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Many of the common insertions show striking differences in allele frequency among 
populations, a pattern suggestive of either selection or genetic drift since the migration of 
humans out of Africa (Fig. 2, Supplementary Table 8, Supplementary Table 9). We 
observe that the average insertion allele frequency for the variable loci was significantly 
greater in African populations when compared to European or Asians (YRI versus CEU p
= 0.0003 and YRI versus ASN p = 0.005, 1 sided t-test). The 3.9-kb novel insertion 
within the first intron of the LCT gene is illustrative. Our initial survey suggests that this 
insertion sequence is prevalent among the Yoruba (86%) and Asian samples (63%) but is 
present at a much lower frequency among CEPH Europeans (11%). These findings raise 
the possibility that the additional sequence within this haplotype may play a role in 
regulating expression of this gene. The complete sequence of this insertion sequence 
(AC20193) now allows this hypothesis to be directly tested.

An important question going forward is how well de novo assembly methods using next-
generation sequence data compare to the clone-based approach we have described here. 
We had the opportunity to compare an Illumina SOAP de novo assembly 7 against the 
clone-based discovery on the same individual genome (Supplementary Note). We found 
that many of the larger novel contigs were only partially represented (50-60%) in a 30X 
de novo assembly, and in more than a third of studied cases novel contigs were 
fragmented—mapping to two or more scaffolds instead of being placed in the same 
region. In many cases, the fragmentation corresponded to common repeats disrupting the 
contiguity of the novel sequence. In regions largely devoid of retrotransposons, de novo
sequence assemblies using NGS datasets perform quite well. These results highlight both 
the limitation of de novo sequence assembly using NGS and the value of high-quality 
clone-based data to resolve and integrate these sequences into the reference genome. 
Nevertheless, there are advantages to de novo assembly. The de novo sequence assembly 
identifies 2-3 times more novel sequence per genome when compared to our results from 
0.3X sequence coverage per genome, suggesting that the methods are complementary. 
Surprisingly, only 2.9% of our singletons from NA18507 (average size ~790 bp) were 
identified in the de novo assembly. Since these smaller insertions require more 
characterization, the significance of this discrepancy is unclear.

The major benefit of our approach is the ability to directly obtain high-quality sequence 
for the insertion loci by complete sequencing of corresponding clone inserts at a quality 
commensurate with that of the human reference genome. While no complete missing 
genes were discovered, we did identify 477 elements that have been conserved over 
evolutionary time, six of which appear to correspond to exons from RefSeq genes as well 
as 26 loci having support from multiple mRNA-seq reads. Moreover, we demonstrate that 
these high-quality sequences can be utilized to accurately genotype these regions using 
next-generation sequence sets produced from the 1000 Genomes and other projects. The 
complete sequence of these and other loci will facilitate their functional characterization 
as they can now be incorporated into future genotyping platforms, expression 
microarrays, and ultimately future genome assemblies to provide a more accurate 
representation of the organization and genetic variation of the human genome.

Online Methods
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Unmapped fosmid end sequences were identified from nine individuals as previously 
described 11. Sequence contigs were assembled using phrap (http://phrap.org) and have
been deposited to GenBank under accessions GU266782 - GU269144. Two custom 
Agilent oligonucleotide arrays were designed to target these sequences, and a series of 
hybridizations were performed using genomic DNA from sample NA15510 as a 
reference. Artifactual and low-signal probes were removed based on an analysis of single 
channel fluorescent intensity and the correlation of probe responses across experiments. 
Additional contigs having high-identity BLAST hits against sequences from non-primate 
species were also removed. Copy-number polymorphism was assessed through both 
direct comparisons of array intensity values and a modal clustering method that attempts 
to fit array intensity data to distinct integer copy-number states. ArrayCGH data has been 
deposited in GEO under accession GSE20634. Additional details of array design, probe 
quality analysis, and polymorphism calling are described in the Supplementary Note.

Orphan clones were identified from the G248 (NA15510) clone library. Restriction 
profiles using four enzymes were obtained and used to link individual clones into contigs 
using the Contig Builder program 12. 

Unmapped clone end sequences were determined relative to the build35 genome 
assembly, while completely sequenced clones were compared against the more recent 
build36 assembly (Supplementary Table 9). Two sequenced clones (AC234849 and 
AC226835) were tested and determined to be artifactual and were omitted from all 
analysis. Approximate breakpoint regions were identified using the program miropeats 27

and refined based on review of an alignment of sequences extracted from the 
corresponding breakpoint regions. 

mRNA-seq data reported by Wang et al. 19 was downloaded from the short-read archive 
and mapped against the sequenced novel insertion using mrsFAST 
(http://mrfast.sourceforge.net). Only reads that did not map against the build36 genome 
sequence were considered. Splicing was ignored, and all mapped positions with up to two 
mismatches were recorded. We identified all segments with a depth of three or more 
reads.

Conservation analysis was based on the Ensembl Compara 51 alignments of nine 
mammalian genomes (http://www.ensembl.org). Segments corresponding to the human 
insertions were found by BLAST and conserved elements were identified using GERP 
version 2.1 (http://mendel.stanford.edu/sidowlab/downloads/gerp/index.html). All 
conservation analysis was limited to the eight non-human genome sequences for which 
alignments were available.

Diagnostic k-mers were identified to genotype each variant by searching overlapping 36-
mers derived from sequenced breakpoints against a database of sequenced insertions and 
the build36 assembly. Only k-mers with a single hit (permitting one substitution) were 
retained. In order to be genotypeable, a variant must have at least one deletion k-mer and 
one insertion k-mer that met these criteria. Illumina sequence reads were then searched 
against this set of diagnostic k-mers (requiring a perfect match). A breakpoint search 



11

score was computed for each variant based on the number of reads that match k-mers 
derived from the insertion or deletion alleles.
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