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Abstract
The HapMap project along with next-generation sequencing technologies provides unprecedented opportunities to fully 
characterize whole-genome polymorphism events comprising many individuals across multiple populations.  Genetic 
variants such as single-nucleotide-polymorphisms (SNPs), small indels, large-scale indel events on the order of several 
kilobases, genomic rearrangements such as inversions and translocations, and even full-scale de novo sequencing can 
be characterized rapidly and at per-base cost orders of magnitude less than the original Human Genome Project.  We 
sequenced a Yoruba HapMap sample, NA18507, using mate-pair libraries (14.9x) with various insert sizes (600bp- 
3.5kb) as well as several fragment libraries (3x).  SNP detection was performed via a heuristic approach which 
considers the number of reads per allele as well as a weighted score for each base call.  We found 2.33M heterozygous 
SNPs and 1.53M homozygous SNPs with an overall dbSNP concordance of 81% (dbSNP v129).  We evaluated mate 
pairs which cover 6.18M distinct potential genotypes (our whole genome SNP calls and HapMap genotypes which 
include reference-allele homozygous loci) and we observed 4.03M potential genotypes covered by 6.77M pairs.  Nearly 
2/3 of the genotypes are covered by at least 1 mate pair 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 heterozygous.  We compared 
annotated heterozygous HapMap phases to these data and found they are in 98.95% agreement.  We also attempted 
to resolve phases for our 634,568 novel heterozygous SNP calls by interrogating mate pairs pairing to both a novel 
heterozygous and a HapMap phased heterozygous and found that 76,300 (8.32%) of the novel heterozygous SNPs 
paired to a HapMap-phased heterozygote.  For the 15,946 of these SNPs that have both alleles paired to a HapMap 
phased heterozygous, the two alleles are in opposite phase as expected 99.52% of the time. The average size of these 
haplotype blocks is 1.6Kb with blocks extending to as long as 215Kb using multiple mate pairs which overlap with 
multiple heterozygous loci.  We have demonstrated that SOLiD™ mate-pair data is highly amenable to resolving 
haplotype phases at single-base pair resolution.
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Figure 1: Each of the 16 dibase combinations is represented by one of 4 different-colored dyes which are in turn 
shared evenly between 4 dibase combinations.  By convention, these are represented as numbers (shown above) 
which comprise the alignments of individual tags as illustrated in Figure 5.  Because each base is interrogated twice by 
two different oligos, a single-base change leads to 2 color-space changes.  This means that once a tag is confidently 
aligned to a reference sequence, only 4 dibase combinations are valid: agreement with the reference and 3 adjacent 
color space changes.  These Color Space changes are referred to as Valid Adjacent changes and are indicative of a 
SNP (see Figure 2).  On the other hand, if any of the other 12 color-space changes are observed the reference 
alignment makes no sense and is likely a measurement error.  These are referred to as Invalid changes.

Sequencing Methods
Genomic DNA from a Yoruban sample (NA18507) was sheared using a Covaris sonicator and size selection was carried 
out using an HPLC separation.  Individual fractions were collected and used as the input for the mate pair library 
construction process.  Sequencing was carried out on the SOLiD™ Analyzer and the SOLiDTM Analysis Tools were used 
to carry out alignment of reads to the hg18 reference genome. This data was then investigated for SNPs, small indels 
and structural variations.

The ability to generate multiple sized mate pair libraries is valuable when analyzing structural variations.  Smaller 
libraries give the sensitivity needed to detect small insertions and deletions as well as the resolution needed to detect 
break points while larger libraries help to overcome the problem of placement of short reads on repetitive genomes and 
are able to detect larger insertions.  The library sizes used in this analysis along with the total number of mates and the 
physical and sequence coverage are shown in Table 1.

Phasing Genotypes with Mate-Pairs
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Table 1. Summary of library characteristics as determined by 9 slides used to phase SNPs and HapMap genotypes in this study.  Physical and mate-pair 
sequence coverage refer to uniquely placed mate pairs from non-redundant mate-pairs.

Run Name
F3 

Length
R3 

Length Total Mates Normal Mates
Non-Redundant 

Mates
Non-Redundant 
Normal Mates

Mean 
(bp)

SD 
(bp)

Physical 
Coverage

Sequence 
Coverage

CLARA_20071113_1B 25 25 60,258,321 58,066,249 55,879,955 53,773,024 600 58 11.3 0.9

CLARA_20071113_2 25 25 68,558,008 66,174,781 65,577,812 63,258,038 804 184 17.8 1.1

BARB_20071114_2 25 25 90,315,325 88,137,214 85,145,057 83,030,912 1179 221 34.2 1.5

BARB_20080227_1 25 25 43,398,571 41,926,574 42,003,280 40,545,532 1172 219 16.6 0.7

BARB_20071114_1 25 25 47,316,808 45,374,444 45,922,623 44,007,023 1711 316 26.3 0.8

BARB_20080227_2 25 25 49,651,422 47,682,928 47,586,896 45,652,663 1705 314 27.2 0.8

JOAN_20080104_1 25 25 29,437,015 27,532,389 27,674,878 25,836,127 2841 611 25.7 0.5

JOAN_20080121_1 25 25 35,383,021 33,232,157 19,073,090 17,441,508 3469 697 21.2 0.3

JOAN_20080911_2 50 50 91,593,257 85,686,441 84,446,677 78,927,377 1400 199 38.7 2.8

CLARA_20080903_1 50 50 56,526,612 53,131,241 50,602,554 47,491,975 1396 199 23.2 1.7

CLARA_20080903_2 50 50 69,855,721 65,876,052 65,274,976 61,493,318 1391 199 29.9 2.2

JOAN_20080829_1 50 50 60,800,490 56,998,028 55,209,704 51,697,777 1397 200 25.3 1.8

703,094,571 669,818,498 644,397,502 613,155,274 297.4x 14.9x

Phasing Inversions With Mate-Pairs

Figure 5. An inversion detected on chromosome 10.  The marked black line in the center of the figure represents a genomic region.  The mate pairs 
with incorrect tag orientation possibly caused by inversions are displayed above this line.  A red pair has a flipped tag on its right end and a green pair 
has a flipped tag on its left end. Only mate pairs with zero mismatches are displayed. The blue lines show evidence for an inversion start point and the 
orange lines for an inversion end point.  The thickness of these lines indicate the supporting counts for the break points.  The top blue and orange lines 
represent the combination of several libraries while the remaining lines represent individual libraries.

Detecting Inversions With Mate-Pairs

An inversion occurs when a segment of DNA is rotated by 180 degrees:

Figure 3: An example illustrating the principle of phasing genotypes with mate-paired reads. Multiple 
genotypes w/multiple mate-pairs can be phased to longer haplotype blocks.  If the genotypes are 
heterozygous, haplotype blocks can be inferred (see Figure 4).

Figure 2. (a) The number of homozygous and heterozygous SNPs identified by the SOLiDTM system in each autosome along with the percentage 
found in dbSNP. We identify over 3.8 million SNPs, 19% of which are novel (not in dbSNP129). (b) Dependence of genotype calling on depth of 
sequence coverage. The NA18507 genotypes called by SOLiD at all HapMap loci are compared with the HapMap genotypes by SOLiD coverage 
per genome position (average 183 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 genotype 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 ‘‘% Concordance’’) 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 homozogyous for 
one of the two alleles) or called as N (insufficient evidence to make a confident genotype call).  Mate-Pairs interrogating both novel SNP calls and 
HapMap genotypes for NA18507 were used to phase SNPs.
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Figure 4: Pairs of SOLiD-detected heterozygous SNPs phased with mate-paired data with these shorter blocks extended to the maximum possible 
length by considering additional mate pairs which intersect additional paired heterozygous SNPs.  The majority of these blocks are short (<100bp) 
because many heterozygous SNPs cluster together and can be bridged with individual reads.  There are also peaks which correspond to the library 
insert sizes which do not extend beyond one pair.  A small number of haplotype blocks go beyond the insert sizes, the longest being approximately 
215kb (chr4:190706852-190921448).

Figure 6. Mate-pair reads can be used to resolve the phase of heterozygous inversions by linking them with SNPs that are identified within the sequenced tags.  
A hypothetical example is shown here to illustrate this principle where one allele is in phase with the inversion and one is not.  In this study, 68 of the large 
(>400bp) inversions (75%) are detected as heterozygous.  55 (81%) of these are detected with mate-pair reads also containing SNPs.  49 (72%) of these are in 
phase with a heterozygous SNP.

SNP Detection
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