insertions of length 15-19, with concordances of 52% and
51%, respectively. We also detect 2068 deletions from size 12-498,
with dbSNP and Kidd concordances of 41% and 38%, respectively.

With regard to the impact of small indels (insertions up to 3 bp
and deletions up to 11 bp) on gene structure, we find that 2788
exons contain at least one indel, while 392 exons have more than
one indel and 2241 genes contain an indel within an exon (Sup-
plemental Fig. S6). We observe an overabundance of indels in first
and last exons as observed with SNPs. In total, 76% of 2241 genes
containing indels have them in the first and last exon (362 in the
first, 1492 in the last, and 159 in their only exon). There is a no-
ticeable preference for even-sized indels across the genome due to
the existence of dinucleotide and tetranucleotide repeats as reported
by Mills et al. (2006) and Levy et al. (2007) (Fig. 4). However, this
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resents multiple nucleotide variants as
seen in Kidd et al., (2008), in which 75%
of the discovered indels <100 bp are

with respective concordances. Deletions are detected up to 500 bp and insertions up to 20 bp. A high
prevalence of small indels, even-sized indels, and Alu-sized deletions (300-350 bp) are found in this ge-
nome. Larger indels (deletions 12 bp and higher and insertions 4 bp and higher) are called with more
restrictive settings (see Methods) than smaller ones.
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preference is skewed in favor of 3- and 6- 250 ¢
base (3n) indels in coding exons (Supple-
mental Fig. S7) in which 34.3% of the

200

indels within and 12.7% of the indels
outside of coding exons are 3 bp or 6 bp in
size. The observation that indels in coding

exons show a size distribution that favors
3- and 6-base codon skipping mutations
when the rest of the genome exhibits
even-sized indels is expected due to puri-
fying selection against frameshifts in
coding regions.
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We have identified 1515 insertions and
4075 deletions by clustering of mate-
paired reads with discordant distances
when mapped to the human reference
assembly hgl8 (see Methods). Deletions
range in size from 86 to 96,957 bp and
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level of clone coverage. Supplemental

Figure S8 illustrates the size limit of de-
tection of inter-read insertions and dele-
tions at various levels of clone coverage at
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six standard deviations of significance

given our library insert size of 1400 bp
with a standard deviation of 199 bp.

Comparing the large deletions to
the Venter (Levy et al. 2007), Watson
(Wheeler et al. 2008), and YH (Wang et al.
2008) genomes, we find that 40% of the
deletions =200 bp and 30% of the dele-
tions =1000 bp have been previously
identified in these genomes. Common to all four of the genomes are
353 deletions =200 bp and 49 deletions =1000 bp. These deletions
in common in all four genomes from three ethnically distinct
populations indicate the possibility of the presence of a minor allele
in the hgl8 reference sequence. A pairwise comparison of the
number of deletions identified in each of the four genomes is pre-
sented in Supplemental Table S3. While we detect more deletions in
NA18507 than have been detected in the other genomes, in each
pairwise comparison >20% of the deletions =200 bp detected in
NA18507 have been detected in the other genome. We also detect
>38% of the deletions =200 bp that have been detected in each of
the other genomes, significantly more than when considering most
of the other pairs of genomes with respect to each other.

Figure 5.

Deletions in NAI8507 identified by both intra- and
inter-read approaches

The long tag mate-paired data allow us to identify some of the same
deletions by both the intra- and inter-read approaches. Amongst the
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Length distributions of large insertions and deletions identified between mate-paired tags.
There is an abundance of insertions and deletions in the size range of Alus as well as a spike in the
number of deletions in the size range of LINEs (6000 bp).

2068 deletions ranging in size from 12 to 498 bases detected within
reads, 193 of them are in common with the deletions identified by
discordant read-pair clusters (Fig. 6). Amongst these deletions, 60 of
them have also been identified in the Venter, Watson, and YH
genomes. Figure 6 also illustrates a 328-bp deletion that has been
identified by both the intra- and inter-read approaches in NA18507
by SOLID and in each of the other three genomes. The ability to
identify deletions with both inter- and intra-read approaches
bridges the gap between these two methods, which not only
allows the corroboration of the identified events, but also permits
the detection of the full range of sizes of deletions in the human
genome.

Inversions

While inversion detection is sensitive to both sequence coverage
and clone coverage, the clone coverage is especially important. If
aread is in the center of an inversion, it is more likely that its mate is
flipped with respect to itself the farther away its pair is located and
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Figure 6.

The distribution of the 193 deletions identified in NA18507 with SOLID by both the intra-read and inter-read approaches. (Inset) A 328-bp

deletion detected using both the inter- and intra-read approaches. Four nonredundant molecules identify the deletion with the intra-read approach while
81 clones identify the deletion with the inter-read approach. This deletion has also been found in the Venter, Watson, and YH genomes.

therefore able to detect an inversion breakpoint. We analyzed all
mate pairs with both ends mapped but with sequences on opposite
strands (SOLiD mate-paired libraries create mate-paired tags in
which both sequence reads are normally on the same strand). We
look for multiple mate pairs to exhibit the same inverted orientation
at the same coordinates in the genome and across multiple libraries.
The supporting evidence of all inversions can be visually inspected
using the SOLiD Alignment Browser (Supplemental Fig. S9).

We observe 91 inversions of which 22 are amongst the 90
inversions observed by Levy et al. (2007) and 37 are amongst the
72 inversions observed by Korbel et al. in NA18505 (Korbel et al.
2007). Some of the inversions will be missed by short reads due to
an enrichment of repeats at the edges of the variations. A complex
inversion and deletion is discovered on chromosome 4 (Supple-
metnal Fig. §9), in which a homozygous deletion is nested within
a heterozygous inversion, indicating a hotspot for variation in
which the deletion occurred prior to the inversion. This genomic
event is at the same location in which others have observed copy
number changes (Redon et al. 2006) and where we have observed
a high discordance in our SNP calling compared with the Hap-
Map. The observed homozygous deletion near 190.845Mb of
chromosome 4 corresponds to two annotated segmental dupli-
cations (chr4:190,844,046-190,845,646 and chr4:190,845,653—
190,847,295).

There is potential with mate-paired reads to resolve the phase
of these inversions by linking them with SNPs that are identified
within the sequenced tags. Among the 68 heterozygous large (>400
bp) nonoverlapping inversions, 55 (81%) are detected with mate-
paired reads that contain SNPs compared with the reference se-
quence, and 49 (72%) of them contain a heterozygous SNP. 41 of
the 49 inversions that are in phase with a heterozygous SNP have
more than one set of mate-paired reads confirming the phasing.
These preliminary data suggest the potential for resolving the

phase of all types of structural variations by linking them to het-
erozygous SNPs.

Copy number variations

Through the analysis of changes in depth of coverage in windows,
we observe 565 CNVs in the size range of 2-937 kb in the auto-
somes. The distribution of size ranges is shown in Figure 7A. We
identify 116 out of the 179 CNV events detected with the Affy-
metrix genotyping array 6.0 (McCarroll and Altshuler 2007). These
CNVs are plotted in Figure 7B with the SOLiD-called copy num-
bers on the x-axis and CGH-called copy numbers in various colors.
We demonstrate that there is good agreement between the copy
numbers called by the different technologies. When the CNV re-
gions are compared with the deletions detected using our mate-
pair clusters, 102 out of 409 one-copy regions are supported
by heterozygous deletions, 51 out of 78 zero-copy regions are
supported by homozygous deletions, and there are no one-copy
regions overlapping with homozygous deletions or zero-copy
regions overlapping with heterozygous deletions.

Evaluation of sequencing strategies for genetic
variation discovery

Whole-genome human sequencing with massively parallel plat-
forms is poised to become the workhorse of population and
medical genetic studies. However, little information exists on how
to better design these studies and balance cost versus benefit of
different sequencing strategies. Thus, we investigated the fraction
of genetic variation discovery at relatively low levels of average
sequence coverage: 2X, 4X, 8%, and 10X. Figure 8 shows the
percent of the genome that meets the coverage requirements for
SNPs and intra-read indels at various levels of average sequence
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Figure 7. Copy number variations detected with SOLID mate-paired
reads in NA18507. (A) The size distribution of CNVs detected with SOLID
mate-paired reads. (B) Overlap of copy numbers computed from nor-
malized SOLID coverage and from Affymetrix array CGH (aCGH)
(McCarroll and Altshuler 2007). Colors indicate CNV calls from aCGH. On
the top of the figure are the numbers of SOLID CNV calls that overlap with
aCGH data at each copy number.

coverage (panel A) as well as the actual number of these variants
that are detected (panel B). Significant homozygous SNP discovery
can be achieved at 2X with a significant increase at 4, but only
a modest increase at 8 X. Determining heterozygote status requires
more coverage, but at 8, 84.3% of the genome is accessible to
heterozygous SNP detection. The identification of small indels
under the sequence read is fairly incomplete at these low coverage
depths due to more stringent mapping requirements.

To understand the benefits of deeper sequencing in identify-
ing structural variants, we assessed the indels detected between
mate-paired reads from sets of one, two, three, and four slides of
long mate-paired data that amount to 2.2%, 4.0X, 5.6%, and 8.4
average sequence coverage, respectively. Figure 8C illustrates that
the number of insertions and deletions rises steadily from 2.2X to
8.4X average coverage and indicates that further sequencing will
enable more variants to be detected. While the full data set in this
study is from 8.4 X average sequence coverage of long mate-paired
data, 37%, 61%, and 72% of the deletions =200 bp in the 8.4X
data set are detected at 2.2X, 4.0%X, and 5.6X average sequence
coverage, respectively. The advantage of deeper sequencing is even
larger for insertions in which 16%, 49%, and 68% of the insertions
=200 bp in the 8.4 X data set are detected at 2.2X, 4.0X, and 5.6 X
average sequence coverage, respectively.
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Figure 8. Theoretical and actual detection of SNPs and indels at various
levels of average sequence coverage. (A) The upper bound on the number
of SNPs and intra-read indels that can be detected at various levels of
coverage. This is calculated by assessing how much of the genome meets
the coverage requirements for each type of variant, 2X coverage for ho-
mozygous SNPs, 4X coverage for heterozygous SNPs, and 6X coverage
without considering the 3 bp on each end of the reads for intra-read indels.
For small indels, two split reads are required to make a call, but due to the
more restrictive manner of these calls, only about one in three reads (as
found in simulations) can be used for this. (B) The actual number of SNPs
and intra-read indels detected at various levels of average sequence cov-
erage. (C) The number of insertions and deletions =200 bp detected be-
tween mate-paired reads at various average levels of sequence coverage.
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In regard to the combination of mate-pair libraries and the
choice of insert size, we investigated the contributions of multiple
insert sizes to the power to detect and resolve large indels by sim-
ulation and comparison with our empirical data. Supplemental
Figure S10 shows the theoretical and observed probability of
detecting an insertion or a deletion with two different insert-sized
libraries independently (green and blue lines) and combined (red
line). Our results imply that while a larger insert size increases
detection, the probability of resolving a breakpoint increases with
a combined library approach such that the probability of detecting
a break point with a 600-bp and a 2841-bp library is higher than
using either library exclusively. Higher-resolution break point
mapping is anticipated to greatly facilitate any PCR-based valida-
tion of next-generation results.

Diversity amongst human genomes

We compared the SNPs and structural variations identified in
NA18507 to those found in the Venter (Levy et al. 2007), Watson
(Wheeler et al. 2008), and YH (Wang et al. 2008) genomes. Supple-
mental Figure S11 demonstrates that >20% of the SNPs found in
NA18507 are in each of the other genomes, while 20%-40% of the
SNPs identified in each genome are unique to that genome. Fewer
insertions, deletions, and inversions are in common amongst the
four genomes, and a higher proportion of them are unique to the
genome in which they are identified. While it is noteworthy to
compare these data, it must be understood in the context of what is
still yet to be uncovered in each genome. The percent of the
NA18507 variants that are in common with the other genomes is
a lower bound, while the number of variants that are unique to each
genome is an upper bound. These values will certainly shift as more
variation is uncovered in each of the genomes. Since it is likely that
we have identified most of the SNPs that are present in NA18507,
while structural variations are typically more difficult to identify
than SNPs with current sequencing technologies and have not yet all
been identified, it will be exciting to discover whether the tendency
for structural variations to be more distinct to single genomes than
SNPs will hold as more of the variations in each genome are revealed,
or whether this is an artifact of the current state of detection.

Functional consequences of genetic variation in the Yoruba
individual genome

To assess disease-relevant variations present in the NA18507 se-
quence as described previously in the literature, we used the dis-
ease variants as described in the Online Mendelian Inheritance in
Man (OMIM) database (Hamosh et al. 2005; McKusick 2007),
a database of gene-disease relationships. Here, we investigate only
the amino acid allele variants from the OMIM database—a list of
9239 variants of amino acid and terminator mutations that we can
position uniquely and with confidence onto the genomic se-
quence as described in the Methods. We then compare the
NA18507 sequence variants with this list encompassing 2161
human genes found in OMIM as of August 2008. Within these
9239 mutations, Supplemental Table S4 shows the list of OMIM
variants for which this individual is a carrier of the disease-related
allele in the homozygous or heterozygous states. Based on the
annotations in OMIM and after reviewing the corresponding lit-
erature, we further filtered the homozygous and heterozygous
alleles into high, medium, and low reliability for annotation
(Supplemental Table S5). In total, NA18507 carries five disease-
relevant OMIM alleles with stronger evidence in the homozygous

form. For all five of these, the sequence quality is sufficient to
trust the zygosity assignment. We found an additional 10 for
which the annotations in OMIM were inconclusive (“medium”
reliability). The remaining three overlaps had contradictory or
disease-irrelevant annotations (“low” reliability). Furthermore,
NA18507 carries 49 OMIM alleles in the heterozygous state.

In reviewing the disease associations for the homozygous
alleles, each association is with a common, multifactorial disease,
including susceptibility to obesity, drug addiction, atopy, throm-
bocytosis, and bladder cancer, as well as the trait of slow acetyla-
tion. As expected, from this initial analysis it seems none of the
many Mendelian disease-causing variants listed in OMIM are
found in the NA18507 genome sequence in the homozygous state.
In addition, in Supplemental Table S6, we list all variations in
NA18507 that generate an in-frame stop codon in homozygous
and heterozygous states and overlap a known SNP in dbSNP.

We studied the impact of large insertions and deletions
(detected by the inter-read approach) on gene integrity, by looking
for breakpoint regions that overlap with gene regions, defined as the
transcription start site to the end of the mRNA transcript including
all exons and introns of the gene. We detected 2477 potential gene
disruption events (44.3% of the 5590 large indels) that fall within
gene boundaries in the NA18507 genome sequence, disrupting
a total number of 2015 unique human genes, including some that
are disrupted by multiple events. Amongst these 2015 disrupted
genes, 303 (15.0%) are contained in a curated collection of 3600
human disease genes (~15% of all human genes) assembled using
a previously published collection of 923 human disease genes
(Jimenez-Sanchez et al. 2001), all genes listed in OMIM and in the
Human Genome Mutation Database (HGMD v7.1; Stenson et al.
2003) as of August 2008, and further extended by a comprehensive
and rigorous literature review (Supplemental Table S7). The number
of observed events should be treated as an upper bound of the total
number of gene overlaps since the boundaries for the large indels are
wider than the actual events, so the structural variation is either
occurring within the gene or in close proximity to it. In summary,
we can see a trend for disruption events to cluster around genes, but
no clear preference to cluster around disease genes. Further analysis
of these disruption events along with an evaluation of whether an
exon is disrupted is warranted.

We identify a number of gene pairs that appear to be fused by
a structural variation. Based on the empirical distribution of clone
lengths, and the positioning of the discordant mate-paired reads,
we compute a confidence estimate on the gene fusion event
(Bashir et al. 2008). Table 1 reports five events, with the probability
of genomic fusion equal to one, that are supported by at least three
distinct pairs of reads. Interestingly, all but one of the predicted
fusions involve tandem duplicated genes. The distance between
the pairs of duplicated fused genes ranges from 16 bp to 368 kb.
Two of the gene pairs have been previously observed as chimeras
in the literature: APOBEC3A-APOBEC3B (Kidd et al. 2007) and
EMR2-CD97 (Chiu et al. 2008). The gene pair CTRBI-CTRB2 is
caused by an inversion in which six of the mate-paired reads that
detect the inversion also contain a SNP compared with the refer-
ence sequence and of which three of them contain a heterozygous
SNP, providing the potential to resolve the phase of this fusion.

Signature of purifying selection in the pattern
of nonsynonymous mutations

We discovered 6131 nonsynonymous SNPs that are pre-annotated
using PolyPhen for the expected degree of damage they will cause
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Table 1. Predicted gene fusions created by structural variation
events

Sanger
Chromosome Fusion Rearrangement validation
2 REG3G/REG3A Inversion Yes
12 CLECTB/CLECSA Inversion No
16 CTRB1/CTRB2 Inversion Yes
19 EMR2/CD97 Inversion Yes
22 APOBEC3A/APOBEC3B Deletion Yes

to the protein (Ramensky et al. 2002). 4912 of these nonsyn-
onymous SNPs are annotated as “benign” (79.6%), 765 are “pos-
sibly damaging” (12.4%), and 454 are “probably damaging”
(7.4%). This compares with the proportions of these categories
among all 76,434 nonsynonymous SNPs in the PolyPhen database.
Of annotated SNPs, 66.2% are “benign,” 18.9% are “possibly dam-
aging,” and 14.9% are “probably damaging.” The nonsynony-
mous SNPs in this Yoruba sample are significantly less damaging
than the full collection of dbSNP nonsynonymous SNPs (P < 10~°).
The homozygous state is significantly underrepresented for “prob-
ably damaging” and “possibly damaging” alleles as compared
with “benign” variants in this individual genome (Supplemental
Table S8).

We investigated whether damaging SNPs were over- or un-
derrepresented in certain protein classes. There are 986 proteins
with annotated function in the PANTHER protein classification
database (Thomas et al. 2003; http://www.pantherdb.org) con-
taining possibly or probably damaging nsSNPs. When comparing
with the distribution of proteins in PANTHER categories of the
human proteome, we identify protein families significantly un-
derrepresented for damaging SNPs (binomial test, P < 0.05 with
Bonferroni correction), including nucleic acid binding proteins
(P =0.00012), ligases (P = 0.0053), transferases (P = 0.0063), tran-
scription factors (P = 0.0086), and kinases (P = 0.084). Categories
overrepresented for damaging SNPs include receptors (P = 0.0013)
(especially G protein-coupled receptors, P = 10~7), extracellular
matrix glycoproteins (P = 0.009), cell adhesion molecules (P =
0.03), and cytoskeletal protein (P = 0.07); as well as biological
functions of genes including sensory perception (P = 10~'"), spe-
cifically olfaction (P=10"'7), G protein-mediated signaling
(P=0.00057), and cell adhesion-mediated signaling (P = 0.054).

Discussion

Benefits of 2BE for error correction and SNP discovery

For human sequencing it is advantageous to have a substitution
error rate that is substantially lower than the anticipated sub-
stitution polymorphism rate (10~%), such that any single read can
be trusted for homozygous SNP detection (Venter et al. 2001). In
absence of this level of accuracy one must build confidence based
on the overlap of aligned reads. Due to Poisson sampling limi-
tations of shotgun sequencing, this overlap usually requires at
minimum threefold more reads per allele (Lander and Waterman
1988), and thus there is distinct value in higher accuracy read
generation to maximize polymorphism detection per Gb of se-
quence generated.

The 2BE method introduced here provides in theory a 37.5-
fold gain in sensitivity for detecting real SNPs next to raw mea-
surement noise (see Supplemental material “Error Correction” for
details and further discussion). We evaluated the raw sequencing

error and the remaining error after 2BE correction for all of the runs
in this study, and we indeed observe a >99.9% average accuracy
(Supplemental Table S1). This gain in accuracy is reflected in the
ability to call SNPs and in particular heterozygotes at relatively
modest levels of average coverage (Figs. 3, 8).

One possible drawback to color space is that it requires two
mismatches per SNP in a given read length. As a result, a 50-bp read
with five SNPs is difficult to align to the human reference, as it
consumes 10 color mismatches. Unless the alignment tools treat
pairs of valid adjacent mismatches as a single mismatch, such
highly polymorphic sequences can exhibit a reference bias with
strict reference matching algorithms. Therefore, mate pairs are
preferred when aligning to polymorphic regions such as the major
histocompatibility complex (MHC) of the human genome, since
one read can act as an anchor and more relaxed or gapped align-
ments can be performed with the polymorphic tag. Alternatively,
four-frame dynamic programming alignment implemented in
tools such as SHRiIMP (Lee et al. 2008) can be utilized. A second
traversable concern is de novo assembly with color space, dis-
cussed in the Supplemental Information “Error Correction.”

On the sequencing of hundreds to thousands of human
genomes with short reads

Variation discovery is clearly coverage-dependent, asymptotic,
and, in the case of SNPs, very sensitive to read error rate. An
alternative for projects considering the sequencing of hundreds
of genomes where cost is still a driving factor is to sequence these
at a low sequence coverage (e.g., 4X-6X) at the expense of partial
genetic variation discovery. For structural variation discovery by
discordant mate-paired clones, the relevant parameter is clearly
clone coverage, which is easier to achieve with larger inserts at
equivalent sequencing cost. We have demonstrated the number of
homozygous and heterozygous SNPs as well as intra- and inter-
read indels that are detected at a variety of coverage levels and how
these compare to what is detected with our full data set of ~18X
sequence coverage. We show that it is possible to physically phase
clusters of alleles interconnected by mate-paired reads, providing
a significant amount of information that should improve com-
plete haplotype resolution by statistical methods. This infor-
mation can be used as a guide when planning experiments to
understand how much of the genome will be accessible to each
type of variant given the average level of sequence coverage.

We believe these data support the recent priorities in building
a more comprehensive human reference sequence that better
captures these forms of variation, which whole-genome sequence
assemblers may have condensed or undersurveyed in regions
of the reference that were haploid-derived (BACs and PACs)
(Gresham and Kruglyak 2008). Algorithms can improve variant
detection substantially if they are informed of regions of common
CNVs or structural variations.

Comparison with other personal genomes

It is tempting to compare the individual African genome reported
here and the two previously reported genomes of European descent
in terms of the patterns of genetic variation. Our expectation is to
find more genetic variants in a heterozygous state in the African
versus European genomes (Li et al. 2008). However, there are several
factors that complicate this comparison. First, the levels of coverage
between these studies vary significantly, in part due to the cost, but
also due to length of the reads underlying sequencing technologies:
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500-1000 bp in Levy et al. [2007], 200 bp in Wheeler et al. [2008],
and 25-50 bp here. Clearly, shorter reads have more difficulty
spanning different types of repeats in the human genome and could
be more susceptible to chemistry biases due to local sequence
composition (e.g., GC content). Some of these limitations can be
overcome by deeper coverage (Levy et al. [2007] and Wheeler et al.
[2008] 7 X, Bentley et al. [2008] 30X, this study 18X), which at the
same time renders the comparison challenging. In addition, the
different sequencing platforms used in these studies have different
error patterns and rates (0.01% for Sanger [Shendure and Ji 2008],
3% for pyrosequencing [Quinlan and Marth 2007], 0.1% for SOLiD,
1%-2% for Illumina [Hillier et al. 2008]), error rates for all platforms
continue to improve, and these numbers represent an ephemeral
comparison, which together with the shotgun sampling statistics
and coverage biases results in different demands for calling SNPs
and genotypes.

Furthermore, the power to detect other types of genetic vari-
ation varies widely between studies due to the different sequencing
strategies used: In Venter, indels were detected by read overlap or
comparisons to the reference genome that restricted discovery to
the 1-100 bp range; in Wheeler, reads were aligned to the reference
genome and thus restricted discovery of indels to much shorter
than the read length; and in our case, we utilized read overlap with
the reference in addition to mate-paired mapping analysis to infer
larger inter-read indels, which is coverage-dependent and thus
gave us power on the 100- to 100,000-bp range. Therefore, differ-
ences between these studies are more likely reflective of the power
of the different methods involved rather than population of origin
differences and simply reflect the ranges of unexplored variation
by former studies.

On the signatures of natural selection and demography
in a single genome

A question of considerable interest that could be addressed with
data from individual genomes is the number of deleterious muta-
tions per human genome. Based on population genetic theory, it
has been suggested in the past that the number of lethal mutations
per individual should be extraordinarily low (Morton et al. 1956).
Lohmueller et al. (2008) recently addressed this question based on
a sequencing survey of the exons of over 20,000 genes in 20 Eu-
ropean and 19 African-American individuals. Their results suggest
that the number of potentially damaging mutations per individual
(as predicted by PolyPhen) is much higher than expected, on the
order of several hundreds, and that the population of European
descent has more probably damaging mutations than that of Af-
rican descent, presumably due to the population bottleneck suf-
fered by the former. Our results are consistent with these findings.

We demonstrate that in the genome of this Yoruba individual,
over 50 mutations previously implicated with disease, as well as
over 1500 putatively deleterious mutations (as predicted by Poly-
Phen) and 2000 possible gene disruptions events (300 in
genes previously implicated with disease) are present. Potentially
damaging SNPs are underrepresented in exons of genes with
molecular functions that are essential for cell survival, but are
overrepresented in exons of genes undergoing rapid evolution in
human populations. Many of these biological functions, most
notably olfaction and immunity, have previously been demon-
strated to be overrepresented among gene variants that differ in
frequency among human populations, suggesting at minimum
a relaxation of purifying selection and perhaps directional selec-
tion and/or an increase in mutation rate. Our observation that

both SNPs and indels tend to reside outside of exons, and that both
disease susceptibility alleles and putatively deleterious mutations
are present in a homozygous state less than expected, is consistent
with the operation of purifying selection.

Conclusions

With the rapid improvements in next-generation sequencing, at
the time of this writing, the data for this study could be generated
in just one to two 30- to 50-Gb runs from a SOLiD instrument at an
estimated reagent cost of under $30,000. The time to analyze such
large data sets is not keeping pace with these increases in data
generation, and we anticipate much pioneering work ahead on
whole-genome sequence analysis. We have placed many of the
provisional analysis tools as open source tools on the web and
encourage critique and improvement to this software (http://
solidsoftwaretools.com).

Previous studies have considered mostly SNPs as sources of
deleterious mutations; however, it is becoming clear that structural
variation can have functional implication in gene integrity and
function (Kidd et al. 2008). Here, we are able to complete the
landscape of potentially deleterious variation by considering in-
sertion and deletion events that damage genes and/or elicit po-
tential gene fusions. These results suggest that it is important to
consider structural variation in determining the potential disease
alleles in genome and population studies.

It seems that even in a single human genome, the signatures
of natural selection and human demography are ever present, and
that the exploration of personal genomes has significant potential
to be of importance in healthcare and personalized medicine. Our
studies provide guidance for future exploration of human genetic
variation with ultra-high-throughput short-read sequencing tech-
nologies such as SOLiD and confirm that accuracy is an important
factor that interplays with throughput in determining the cost-
effectiveness of the new sequencing methods in whole human
resequencing. As with the initial sequencing of the human ge-
nome, it appears that longer-range mate pairs continue to provide
structure and phasing information of significant value to un-
derstand personal genomes.

Methods

DNA sample

We sequenced the genome of the Yoruba sample NA18507,
obtained from the Coriell Institute. This sample has been pre-
viously consented for genomic research by the International
HapMap Project (Frazer et al. 2007).

Sequencing

We sequenced the genomic DNA of the sample using a combina-
tion of mate-paired libraries and fragment libraries with the Ap-
plied Biosystems SOLiD System analyzer according to the
manufacturers’ instructions. Two different methods for generating
mate-paired libraries were utilized: Typelll-generated libraries and
nick translation libraries.

Typelll libraries

Briefly, using the method described by Smith et al. (2006), we
generated mate-paired libraries with the Typelll restriction endo-
nuclease EcoP15I (Applied Biosystems SOLiD Library Preparation
Guide).
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Nick translation libraries

To generate paired 50-base tags, the EcoP151 cap adaptors were left
dephosphorylated so that circularization of the target DNA left
a nick on the 3’ ends of the internal adaptor. These nicks were
bidirectionally extended into the insert DNA using a timed nick
translation reaction. Tags were liberated with S1 nuclease, end
repaired with the Epicentre Endit kit, and varied in size from 50 to
75 bp per tag. All libraries were primer ligated with T4 DNA ligase
(Ambion) and utilized identical adaptors (P1 and P2, Applied
Biosystems SOLiD Library Oligos #4392456) for emulsion PCR
(Applied Biosystems Long Mate Pair Library Protocol).

Fragment libraries

Additionally, we generated sheared “fragment” libraries that were
sequenced as unidirectional reads. Briefly, fragment libraries were
generated by shearing genomic DNA to a 60- to 90-bp range using
various shearing methods (DNase I, Nebulization, and adaptive
focused acoustic bombardment with a Covaris S2) and end
repairing the DNA.

Emulsion PCR was performed according to Dressman et al.
(2003) with a few minor modifications (Supplement Emulsion
Methods). Since limited dilution of DNA is utilized to produce
clonal bead amplification, 70%-80% of the beads in any given
emulsion are unamplified beads. An enrichment step is performed
to select for the templated beads and provide a higher number of
sequence-generating features per run. Enrichment of amplified
beads was performed as previously described (Shendure et al. 2005)
with a few modifications (supplement enrichment). Once emul-
sions are broken, the beads are enriched, end modified, and de-
posited on a microscope slide ready for SOLID sequencing
(supplement end modification and deposition).

Ligation sequencing is performed in five different frames of
sequencing. As a result, five different 5'-phosphorylated primers
that are each offset by one base with respect to each other are used.
The detection probes have a cleavable phosphorothiolate linkage
fixed between the fifth and sixth base such that sequencing with
one primer generates partial dinucleotide information in 5-base
increments. Primer 1 will survey dinucleotides 1,2 and 6,7 and
11,12 and so on to bases 46 and 47. Primer 2 will survey dinu-
cleotides 0,1 and 5,6 and 10,11...45,46. Primers 3, 4, and 5 will be
nested more than two bases into the known adaptor sequence and
thus do not require their first ligation cycle to be imaged (Sup-
plemental Fig. S1).

SOLID sequence alignment

The ABI SOLiD alignment tool mapreads, translates the reference
sequence to dibase encoding (color space), and aligns the reads in
color space. The program guarantees finding all alignments be-
tween a read and the reference sequence with up to M mismatches
(a user-specified parameter). It uses multiple spaced seeds (dis-
continuous word patterns) to achieve a rapid running time
(Z Zhang, AP Blanchard, HE Peckham, J Ni, FM De La Vega, A
Siddiqui, K] McKernan, and E Spier, in prep.). Reads that align in
only one location in the color space reference with up to the given
number of mismatches are referred to as uniquely aligned.

Representation of reads in terms of GC content

The percent GC content of the human genome is calculated for
each 250-bp window. The average coverage depths of the windows
are grouped by associated GC content and ranked within the
groups. The mean of each group defines a Poisson distribution,
and the tenth and 90th centiles are compared with those of actual
data.

SNP identification

Single nucleotide polymorphisms are initially identified using the
SOLiD Consensus Calling algorithm. SNPs are called by a consen-
sus of valid adjacent two-base encoded mismatches. The confi-
dence of each base call is determined by the type of call in color
space, the position in the read, and the 6-mer base space context in
which the base call occurs, and this confidence is used to weight
the contribution of each set of adjacent base calls to the consensus
call. The SNPs are further filtered to eliminate all variants with
coverage greater than three times the mean, variants amongst
three SNPs called in a 10-bp window, and variants within 15 bp of
an intra-read indel that we identify in this analysis.

We also present SNPs called with another SOLiD SNP de-
tection algorithm called diBayes. diBayes is a Bayesian algorithm
that includes color space error detection (FCL Hyland, S Tang,
O Sakarya, X Xing, and FM De La Vega, in prep.), an error model
that uses probe and positional errors as well as color quality values,
and the prior probability of population heterozygosity, in a frame-
work similar to that of PolyBayes (Marth et al. 1999).

SNP validation

To confirm our findings, we randomly selected 333 of our novel
autosomal SNP calls (those not found in dbSNP 129) for validation
using the SNPlex Genotyping System (Tobler et al. 2005). There
were 34 assay failures, which left a total of 299 successful assays
in eight multiplex pools. The genotyping was performed as de-
scribed (Tobler et al. 2005) on a panel of 46 Coriell DNA samples
(22 African-American and 24 Caucasian samples) to populate ge-
notype clusters and the Yoruban DNA sample NA10859.

Identification of small insertions and deletions under
the sequencing tag

Indels can be detected within the actual sequencing reads (intra-
read indels) or by observing the expected clone sizes to stretch or
compress (inter-read indels). Intra-read indels have the benefit of
single-base resolution of the variation while inter-read indels are
less precise on the coordinate of the event. We surveyed indels
with one end anchored (OEA) mate pairs (Kidd et al. 2008) in order
to increase the accuracy since the search range for the unanchored
tag is drastically reduced compared with searching the entire hu-
man genome.

Small insertions (up to 3 bp) and deletions (up to 11 bp)

Using mate-paired libraries, we realign our OEA pairs using the
anchored pair as a seed and perform a more aggressive alignment
with the other tag in a several-kilobase window (depending on the
insert size of the library) from the anchored mate. Using the un-
anchored tag we align both ends of the read until the maximum
number of two mismatches for 2 X 25-mers or five mismatches for
2 X 50-mers occur. Disallowing for indels one or two bases of either
end of the read (not including the first base of the read), we identify
if we are able to piece together both ends only allowing for a single
gap of up to 3 bp inserted (present in read but not in reference) or
up to 11 bp deleted. Furthermore, we identify a gapped alignment
if the above joining can be done with the fewest (up to a maximum
of two for 2 X 25 and five for 2 X 50) number of mismatches and
identify the location of it by where this joining occurs. The algo-
rithm considers only unanchored tags in which only this gapped
alignment can be found and condenses two or more non-
redundant alignments allowing up to four candidates to be within
five bases and unlimited candidates within two bases of another. It
also requires that three-quarters of the supporting reads have
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a consistent indel size and that, for cases with only two supporting
nonredundant reads, the indels are on average greater than 9.1
bases from the end of the read. Ambiguity of this location is
common but is reduced by checking the color space compatibility
of the sequences that the gap traverses.

We use fragment libraries to provide additional evidence to
identify indel candidates. We use the same algorithm with the
fragment data, except that in this case the first and last 20 bases of
the read are matched against the genome allowing for one mis-
match and the window locations are 40 bases upstream to 80 bases
downstream from the match location. Only fragment reads that do
not align ungapped and align uniquely to the genome with a gap
are considered for indel detection. Using the gapped alignment
procedure described above with OEA pairs, we find gapped align-
ments by disallowing evidences that are within nine bases for
insertions and 12 bases for deletions of the ends of the reads and
allowing a maximum of three mismatches in the read.

Medium insertions (up to 19 bp) and deletions (up to 500 bp)

We are able to take advantage of the longer reads in the 2 X 50 mate
pairs to search for intra-read insertions up to 19 bp and deletions up
to 500 bp. With these longer tag lengths, we disallow evidences that
have gapped deletions within 19 bases of either end of the read and
align both ends of the read until the maximum number of five
mismatches occurs. For gapped insertions, we disallow 13 bases, but
allow up to five mismatches for sizes four to 14, and three mis-
matches for sizes 15-19. For medium insertions, we condense these
results to call candidates in the same manner as small indels. For
medium deletions, however, we do not require that the indel size is
the same in three-quarters of the supporting molecules.

Large structural variation inference

To search for larger insertions or deletions (inter-read indels) from
100 bp to 100 kb we evaluate the average pairing distance across
the genome and look for pairs that significantly deviate from the
expected insert size (Tuzun et al. 2005). We harness the power of
high clone coverage to enable us to detect smaller indels (<1 kb)
with a high level of statistical significance that have been pre-
viously undetectable with mate-paired distances. A look-up table is
created in which the amount that the clones must be deviated to
achieve one standard deviation of significance is the standard error
at each level of clone coverage. SE = SD/ /i, in which SD is the
standard deviation of all of the normal clones in the library and n is
the number of clones. This produces an asymptotic curve in which
the minimum size of detectable indels at a given level of signifi-
cance drops rapidly as the clone coverage increases. We use the
look-up table to determine the significance of the deviation in
average insert size at each position in the genome. Regions of the
genome that are significantly deviated are selected as candidate
indels, and hierarchical clustering is used to segregate the clones
into groups in which the difference in the sizes of all clones in
a group is less than the range of normal insert sizes of the given
libraries. All clusters with less than two clones are removed and the
candidates are assessed to determine if there is a homozygous or
heterozygous population of deviated insert sizes. Any candidate
indels with more than two populations with at least two clones in
each are removed from consideration. All clones deviated by =100
kb are discarded.

Clones from various libraries with various insert sizes con-
tribute to a single indel call by combining the probabilities asso-
ciated with the clones from each library (supplement inter-read
insertions and deletions). We limited the study of these structural
variations to the longer tag mate-paired libraries. The clones used
to detect the large indels are limited to those in which both tags

place uniquely against the reference sequence allowing up to five
mismatches per 50-bp tag and in which the number of mismatches
in both tags sum to five or less.

Inversions

An inversion is defined by its two breakpoints. The number of mate
pairs with one flipped end supporting the occurrence of the
starting or ending inversion breakpoint is counted for each base
pair. The genomic ranges corresponding to local peaks of these
counts, if above a score threshold, are called as candidate break-
point ranges. To define an inversion, its starting and ending
breakpoints are paired up only if they are the reciprocal nearest
neighbor of each other in the correct order. The score for such an
inversion is the harmonic mean of its two breakpoints. Finally,
each breakpoint range is scanned for coverage of normal mate pairs
to identify a sub-range with the lowest normal mate-paired cov-
erage as the most probable location of a breakpoint and to differ-
entiate homozygous inversions from heterozygous ones.

Copy number variations

Copy number variations are analyzed using a hidden Markov
model on variable-length windows. The mappability of the ge-
nome is calculated for a given tag length and number of mis-
matches by matching a uniformly fragmented genome to itself.
Subsequently, the per-base count of sequence coverage is summed
by sliding windows (the sizes of which are varied to keep the sum of
the corresponding mappable coverage constant). GC normaliza-
tion is calculated using the empirical distribution of coverage as
a function of GC content, normalizing observed coverage to adjust
for GC content. A hidden Markov model is used for segmentation,
and a final set of filters is used to remove CNVs at segments with
low mappability or small size.

SNP annotation analysis

Amino acid variants, found in the allele variant list in each OMIM
entry, were transferred onto the reference genome using a battery
of computational methods described elsewhere (DK Hendrix, F
Salas, AR MacBride, and MG Reese, in prep.). In short, OMIM
alleles were aligned to a translated genomic sequence, reverse-
translated and transcribed, and each mutation was located as
a single base change in the genomic sequence using Golden Path
coordinates (Kent et al. 2002), creating a whole-genome map of
OMIM in genomic coordinates. The results of this pipeline are
9239 variants of amino acid and terminator mutations within
OMIM that we can position uniquely and with confidence onto
the genomic sequence.

PolyPhen is a tool to predict the possible impact of an amino
acid substitution on the structure and function of a human protein,
using sequence, phylogenetic, and structural information charac-
terizing the substitution (Ramensky et al. 2002). PolyPhen mapped
dbSNP SNPs to the protein identifier from the SWALL database
(SWISS-PROT). We compared the nonsynonymous SNPs we detected
against the predicted impact of 76,434 nonsynonymous SNPs in
dbSNP build 126. We found 2892 nonsynonymous SNPs in this
Yoruba sample that have a PolyPhen annotation.

Prediction and validation of gene fusions

The gene fusion prediction was performed as described in Bashir
et al. (2008) using mate-paired reads that match the human ge-
nome with zero mismatches and in only one location. The mate-
paired data used in this analysis consist of all of the 2 X 25 data sets
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(see Supplemental Table S1) as well as a small sample of 2X 50
mate-paired data that are available at the NCBI Short Read Archive
via the accession no. SRA000272 under the slide name Florence_
20080201_1. The constraints imposed by multiple, spanning reads
were used to reduce uncertainty in breakpoint location, and the
probability of any particular breakpoint was evaluated by addi-
tionally considering the insert size distribution of each mapped
read. Six of the predicted breakpoints (four of which resulted from
inversions, one from a deletion, and one from an undefined rear-
rangement) have a breakpoint probability equal to one and are
supported by at least three pairs of reads. Five of these breakpoints
(the four inversions and one deletion) were selected for further
validation.

The regions predicted to contain the fusion genes were PCR-
amplified from genomic DNA and then sequenced by conven-
tional Sanger sequencing (Agencourt Bioscience) (supplement
Sanger confirmation of gene fusions). Assembly of these sequences
and alignment to the human genome (hg18) either identified the
precise fusion point, or, in cases of high sequence homology be-
tween the fused genes, localized the breakpoint to within 100 bp.
We Sanger sequenced both fused and reference alleles to validate
possible heterozygous rearrangements. Four of the five predicted
gene fusions have been confirmed by Sanger sequencing.

All analysis algorithms are freely available in open source
format at http://solidsoftwaretools.com. The variants identified
in this study are available at http://solidsoftwaretools.com/gt/
project/yoruban.
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