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Here we use whole-genome de novo assembly of second-

generation sequencing reads to map structural variation (SV) 

in an Asian genome and an African genome. Our approach 

identifies small- and intermediate-size homozygous variants 

(1–50 kb) including insertions, deletions, inversions and 

their precise breakpoints, and in contrast to other methods, 

can resolve complex rearrangements. In total, we identified 

277,243 SVs ranging in length from 1–23 kb. Validation 

using computational and experimental methods suggests 

that we achieve overall <6% false-positive rate and <10% 

false-negative rate in genomic regions that can be assembled, 

which outperforms other methods. Analysis of the SVs in the 

genomes of 106 individuals sequenced as part of the 1000 

Genomes Project suggests that SVs account for a greater 

fraction of the diversity between individuals than do single-

nucleotide polymorphisms (SNPs). These findings demonstrate 

that whole-genome de novo assembly is a feasible approach to 

deriving more comprehensive maps of genetic variation.

The completion of the International Human Genome Project1–3 

 expedited, and in some cases made possible, the identification of 

genetic variations for tracing evolution, determining population 

 patterns4,5 and assessing disease susceptibility6–9 as well as other 

phenotypic traits10. The International HapMap project11 and genome-

wide association studies (GWAS)12,13 have allowed extensive research 

based on characterization of single-nucleotide polymorphisms (SNPs). 

This was followed by work to identify and characterize structural  

variations, including insertions, deletions, inversions and other DNA 

sequence rearrangements. A large number of such variations have 

been discovered in the human genome putatively having equal or 

greater functional impact than SNPs14–23. These variations have been 

identified using either (i) optical signals from array-based technolo-

gies, (ii) aberrant read depth, (iii) gapped alignment of reads or so-

called split-read methods, (iv) deviation from mean library insert-size 

in paired-end mapping and (v) gapped alignment of contigs assembled 

from ‘semi-aligned’ paired-end reads (that is, one read is too different 

from the reference to be confidently aligned as the other side could be 

well aligned, which enables the read to be uniquely anchored).

Existing methods for calling structural variations from short 

sequencing reads are hampered by one or more of the following 

limitations: (i) the methods may favor a particular length range of 

structural variations; (ii) they may favor discovery of particular types 

of structural variations; (iii) they may be unable to resolve the exact 

structural variation genotypes and/or breakpoints at single nucleo-

tide resolution; and (iv) because of difficulties mapping reads to the 

genome, they may not be able to accurately identify complex rear-

rangements. Paired-end mapping, for example, can only predict 

insertion breakpoints within a few base pairs of the exact break-

point position24, and it can only detect insertions when the entire 

sequence is contained within the DNA fragment whose ends are 

being sequenced; thus, the maximum size of an insertion that can 

be detected by paired-end mapping is limited by the largest insert 

size present in a library. Split-read methods, on the other hand, can 

precisely define a breakpoint and genotype of an insertion, but only 

when it is shorter than the read length. Thus, studies carried out so 

far have been of limited completeness, accuracy and/or resolution.  

A recent pipeline has been developed to integrate methods for struc-

tural variation screening and applied local assembly to validate and 

recover the breakpoints25, which introduces the intriguing possibility 

of directly ascertaining structural variations with breakpoints from 

de novo assembly of the whole genome.

In theory, accurate and complete de novo assembly of human 

genomes should allow relatively more comprehensive mapping of 

structural variations26. Until now, the cost of conventional Sanger 

sequencing and the difficulty of assembling data from massively parallel  
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fragment sequencing data have restricted the practical use of this 

approach. However, the recent availability of large-scale genome 

assembly data from next-generation sequencing technologies, includ-

ing new assembly algorithms27–30, now allow researchers to develop 

more detailed structural variation maps for multiple de novo assem-

blies of human genomes at a lower cost.

Here we describe an approach that complements previous meth-

ods for reliable homozygous structural variation identification. Our 

approach accurately determines genotype and breakpoints rela-

tive to a reference genome based on de novo assembly of Illumina 

Genome Analyzer sequencing data. In this paper, we examined only 

homozygous structural variations because detecting heterozygous 

structural variations requires assembly of haplotype sequences, which 

is not yet possible using existing assemblers. Simulation and experi-

mental validation demonstrated that this method produced detailed 

structural variation maps and allowed comprehensive characteriza-

tion of structural variations in two human genomes. The two human 

structural variation maps were then used to study the genome-wide 

distribution and patterns of structural variation events in different 

categories. The results supported previous observations on character-

istics and potential biological impacts of structural variation events. 

Finally, we also profiled the occurrences of structural variations iden-

tified in the two genomes in a population of 106 individuals from 

the 1000 Genomes Project31 to infer structural variation frequency 

distributions in the human population. These analyses indicate that 

structural variations may in general be undergoing stronger negative 

selection compared with SNPs, and thus be more likely to be identi-

fied as unique to an individual than SNPs.

RESULTS

Structural variation detection in short-read whole-genome 

assemblies

To detect structural variations, we used LASTZ32, a replacement for 

BLASTZ33 that is optimized for aligning whole genomes, to align 

the de novo assemblies34 of an Asian (YH; scaffold N50, 446.3 kb; 

contig N50, 7.4 kb) and an African genome (NA18507, NCBI Short 

Read Archive accession number SRA000271; scaffold N50, 61.9 kb; 

contig N50, 5.9 kb) onto the NCBI human reference genome build 

36 (NCBI36, http://www.ncbi.nlm.nih.gov). We limited our analysis 

to structural variations <50 kb, as larger variations can be detected 

by traditional approaches including read depth and array-based tech-

nologies, and they are computationally very costly to find using our 

method because of limitations of the LASTZ alignment algorithm. 

To identify and remove errors in pair-wise alignments, we developed 

a dynamic programming algorithm that prefers syntenic alignment 

and ensures only one best alignment result for each locus in the refer-

ence genome. This algorithm is designed to eliminate the numerous 

errors that occur when doing genome-to-genome pair-wise align-

ment and to guarantee the co-linearization of the alignment (Online 

Methods). Then, we extracted gaps and segmental rearrangements 

in pair-wise alignments as candidate structural variation loci; these 

variations include genotype and breakpoint information (Fig. 1a and 

Supplementary Fig. 1).

We next developed filters to eliminate spurious structural varia-

tion calls (false positives). First, we computed read coverage at each 

structural variation locus by aligning the Illumina Genome Analyzer 

sequencing reads (GA reads) onto the NCBI36 and the two assem-

blies using the BWA tool35 with the gapped alignment option ena-

bled. Because of limitations of BWA35, we used different filtering 

approaches for candidate structural variation ≤50 bp (set 1) or >50 bp  

(set 2). For structural variations ≤50 bp, we identified false positives 

as those supported by fewer than four gapped aligned reads or if 

any reads were aligned inconsistently with the breakpoints and/or 

genotype predicted from mapping the assembly to the reference. For 

structural variations >50 bp, we reasoned that false positives could 

be identified by inconsistencies in paired-end and read-depth data 

near to the putative breakpoints. For reads aligned to the de novo 

assembly, the expectation is that an authentic structural variation 

would be covered by sufficient paired-end reads with proper span 

size and strand orientation, whereas spurious structural variations 

would be covered by abnormally mapped read pairs that could only 

be aligned as two independent single-end reads around the putative 

breakpoints. For reads aligned to the reference genome, the oppo-

site would be expected. In addition, the overall depth of paired-end 

mapping across a true insertion region on the assembly should be 

more consistent than for a false one, and a true deletion on the refer-

ence should have an overall lower depth than the average depth of 

the whole reference genome (Supplementary Fig. 2). Based on this 

logic, we devised a metric, the S/P ratio, to quantify the reliability of 

structural variation candidates >50 bp. The S/P ratio is computed by 

dividing the number of successfully aligned single-end reads by the 

number of aligned paired-end reads at a structural variation locus. 

We compute S/P ratios for each structural variation locus in both 

the de novo assembly and reference, and use Fisher’s exact test to 

determine whether there is a significant difference between the two.  

Spurious structural variations will have similar S/P ratios in the  

de novo assembly and the reference.

After filtering out false-positive structural variations called for the 

Asian and African genome assemblies, we identified 80,719 and 87,457 

insertions (ranging from 1–23,203 bp in length), 51,711 and 56,074 

deletions (1–7,916 bp in length), 26 and 23 inversions (10–21,052 bp 

in length) and 717 and 516 complex rearrangements (defined as intra- 

or interchromosome duplications and translocations, 100–5,683 bp 

in length) in the two genomes, respectively (Table 1 and Fig. 1b,c). 

Notably, our method identifies the precise breakpoints and genotypes 

of all these structural variations.

The distribution of the lengths of the structural variations are con-

sistent with previous findings19,20,36 in that longer variations were less 

abundant. The only exception was the small increase in the number of 

structural variations in the size range of 200–400 bp; this was due to 

the enrichment of Alu element insertions and deletions (Fig. 1d,e), as 

demonstrated in previous studies19. Our analysis showed that insertions 

and deletions have length distribution peaks in coding sequences at posi-

tions that are multiples of three owing to negative selection of frame-shift 

indels37 (Fig. 1f). This finding also indicated that our structural variation 

calls of small indels were sufficiently accurate to eliminate background 

noise caused by spurious indels when defining structural variation 

 patterns within different genomic features, such as coding regions.

We also examined complex rearrangement cases that are generally 

the result of an intricate combination of several insertions, deletions 

and/or inversions. As our structural variation calls were directly ascer-

tained from assembled sequences, we were able to resolve complex 

rearrangements. Supplementary Figure 3 shows an example of such 

a region with complex rearrangements that usually cannot be resolved 

by methods based on paired-end mapping, read depth or split reads.

Precision and sensitivity of structural variant calls

To assess the accuracy of our detection method, we simulated 

homozygous indels at random sites throughout chromosome 17 

of the HuRef assembly (http://huref.jcvi.org/). We first introduced 

16,490 indels ranging in length from 1 to 50 kbp, with adjustments 

made based on the distribution of sizes found previously in the two 
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genomes20, into chromosome 17 of the HuRef assembly. Then, we sim-

ulated Illumina reads using the modified sequence (Online Methods), 

and identified structural variations using our method. The assembled 

scaffolds covered the flanking regions of 12,516 (75.9%) simulated 

indels (detectable indels). The remaining simulated indels (24.1%) 

were in regions of the genome that could not be assembled. In total, 

we found 11,311 (90.4%) of the detectable indels using our method. 

Of these, our method accurately identified the exact breakpoints and 

genotype for 11,194 (98.8%), while calling only 137 false positives.

Based on these results, we estimate that the false-positive rate of 

our method is 1.2%, and the false-negative rate is 9.6% in assembled 

regions. False positives were largely attributable to assembly errors or 

the presence of large repetitive elements. For example, analysis of the 

flanking sequences of the false-positive indels using RepeatMasker38 

revealed that 61.9% of these contained highly repetitive elements. 

Compared with an approach based on paired-end mapping, such as 

BreakDancer, which ascertained 74% of simulated indels >20 bp and 

68% of simulated indels 10–20 bp long with a false-positive rate of 

~10%, our method demonstrates similar sensitivity but improved 

precision (1 – false-negative rate) (Table 2).

We next used the simulated indels to assess the bias of our method 

towards detecting structural variations of different lengths. For small 

(1–10 bp), medium (10–50 bp) and large (>50 bp) indels, 20.4%, 29.8% 

and 29.2%, respectively, were not located in assembled sequences, 

largely because they were located in repetitive regions (Fig. 2). Thus, 

these indels were missed because of the limitations of current de novo 
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Figure 1 Mapping structural variation using whole-genome de novo assembly. (a) Homozygous  

structural variations 1–50 kb in length were identified by gapped alignment of de novo assemblies  

with build 36 of the NCBI reference genome. False positives are identified by comparing the ratio of  

aligned single-end reads to paired-end reads (S/P ratio) for each structural variation locus in the  

assembly and the reference. SPR, S/P ratio; RD, read depth; SR, split read. (b,c) Circular maps  

showing the genomic distribution of different classes of structural variations for YH (b) and NA18507 (c).  

Chromosomes are shown color-coded in the outermost circle. The innermost circle shows green lines  

connecting the origin and the new location of identified intra- or interchromosomal duplications,  

and blue lines connecting copies of a fragment. Histograms represent the number of insertions  

(cyan) and deletion (red) in 5 Mb bins. (d) Overall distribution of the lengths of structural variations.  

(e) Distribution of structural variations between 100 bp and 1 kb in length. Peak at ~300 bp is due  

to the enrichment of Alu element insertions and deletions. (f) Distribution of structural variations between 1 bp and 15 bp in length in coding 

sequences. Peaks at multiples of 3 bp can be explained by the fact that they are under weaker negative selection than are frame-shift indels with length 

not evenly divided by three47.
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assembly methods in resolving highly repetitive elements39, rather 

than because of errors in the alignment, structural variation calling or 

filtering steps. In the assembled regions, medium-sized indels had a 

higher false-negative rate (19%) than small ones (6%), yet large indels 

were nearly all identified (false-negative rate <0.2%). The large indels 

had a false-positive rate of only 3%, which is approximately tenfold 

higher than the false-positive rates of other length ranges. In sum-

mary, our method enabled us to detect a more integrated spectrum of 

structural variation compared with previous approaches40, although 

some biases in the discovery of structural variations with different 

lengths were observed.

Next, we assessed the accuracy of our method when applied to experi-

mental data. We applied a number of different experimental approaches 

to generate high-accuracy sequences for validation purpose.

First, Sanger capillary sequencing was performed on 95 randomly 

selected structural variations from the YH genome that ranged 

from 1–50 bp (Supplementary Table 1). We consider validated  

structural variations to be those that had a sequence that exactly 

matched the detected structural variation sequence from the 

assembly. We were able to sequence 91 of the 95 structural varia-

tions and validate 88 (96.7%) of them.

Second, PCR sequencing was performed across the breakpoints of 

an additional 57 structural variations (40 insertions and 17 deletions) 

that were >2 kb. We successfully sequenced 29 of the insertions and all 

of the deletions. Of these, we validated 28 of the 29 insertions either 

at both breakpoints (14 of the insertions) or at one breakpoint (seven 

left breakpoints and seven right breakpoints), and 16 of 17 deletions 

were also confirmed to be correct.

Lastly, to check whether the 15 structural variations that we could 

not amplify by PCR (four indels that were <50 bp and 11 insertions 

>2 kb) were authentic or spurious, we sequenced a pooled fosmid 

library generated from YH genomic DNA using an Illumina GAIIx 

instrument. Each pool consisted of only 30 fosmids to avoid ambigui-

ties owing to segmented duplications in the assembly process. And 

each pool was sequenced independently to reduce the complexity of 

assembling the reads and problems caused by repetitive sequences41. 

Using the contigs assembled from fosmids, we validated 11 (73%) of 

the remaining 15 structural variations, which indicates that failure to 

amplify a variant by PCR is not necessarily indicative of a spurious 

structural variation call (Supplementary Table 2).

In summary, 143 structural variations out of 152 (94.1%) structural 

variations were validated by experimental methods, which supports 

the accuracy of our methods on experimental data.

Performance comparison with other methods

We next benchmarked our method by comparing our predictions of 

structural variants in the NA18507 genome to predictions made using 

the bioinformatics tools BreakDancer20, which uses paired-end read 

mapping, and pIndel42, which is tailored to identify small insertions 

and deletions. Of the structural variations that we identified, 60.2% and 

Table 1 Summary of structural variations in YH and NA18507

No. of confident  

SVs

Min. length  

(bp)

Max. length  

(bp)

Insertion 87,457 1 22,617

NA18507 Deletion 56,074 1 7,916

Inversion 23 53 13,149

Complex 516 101 2,260

Insertion 80,719 1 23,203

YH Deletion 51,711 1 6,160

Inversion 26 57 2,785

Complex 717 100 5,683

We aligned the assembly of YH (Asian) and NA18507 (African) genome sequences 

against the NCBI human reference genome build 36 and refined the alignments to 

guarantee the accuracy and co-linearization of the results. Structural variations (SVs) 

were extracted from refined alignments. Confident SVs were those SVs that passed our 

filtering threshold as described in Online Methods.

Table 2 Comparison between features of structural variation detection tools and benchmarking evaluations on structural variation calls 

between de novo assembly-based method, BreakDancer and pIndel

SV detection tools

De novo assembly BreakDancer pIndel

Main detectable length rangea 1 bp–50 kbp >10 bp 1–10 kbp (deletions),  

1–16 bp (insertions)

 Detectable SV types

  Insertions Yes Yes Yes

  Deletions Yes Yes No

  Inversions Yes Yes No

  Complex Yes Yes No

Precision of breakpoints Single base A short ambiguous range Single base

Genotypes of SV events Yes No Yes

 Simulated data

  False-positive rate 1.20% 9.1–10.3% <2%

  False-negative rate 9.60%
26–32% ~20%

  Inaccessible missing rateb 24.10%

 Experimental validation

  False-positive rate 5.60% 11–22% Not evaluated

 NA18507 genome

  No. of calls overlappingc with those in  

  previous studies17,19/no. of total SV calls

Insertions 52,739/87,457 (60.2%) 5,336/19,305 (27.6%) 124,559/142,908 (87.2%)

Deletions 42,222/56,074 (75.3%) 4,970/27,092 (18.3%) 133,974/146,843 (91.7%)

 YH genome

  No. of calls overlappingc with assembly- 

  based calls/no. of total SV calls

Insertions 80,719 28,935/434,984 (6.7%) 21/1,030 (2.0%)

Deletions 51,711 2,130/177,282 (1.2%) 15/356 (4.2%)

Complex & Inversion 743 0/247 0/0

Except for structural variation (SV) calls for the YH genome, metrics for BreakDancer and pIndel were reported in their original publications.

aBased on simulations reported in initial publication. bDefined as SVs in regions that could not be assembled (for Asm), with <2 anomalous mapped read pairs (for BreakDancer) or with <4 

gapped aligned reads (for pIndel). cMinimum 50% reciprocal overlap between SV calls.
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75.3% of the insertions and deletions, respectively, had been reported 

previously17,19 (Table 2). Among the indels identified in a previous 

study19 but missing in our call set, 64.1% overlap with highly repetitive 

sequences. BreakDancer identified fewer structural variations of which 

a smaller percentage agreed with the previous studies. This is likely 

because BreakDancer excludes indels <10 bp in length owing to limita-

tions of the algorithm, yet most indels are <10 bp. pIndel42 identified 

more indels than our method, a greater percentage of which agreed with 

previous findings. However, pIndel cannot identify large insertions, 

inversions and complex rearrangements. In contrast, our method iden-

tifies these types of variants, including balanced variants43.

We also compared the results of applying our method, BreakDancer20 

and pIndel42 to call structural variations in the YH genome (Table 2). 

For indels, most of the variants identified by our approach, of which 

only 5.6% are expected to be false positives, were not identified by 

BreakDancer or pIndel (Supplementary Notes and Supplementary 

Tables 3 and 4 for additional comparisons with other methods, includ-

ing array comparative genomic hybridization, assemblies obtained 

using Sanger-sequencing data and a hybrid strategy23 that incorpo-

rates the results of several approaches). These discrepancies between 

our method and BreakDancer and/or pIndel in the structural variation 

predictions could be attributed to the varied read lengths (30–75 bp) 

and library insert sizes44 used to sequence the YH genome. In summary, 

our approach provides an accurate method to determine structural vari-

ations of different lengths and types. The method is complementary to, 

and in some cases outperforms, existing methods.

Genome-wide sequence patterns of structural variations

Establishing an accurate and less-biased structural variation map allowed 

us to investigate genome-wide sequence patterns of structural variations. 

We first examined the distribution of structural variations in the YH 

and NA18507 genomes (Supplementary Fig. 4) and found that in both 

genomes heterochromatic regions (defined as centromeres and telomeres 

annotated by UCSC hg18) had a higher density of variations. By counting 

the numbers of shorter (≤10 bp) and longer structural variations  

(>10 bp) in 1 Mb sliding windows across both genomes, we identified  

386 and 330 regions, corresponding to 340 and 299 Mb of sequence, 

respectively, that had significantly different numbers of structural 

 variations (Fisher’s exact test, P < 0.01) between the two genomes.

We found 244 intra- and 26 interchromosome transpositions in the 

YH genome relative to the NCBI36 reference, and 217 intra- and 10 

interchromosome transpositions in the NA18507 genome. Notably, 

87.4% of the transposition units in the YH and 84.6% in the NA18507 

genome did not contain known transposable elements, such as SINEs 

(short interspersed transposable elements), LINEs (long interspersed 

transposable elements) or LTRs (long terminal repeats). This finding 

is consistent with previous observations that most known transposable  

elements cannot be assembled by short-read de novo assemblers; 

however, it does indicate that nontransposable element transposition 

could be a notable part of transposition events. We did not observe 

any significant consensus motifs in the nontransposable element 

transposition sequences. These types of transpositions may arise from 

duplication and recombination events45. Alternatively, transposons 

might have been involved but were then mobilized to other parts 

of the genome. Other than the structural variation peak due to Alu 

insertions or deletions (Fig. 1b), we did not observe any significant 

patterns, such as chromatin-associated periodicities, of insertions and 

deletions related to nucleosomes structures46.

We also analyzed the frequency of observing structural variations 

in protein-coding genes (http://www.uniprot.org/downloads) and Alu 

elements (Fig. 3). As expected, we found fewer structural variations 

in genes as compared with the whole genome, whereas transposons 

occurred at a higher rate. Of note, the structural variation rate was not 

evenly distributed across the different functional structures of genes 

(Fig. 3a). Untranslated regions (UTRs) showed a higher structural 
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variation rate than previously reported47, and the coding sequences 

had a lower structural variation rate than introns. Notably, Alu 

sequences had more structural variation events than their flanking 

intergenic regions, and had a spike at each end. This agrees with our 

expectation that Alu sequences undergo transposition more often as 

intact elements (Fig. 3b). In contrast to all the above genomic features, 

in the 531 annotated micro (mi)RNA regions (http://www.ncbi.nlm.

nih.gov) in the human reference genome NCBI36, we identified one 

structural variation in the YH and three structural variation events 

in the NA18507 genome. As the functions of miRNAs are sensitive to 

their length and motifs, these structural variations could have poten-

tial deleterious impacts. However, because of the small sample size, 

more individual genomes and more comprehensive miRNA databases 

are required to draw solid conclusions.

Annotation of structural variations

We considered the potential functional effects of structural variations. 

First, we checked for overlaps with repetitive sequences of different 

lengths (Supplementary Fig. 5). Structural variations of 200–400 bp 

showed the greatest overlap with repetitive sequences (86.5% and 

87.6%, respectively, for YH and NA18507), in concordance with pre-

vious findings37. Next, we annotated the protein coding genes that 

overlapped with structural variations as they may have substantial 

functional consequences owing to the potential dramatic effect of 

the variations on gene structure. We found 8,784 (NA18507) and 

8,642 (YH) genes in the two genomes contain structural variations 

in their gene body. Of these genes, 233 (NA18507) and 281 (YH) had 

structural variation in the exon sequences (Supplementary Fig. 6). To 

evaluate the potentially deleterious consequences of structural vari-

ations in genes, we checked the conservation level (dN/dS ratio in a 

comparison of the human and mouse genomes) of these structural 

variation–containing genes (Fig. 4a). As expected, more conserved 

genes showed fewer structural variation events. However, there were 

42 and 59 strongly conserved genes (dN/dS ≤ 0.1) that contained 

structural variations in the YH and NA18507 genomes, respectively. 

Gene ontology (GO) classifications of these genes showed they 

belong to ubiquitin, zinc ion binding and nucleus GO categories 

(Supplementary Table 5). Of further interest, many (47.8%) of the 

genes whose exons contained a structural variation that could be iden-

tified using our de novo assembly-based approach were missing in 

dbSNP v.130 (http://www.ncbi.nlm.nih.gov), indicating the usefulness 

of this method for gaining a more comprehensive view of structural 

variations in the human genome.

Population distribution of structural variations

Data released as part of the 1000 Genomes Project pilot study31 

provided us with an opportunity to assess the population profile of 

structural variations detected from the YH and NA18507 genomes. 

In total, 106 individuals were available for profiling, including 20 

Yoruba from Ibadan, Nigeria (YRI), 33 of European ancestry in Utah 

(CEU), 40 Han Chinese individuals in Beijing (CHB) and 13 Japanese 

individuals in Tokyo (JPT). A comparison of the frequency spectrum 

of these structural variations to the published 1000 Genomes SNP set 

showed an excess of low frequency structural variations31 (Fig. 4b). 

Similar excesses were observed when comparing nonsynonymous 

and synonymous substitutions48. This result suggests that structural 

variations are more specific to individuals than are SNPs in humans. 

Furthermore, structural variations in coding sequences showed a 

negative correlation between their potential deleterious effects (which 

are positively correlated with the length of structural variation) and 

the frequency among the three populations (Supplementary Fig. 7). 

These results indicate that structural variations tend to be under 

stronger negative selection than are SNPs.

DISCUSSION

We have demonstrated the feasibility and power of identifying 

structural variations in the human genome by gapped alignment of 

whole-genome shotgun de novo assemblies to a reference genome. We 

devised a metric, the S/P ratio, to reduce the false-positive rate. By 

solving complex rearrangements and defining breakpoints of struc-

tural variations, we were able to provide a relatively unbiased map for 

this more refractory type of genetic variation in two human genomes. 

This capability should facilitate the study of structural variations and 

their influence on genome evolution and biology. A large portion 

of the structural variations and patterns identified here, especially 

those that occur in genes, have not been detected in previous studies 

using the same genomes. This supports the need to assess and study 

 structural variations using a whole-genome assembly method.

Computational simulations and experimental validation suggest 

that our results are accurate and that de novo assembly can iden-

tify structural variations of a wider range of lengths in comparison 

with previous methods. The structural variation maps of the human 

genomes have enabled us to initially characterize the genomic pat-

terns of structural variations and their relationship with a variety of 

genomic features. Many of the observations, for example, genome-

wide distribution or canonical analyses of genes and transposons, 

agree with our prior expectation based on the potential functional 

impact of structural variations.

Our structural variation maps are still incomplete in several ways. 

First, we did not focus on heterozygous structural variations in this 

study because currently available whole-genome de novo assembly 

methods cannot reconstruct haplotypes. Notably, disease-causing 

structural variations are more likely to be heterozygous (e.g., somatic 

mutations in cancer samples). Algorithms capable of assembling 

diploid or even polyploid genomes would extend the applicability of 

our approach. Second, we were unable to identify variants in highly 

repetitive sequences, as shown in both simulated and real data, largely 

because these regions could not be assembled. At present, it is advisable 
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to apply a combination of different approaches to most comprehensively 

 identify structural variations. But we expect that our alignment and fil-

tering strategies for structural variation identification should be directly 

applicable to better assemblies that result from improved sequencing 

technologies and assembly algorithms, potentially proving to be the 

optimal method to determine structural variation.

Our observation suggests that structural variations are more spe-

cific to individuals than SNPs are. Thus, defining structural variations 

will be of considerable importance for future analyses of personal 

genomes, as structural variations may underlie phenotypic differ-

ences between individuals. Our results suggest that the design of 

future medical genomics studies and the realization of ‘personalized 

 medicine’ will require consideration of all the different kinds of 

genetic variations and their effects on disease and other phenotypes. 

The reduced bias of our approach and its ability to precisely resolve 

structural variation breakpoints, in comparison with mapping-based 

resequencing methods, highlight the need to assemble de novo many 

more human genomes in the future.

METHODS

Methods and any associated references are available in the online version 

of the paper at http://www.nature.com/naturebiotechnology.

Accession codes. DDBJ/EMBL/GenBank: ADDF000000000 (YH) and 

DAAB000000000 (NA18507). The versions described in this paper 

are the first versions, ADDF010000000 (YH) and DAAB010000000 

(NA18507). NCBI: sequencing reads of YH genome, NCBI Short Read 

Archive SRA009271. The assembled genomes and all of the associated 

analyses are freely available at http://yh.genomics.org.cn/.

Note: Supplementary information is available on the Nature Biotechnology website.
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ONLINE METHODS
Public data used. The NCBI human reference genome (NCBI36), RefSeq 

mRNA, dbSNP v.130 and protein sequences were downloaded from the 

NCBI database (http://www.ncbi.nlm.nih.gov). HuRef assembly were down-

loaded from http://huref.jcvi.org/. Protein sequences and annotations were 

downloaded from the UniProt database (http://www.uniprot.org/downloads). 

Read sequences of sample NA18507 were provided by Illumina, which  

is also publicly available in the NCBI Short Read Archive (accession  

number SRA000271).

Identification of structural variations. We pre-aligned all assembled scaf-

folds to NCBI36 by BLAT49 V. 30 with the –fastMap and -maxIntron = 50 

options enabled. Each hit indicates a possible alignment between a chromo-

some and scaffold; scaffolds that pre-aligned to identical chromosomes are 

grouped as scaffold sets. These sets were aligned to corresponding chromo-

somes by a modified version of LASTZ32 based on V1.01.50, with high-

 scoring segment pairs chaining option, ambiguous ‘N’ treatment and gap-free 

extension tolerance up to 50 kbp options enabled. Scaffolds with no hits in 

pre-alignment were aligned to the whole human reference genome with the 

same options. Inaccurately predicted gaps in assembly, misalignments and 

three types of complex alignment errors were corrected. With correct align-

ments, the best hit of every single location on chromosomes was chosen by 

the utility “axtBest”33 based on a dynamic-programming algorithm, with the 

same substitution matrix adopted in alignment. We then selected the hits 

contributing most to the co-linearity between a scaffold and a chromosome 

if two or more alignments overlap at the same locus in a chromosome. To 

guarantee this, each base pair in the reference should be used no more than 

once. These best alignment hits with gapped extensions include insertions 

(gap opened in reference since corresponding genotype exists in scaffold) and 

deletions (vice versa). Software source code for structural variant detection 

is available at (Supplementary Data Set 1, http://soap.genomics.org.cn or 

http://yh.genomics.org.cn/download.jsp, item 17).

Validation of structural variations. Identified structural variations are clas-

sified according to a combination of two approaches.

For structural variation events ≤50 bp. Gapped alignments of all available 

reads of YH and NA18507 to NCBI36 were performed by BWA using settings 

that prohibited any gaps >50 bp. Candidate loci were extracted with flank-

ing 150 bp sequences in NCBI36. In particular, genotypes of insertions were 

inserted into the extracted sequences first. Therefore, for an insertion to be 

validated, a candidate locus should be aligned without gaps opened, and for a 

deletion, gaps should be opened with length and the genotype in concordance 

with predictions. We required at least four reads to make us confident enough 

of a candidate locus.

For structural variation events >50 bp. The S/P ratio is defined as the 

ratio between normally aligned and single-end aligned reads of a single 

base in pair-wise alignment. Short insert-size paired-end reads of the YH 

and NA18507 genome were aligned to the NCBI human reference genome 

and their assembly, respectively, by SOAPaligner50. S/P ratios were extracted 

from the alignment results produced by SOAPcoverage (a utility of SOAP 

package, available at http://soap.genomics.org.cn). To evaluate the overall 

S/P ratio of each identified structural variation, we calculated the number of 

mapped paired-end reads that had the expected orientation and insert size 

(defined as paired-end reads) and those that had an unexpected orientation 

and insert size (defined as single-ended reads, but were originally from the 

paired-end library) in both 50-bp flanking regions of each structural varia-

tion. Then we calculated the P-value by performing Fisher’s exact test to test 

whether the S/P ratio of each structural variation and the S/P ratio of the 

whole genome are significantly different. Those structural variations with 

length over three times the s.d. (note that the s.d. may vary with difference 

sequencing library construction protocols) of the insert-size (about  

30 bp—ten-base-pair s.d. multiplied by three—for 200-bp insert-size library) 

are classified as validated when (i) the P-value < 0.05; and (ii) their depths are 

concordant with their type. A structural variation with a length under 3 times 

the s.d. of the insert size would be evaluated only by its depth. The average 

depths between two breakpoints of a deletion in reference or an insertion 

in assembly were also calculated. Deletions with average depth under a half 

of the average depth of the whole reference genome and insertions with 

 average depth over a half of the average depth of the whole assembly would 

be defined as S/P ratio validated.

Fosmid sequences were also used to validate our structural variation 

results (Fosmid sequences of YH genome available at http://yh.genomics.

org.cn). First, we aligned the Fosmid sequences to the genome we assembled 

using LASTZ, the results of which indicate the concordance between whole 

genome de novo assembly and local assembly. Local assembly would gain less 

interference from paralogous sequences, which dominantly produce mis-

assembly in whole genome de novo assembly. We then selected those Fosmids 

that had aligned regions overlapping with identified structural variations.  

A structural variation would be defined as validated if: (i) the Fosmid (includ-

ing the structural variation) was linearly aligned with the reference; (ii) the 

breakpoints of the structural variation defined by both Fosmid and whole-

genome assembly were concordant; and (iii) the 50-bp flanking sequences 

of the structural variation in the Fosmid were >90% identical to those in 

whole-genome assembly.

Simulation of structural variations. We simulated 5,000 homozygous indels 

ranging from 1 to 50 kbp at random loci (including regions with repetitive 

sequences) in HuRef assembly chromosome 17. We chose with equal probability 

between an insertion or deletion, and the length distribution of simulated indels 

was determined following observations reported in a previous study on NA18507 

(ref. 19). Each base in inserted sequences had an equal possibility to be one of 

the four bases. SNPs were also introduced at a frequency of 0.1%.

We then generated five sets (total 50× coverage) of simulated paired-end 

reads with read lengths of 35 bp. Mean insert sizes of the read pairs were taken 

from typical sets of real paired-end data from the Illumina Genome Analyzer, 

including (i) 210 bp, s.d. 10 bp (20×); (ii) 517 bp, s.d. 19 bp (10×); (iii) 2,522 bp,  

s.d. 201 bp (10×); (iv) 6,036 bp, s.d. 230 bp (5×); and (v) 9,588 bp, s.d.  

636 bp (5×). For all reads, we took sets of base quality values from a previous 

study on NA18507 (ref. 19) and introduced random substitution errors into 

the simulated reads at the rate of assigned base quality values.

Simulated reads are then assembled and analyzed by our approach. False 

positives are defined as those structural variation events identified and vali-

dated in the final structural variation set but not in the list of simulated struc-

tural variations. False negatives are defined as those simulated events we could 

not identify or validate in the final structural variation set. False-negative cases 

were extracted with 50-bp flanking sequences and masked by RepeatMasker 

with parameter “-s” enabled. Those cases with over half of the bases masked 

by RepeatMasker are defined as “contained repetitive elements.”

Population profiling of structural variations. Raw reads were downloaded 

from the 1000 genomes project (ftp://ftp.1000genomes.ebi.ac.uk and ftp://ftp-

trace.ncbi.nih.gov/1000genomes/), which then were aligned to the NCBI36 and 

the YH and NA18507 assembled scaffolds. To be defined as an structural vari-

ation in an insertion sequence, we required that at least one read was aligned 

across the breakpoints of a particular structural variation at the scaffold and 

that the inserted sequence gained coverage >80%. To be defined as an structural 

variation in a deletion sequence, we required that at least one read was observed 

across the breakpoint of structural variation at the scaffold and that the deleted 

sequences in NCBI36 were aligned with coverage <20%.

Comparative genomic hybridization (CGH) array experiments and analysis.  

We assayed the YH sample using Agilent Technologies standard 244K CGH 

arrays, using both a local anonymous female sample and a pooled human 

DNA reference from Promega (http://www.promega.com/country.aspx?retu

rnurl=http%3A%2F%2Fwww.promega.com%2Fproducts%2Fbiochemicals-

and-labware%2Fnucleic-acids%2Fgenomic-dna%2F). A total of three array 

CGH experiments were carried out:

1. YH sample versus anonymous reference.

2. YH sample versus female Promega sample.

3. Anonymous reference versus female Promega sample.

By comparing the aberration lists generated from the three experiments by 

Agilent CGH array software “DNA analytics,” we determined which copy 

number variations (CNV) were likely to be in the YH sample (as opposed to 
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being in one or the other of the reference samples). This gave a list of 144 CNVs, 

consisting of 42 multi-probe and 102 single-probe aberrations (Supplementary 

Data Set 2, Supplementary Notes and Supplementary Fig. 8).

49. Kent, W.J. BLAT–the BLAST-like alignment tool. Genome Res. 12, 656–664 (2002).

50. Li, R. et al. SOAP2: an improved ultrafast tool for short read alignment. 

Bioinformatics 25, 1966–1967 (2009).
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