
 10.1101/gr.114777.110Access the most recent version at doi:
2011 21: 985-990 originally published online October 27, 2010Genome Res. 

  
Adam D. Ewing and Haig H. Kazazian, Jr.
  
insertion alleles in humans
Whole-genome resequencing allows detection of many rare LINE-1

  
References

  
 http://genome.cshlp.org/content/21/6/985.full.html#ref-list-1

This article cites 33 articles, 11 of which can be accessed free at:

  
License

Service
Email Alerting

  
 click here.top right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the

 https://genome.cshlp.org/subscriptions
go to: Genome Research To subscribe to 

Copyright © 2011 by Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on June 21, 2026 . Published by genome.cshlp.orgDownloaded from  Cold Spring Harbor Laboratory Press on June 21, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/doi/10.1101/gr.114777.110
http://genome.cshlp.org/content/21/6/985.full.html#ref-list-1
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.114777.110&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.114777.110.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxlscreen-genres-2301-468x68
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com


Resource

Whole-genome resequencing allows detection of many
rare LINE-1 insertion alleles in humans
Adam D. Ewing1,2 and Haig H. Kazazian, Jr.1,3

1The McKusick-Nathans Institute for Genetic Medicine, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205,

USA; 2Genomics and Computational Biology Graduate Group, University of Pennsylvania School of Medicine, Philadelphia,

Pennsylvania 19104, USA

High-throughput sequencing has recently begun to revolutionize the study of structural variants in the genomes of humans
and other species. More recently, this technology and others have been applied to the study of human retrotransposon
insertion polymorphisms (RIPs), yielding an unprecedented catalog of common and rare variants due to insertional mu-
tagenesis. At the same time, the 1000 Genomes Project has released an enormous amount of whole-genome sequence data.
In this article, we present evidence for 1016 L1 insertions across all studies to date that are not represented in the reference
human genome assembly, many of which appear to be specific to populations or groups of populations, particularly Africans.
Additionally, a cross-comparison of several studies shows that, on average, 27% of surveyed nonreference insertions
is present in only one study, indicating the low frequency of many RIPs.

[Supplemental material is available for this article.]

Retrotransposable elements have been described as the drivers of

genome evolution (Kazazian 2004; Cordaux and Batzer 2009) due

to their impressive ability to insert, delete, and rearrange genomic

material through their copy-and-paste mechanism of propagation.

Along with this ability comes the potential for deleterious mutation

in the human genome, as observed in a small, but ever-increasing,

number of cases, presently about 70 (Belancio et al. 2008). The ma-

jority of these insertion events are neutral mutations either passed

from generation to generation when they occur in the parental

germ cells or occupying some fraction of genomes in somatic tissue.

In this article, we focus on the only autonomous active ret-

rotransposon in humans, the LINE-1 (L1) element. The vast ma-

jority of L1 sequences, occupying ;17% of the human genome

reference sequence (Lander et al. 2001), are inactive genomic fos-

sils useful for studies of human evolution (Vincent et al. 2003). In

humans, there is one active family of L1 elements (Skowronski

et al. 1988) referred to here as L1Hs. It has been estimated from

study of the reference genome that the average diploid genome

contains 80–100 active L1s, of which only a small number are

highly active or ‘‘hot’’ (Sassaman et al. 1997; Brouha et al. 2003).

Recently, Beck et al. (2010) analyzed six additional genomes and

found 37 more ‘‘hot’’ L1s not present in the reference genome.

Thus, the number of highly active L1s in the human population

may be quite large. Because active elements are still contributing

copies of themselves to locations throughout the genome, in-

dividual humans differ considerably with respect to presence or

absence of various L1 insertions (Xing et al. 2009; Beck et al. 2010;

Ewing and Kazazian 2010; Huang et al. 2010; Iskow et al. 2010).

These variants are known as retrotransposon insertion polymor-

phisms (RIPs). Some RIPs are present in the human reference ge-

nome assembly, but the vast majority is not likely to be shared with

this reference. These are termed nonreference RIPs.

Whole-genome sequences have also proved useful in locating

RIPs in both human (Bennett et al. 2004; Konkel et al. 2007; Xing

et al. 2009; Hormozdiari et al. 2010) and mouse (Akagi et al. 2008;

Quinlan et al. 2010) genomes. The challenges of dealing with next-

generation sequence data necessitate the development of new al-

gorithms to detect RIPs, and there are now a few examples of ap-

plications that are suited for this task (Hormozdiari et al. 2010;

Quinlan et al. 2010). A number of human genomes have been se-

quenced using these next-generation technologies, yielding in-

sights into human variation and the genetic basis of human dis-

ease (Lupski et al. 2010). The 1000 Genomes Project (The 1000

Genomes Project Consortium 2010) aims to capture human geno-

mic variation on an unprecedented scale through whole-genome

sequencing. Much of the data from the 1000 Genomes Project con-

sist of individual genomes sequenced to 23–43 coverage depth,

with six individuals currently sequenced much more deeply. Here,

we present an analysis of L1 insertions present in these genomes

that are not represented in the reference genome assembly.

Results

Mining whole-genome paired-end sequence data for L1 RIPs

Using the approach outlined in Figure 3 (see below), we identified

953 putative nonreference L1 insertion sites from a collection of

Illumina short-insert paired-end sequence data encompassing 310

individuals. The vast majority of these individuals were sequenced

to 23–43 coverage, a depth generally insufficient to call L1 in-

sertion variants. Therefore, most of the insertions detected are

likely to be somewhat more common in terms of allele frequency,

as reads are pooled across all 310 individuals prior to detection of

L1 insertions. By considering reads from all individuals at once, we

can detect insertions with greater confidence than if we handled

low-coverage resequencing data sets one-by-one. Insertions de-

tected by this strategy are more likely to appear in a number of

genomes for a sufficient number of read pairs to indicate their

presence. In order to estimate the underdetection of L1 insertions

due to low sequence coverage, we considered elements present in

the reference genome and compared this to our previous study

(Ewing and Kazazian 2010). In total, 717 distinct elements are

detected with short-insert paired-end reads spanning both the
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39 and 59 junctions, compared with 772 elements detected by L1-

targeted resequencing. Any one individual analyzed from whole-

genome resequencing data yielded an average of 556 insertions

(95% confidence interval [CI], 393 to 719), significantly lower than

in our previous study where we found an average of 628 insertions

per individual (95% CI, 462 to 793) shared with the reference

genome (P = 0.005, Welch two-sample t-test). Based on this, we

estimate that this analysis of whole genomes underestimates

the number of insertions by 7.1% in total and by 11.5% on a per-

individual basis. The calculation of this underestimate is based on

the number of L1 insertions detected in our previous study versus

the total number of L1 insertions detected in this study, either in

total for reference insertions or per individual for all insertions.

Currently, our bioinformatic pipeline does not yield diploid

genotype information for the detected insertions, so the allele

frequencies of the insertions cannot be directly measured. How-

ever, we have estimated the allele frequencies through the appli-

cation of an expectation-maximization algorithm, assuming the

diploid L1 insertion alleles are in Hardy-Weinberg equilibrium

(HWE). Previous studies of polymorphic L1 insertion alleles found

little deviation from HWE (see Supplemental Methods) (Myers

et al. 2002; Badge et al. 2003; Seleme et al. 2006; Witherspoon et al.

2006). This allele frequency distribution generally agrees with

previous studies of nonreference L1 RIPs, in that the majority of

alleles are present at relatively low frequency (Fig. 1A). Insertions

present in the reference genome are more likely to be present at

higher allele frequencies, since all fixed insertions will be present

(Fig. 1B). The combined estimated allele frequency histogram for

both reference and nonreference insertions is shown in Supple-

mental Figure S2d. Because of the aforementioned under-ascer-

tainment of L1 insertions due to low-coverage genome sequences,

the true allele frequencies of the L1 insertions are likely slightly

higher than those estimated here. Previously, we identified 367

nonreference L1 insertions in a diverse sample of 15 unrelated

individual genomes (Ewing and Kazazian 2010). These insertions

were validated by site-specific PCR, and we noted that there were

a potentially significant number of other insertions in the data set

for which PCR validation either had not been attempted or had

yielded a false-negative result. Indeed, cross-referencing these data

yielded 183 overlaps that had not been validated by site-specific

PCR. To ascertain whether these overlaps were meaningful, we

chose 84 overlapping sites at random for PCR validation (for

primers, see Supplemental Table 1). For the 72 primer pairs that

yielded PCR amplification products, 58 reactions amplified a

product of the expected size corresponding to the predicted in-

sertion, bringing the number of PCR-validated insertions from our

previous study to 429 (four other sites were validated for other

reasons, since the publication of Ewing and Kazazian [2010]).

Using these data, we are also able to determine some of the

characteristics of the L1 insertion itself. Of 953 putative insertions,

227, or 24%, are ;6 kb or greater in length, representing full-

length products of L1 retrotransposition (Supplemental Fig. S1). L1

insertions can also be inverted at their 59 ends due to a mechanism

termed twin-priming (Ostertag and Kazazian 2001). We find 206

(;21%) detected insertions appear to have an inversion, similar to

the 25% of elements inverted in the reference genome. Addition-

ally, we can determine the 39 junction between the L1 insertion’s

genomic poly-A tail and the reference genome by remapping po-

tentially polyadenylated reads back to the reference genome after

trimming off the putative homopolymer (see Methods). We find

evidence for 485 of the 953 insertion sites using the criteria that at

least one previously unmappable read re-maps to the predicted

insertion 39 L1-genome junction (generally a ;40-bp window). We

also require that the re-mapped read be derived from a genome

whose reads also contributed to the read cluster representing the

possible insertion site.

Because these nonreference insertions are polymorphic in

human populations, we sought to determine whether any were

restricted to certain populations. The genomes studied here are

from individuals representing 13 populations, three of which are

represented by only one member as these data were derived from

publications of personal genomes (Ahn et al. 2009; Schuster et al.

2010). Of the 10 populations represented by more than a single

individual, there are four for which an L1 insertion exists that is

found only in one of those populations (Table 1A). Notably, the

YRI population has more population-specific insertions per in-

dividual than any of the others. We also looked for insertions re-

stricted to pools of populations (Table 1B). In this case, the pop-

ulation subset consisting of the ASW, LWK, and YRI populations,

representing populations with African ancestry, has by far the

highest number of group-specific L1 insertions. In total, 104 in-

sertions were found among African populations that were not

present in members of other populations. To assess the significance

of this result, we looked at all 120 possible combinations of three

populations from the10populations studied

and compared this to 100 instances where

populations were randomly assigned to

individual genomes (Supplemental Fig. S3).

Based on this random distribution, we

might expect to see at most two insertions

specific to any possible grouping of three

populations from this data set. Taken to-

gether, these results suggest a significant

level of retrotransposition-induced in-

terpopulation variation, although the

majority of insertions are shared among

populations.

Comparison of L1 RIP data yields over
1000 nonreference insertions

To further characterize these results in the

context of all known L1 insertions, we

cross-referenced data from five studies:

Figure 1. Histograms of filled-site allele frequencies estimated from L1 insertion site presence/ab-
sence counts for reference and nonreference L1 insertion sites (Supplemental Fig. S2a,b). (A) Estimated
allele frequencies for detected L1 insertions shared with the reference genome. (B) Estimated allele
frequencies for detected L1 insertions not present in the reference genome assembly.
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two L1-targeted sequencing studies (Ewing and Kazazian 2010;

Iskow et al. 2010), a study where full-length L1 insertions were

derived and thoroughly characterized from mapping fosmid end

sequences generated from the genomes of diverse individuals back

to the reference genome (Beck et al. 2010), data from dbRIP that

encompasses a number of previous studies (Wang et al. 2006), and

finally the insertion sites derived from massively parallel paired-

end sequencing of human genomes presented here. Another study

using high-density tiling arrays of the human genome in con-

junction with vectorette PCR (Huang et al. 2010) also catalogs

many novel nonreference insertions, but this study is not included

here because it focuses mostly on the X chromosome, and the

addition of many extra insertion sites on one chromosome would

bias the subsequent analysis of genome-wide L1 RIP distribution.

Cross-referencing the data from all of the aforementioned

studies yields 1680 possible insertion sites, 1016 of which have some

corroborating evidence for their existence. This evidence comes in

the form of PCR validation, the presence of poly-A stretches result-

ing in unmappable reads in the specific breakpoint region, or the

presence of a given insertion in more than one data set. Of the 1016

insertions, 486 are present in more than one data set, and a detailed

table of these overlaps is available in the Supplemental material

(Supplemental Table S2). The histogram of filled site frequencies

shown in Figure 1A indicates that nonreference insertion sites have

a tendency toward low allele frequencies across all populations.

This is consistent with the number of validated insertions present in

only one data set: On average, 27% of the validated L1 insertions

found in each study are unique to that study (Fig. 2).

Discussion
In this article, we derive information about L1 insertion sites and

about the L1 itself from paired-end next-generation sequencing

data, including low-coverage data sets when considered in con-

junction with other data sets. In doing so, we have identified more

nonreference L1 insertions than in any single study to date, an

unsurprising result given the number of individual genomes ana-

lyzed. Many insertions appear to be specific either to a specific

population or to a group of populations with common geographic

origin (Table 1), indicating that these insertions arose recently in

human evolutionary history. This concurs with the observation

that the estimated allele frequencies are skewed toward rare vari-

ants for nonreference L1 insertions (Fig. 1A), along with the ob-

servation that for all studies of nonreference L1 RIPs, a significant

fraction of those RIPs are unique to that study (Fig. 2). In contrast,

reference L1 insertion sites are more common at higher frequency

(Fig. 1B) as expected. We were surprised by the number of L1 in-

sertions present only in populations with African ancestry (Table

1B) coupled with the slightly higher, although not significantly so,

minimum estimate for L1 retrotransposition rate in these pop-

ulations (see Supplemental materials). We suspect this is due to the

age of these populations relative to the more recent bottlenecks,

which occurred during human migrations into Eurasia. African

populations have higher levels of genomic diversity than pop-

ulations that have experienced founder effects (Tishkoff and

Williams 2002; Jakobsson et al. 2008; Lohmueller et al. 2008), and

the levels of African-specific L1 diversity seem to be no exception.

When L1 RIPs present in the reference sequence are included,

we have a collection totaling 1400–2100 L1 insertions across a

combined data set of roughly 400 individuals. As we identify an

increasing number of polymorphic L1 insertion loci, other efforts

are underway to identify polymorphisms due to Alu retrotrans-

position that are likely to outnumber L1 RIPs given their copy

number in the reference genome (Lander et al. 2001) and previous

estimates of their activity (Xing et al. 2009). A recent study

reporting a highly efficient approach for identifying mobile element

insertions by sequence capture identified 487 nonreference AluYb8/

Table 1. Population-specific L1 polymorphisms

A. Population-specific insertions among 10 populationsa

Populationb Individuals Total insertions Population-specific

ASW 17 710 0
CEU 61 686 4
CHB 40 654 5
CHS 4 264 0
GBR 5 403 0
JPT 43 627 1
LWK 31 697 0
MXL 7 470 0
TSI 57 678 0
YRI 42 824 17

B. Insertions restricted to pools of populationsc

Populationd Individuals Total insertions Group-specific

Group 1 90 877 104
Group 2 87 674 4
Group 3 130 729 5

aThe number of individuals in each population is listed along with
the number of insertions shared by individuals from that population.
Population-specific insertions are not present in any of the six other
populations.
bASW, African-Americans in the southwest United States; CEU, CEPH
samples with ancestry from northern and western Europe in Utah; CHB,
Han Chinese in Beijing; CHS, Han Chinese in southern China; GBR, British
from England and Scotland; JPT, Japanese in Tokyo; LWK, Luhya in
Webuye, Kenya; MXL, samples with Mexican ancestry in Los Angeles; TSI,
Toscani in Italy; and YRI, Yoruba in Ibadan, Nigeria.
cGrouping populations yields more insertions specific to population
groups. Group 1 corresponds to populations with African ancestry; Group
2 corresponds to populations with Chinese or Japanese ancestry; Group
3 includes the remaining populations.
dGroup 1 is ASW, LWK, and YRI; Group 2 is JPT, CHB, and CHS; and Group
3 is CEU, TSI, and GBR.

Figure 2. L1 insertions present in only one data set. The columns rep-
resent the fraction of insertions present in only the indicated data set out of
all validated insertions in the data set (unique). Insertions can be validated
by site-specific PCR, sequencing spanning the element, or presence in an-
other independent data set, depending on the study. Iskow et al. (2010)
presented data generated using two different sequencing methods as noted
in the column labels. We analyzed the paired-end Illumina data from the
1000 Genomes Project (The 1000 Genomes Project Consortium 2010), Beck
et al. (2010) employed a fosmid-end resequencing strategy, dbRIP cross-
references data sets generated using a wide variety of techniques (Wang et al.
2006), and Ewing and Kazazian (2010) used Illumina sequencing.

L1 insertions from whole-genome sequencing
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Yb9 loci from four genomes, 223 of which overlap with insertions

present in dbRIP (Witherspoon et al. 2010). In combination, all

forms of retrotransposon polymorphism constitute a significant

force inducing genomic variation between human individuals. Ex-

cept in the limited number of cases where retrotransposon in-

sertions were associated with genetic disease, the phenotypic con-

sequences of this variation are unknown, largely due to our previous

inability to assess its extent on a genome-wide scale. With increasing

numbers of RIP markers, such as those cross-referenced and cata-

loged in this study, it will soon be reasonable to genotype common

RIP variants on a large scale using array-based technologies in order

to identify genotype-phenotype associations, especially in complex

human genetic diseases. We believe that RIPs should be considered

alongside SNPs and CNVs in studies of human genomic variation.

Methods

Data sources
Sequence data for 307 individual genomes was obtained from
the 1000 Genomes Project FTP site (ftp://ftp-trace.ncbi.nih.gov/
1000genomes/ftp/). Three additional genomes: ABT, KB1 (Schuster
et al. 2010), and SJK (Ahn et al. 2009) were obtained from the NCBI
SRA (accession nos. SRA010356 for ABT and KB1 and SRA008175
for SJK). Locations of L1 elements were obtained from the sup-
plemental material of articles described in the introduction (Beck
et al. 2010; Iskow et al. 2010) and from dbRIP (Wang et al. 2006).

Genomic DNA sources and PCR RIP genotyping

Genomic DNA was obtained from sources previously described
(Ewing and Kazazian 2010). Detection of L1 RIP filled and/or empty
sites was carried out in the manner described in that article. Briefly,
two PCR primers were ordered for each predicted RIP flanking the
expected insertion site. A primer in the L1 39 UTR was used along
with a primer 39 of the predicted L1 39 UTR to detect the L1 in-
sertion, and primers flanking the 59 and 39 ends were used to detect
the empty insertion site, if present. Primers for new insertion sites
are included in the Supplemental material (Supplemental Table 1).

Bioinformatics

The MySQL DBMS was used throughout this study for storage,
retrieval, and analysis of data. All computation was carried out on
a 102-node SGE cluster operated by the Penn Genomics Frontiers
Institute (PGFI). Manipulation of sequence data was performed
using bowtie with the options --best -m 1 -n 2 (Langmead et al.
2009), and Perl and Unix shell scripts.

Detection of nonreference RIPs from short-insert paired-end
sequence reads

Starting from short-insert paired-end Illumina sequence data, each
read was aligned against a reference L1 element (L1RP), allowing
two mismatches. For each read whose mate did not also match the
reference L1, that read was aligned against the reference genome
(hg18), again allowing two mismatches. Only uniquely mappable
reads were retained. Each resulting L1-genome pair was added to a
table, along with the identity of the genome from which the read
was derived, as reads from all individuals are added to the same
table for subsequent analysis. Next, reads were grouped based on
their genomic location: The location of each read was averaged
with its nearest neighbor within a 1-kb window iteratively to build
clusters. For each read, iteration continues until there are no more
neighbors within a 1-kb window to be added. The center of the

1-kb window is defined by the average location of all reads in the
cluster and is updated following each iteration. These clusters of
L1-paired reads were then refined to determine whether they are
likely to represent a nonreference L1 insertion event using the
following criteria (Fig. 3A): (1) Both the 59 and 39 ends of the ele-
ment must be represented based on the locations of reads within
the L1 reference sequence. Additionally, the 39 most read mapped
to the L1 reference must occur within 100 bp of the end of the
element (>5900 bp) to ensure the presence of the 39 end of the el-
ement, as 39 truncations are rare (Fig. 3A, 1). At least two read-pairs
must span each junction, and each insertion must be represented
by a minimum of eight read-pairs. This coverage requirement was
determined empirically based on our ability to detect nonreference
insertions known to exist from other studies. (2) The mapped lo-
cations of all reads representing a given insertion must fall into
300-bp windows both on the genomic flanks and on the L1 ref-
erence sequence (Fig. 3A, 2). This may be adjusted depending on
the insert size of the paired-end library: In general, if two read-pairs
map to locations >300 bp apart, they cannot refer to the same L1
insertion. (3) The 59 most and 39 most positions of the reads map-
ping to the reference genome must be <100 bp from each other, but
non-overlapping (Fig. 3A, 3). The L1 element itself must be at least
150 bp in length as inferred from the positions of reads mapped
onto the reference L1 element, although in principle the algorithm
should be able to detect smaller insertions. (4) The mapped read-
pairs must not correspond to L1s present in the reference genome.
For example, if the nonreference L1 depicted in Figure 3A corre-
sponded to an L1 annotated in the reference genome assembly,
this read-pair cluster would be discarded. Combined with criteria 3,
this eliminates any small (;100 bp) L1 insertions that may gen-
erate the pattern of alignments consistent with a nonreference
insertion (Fig. 3A).

Although the error rate due to mispairing of paired-end reads
is relatively low, when many millions of paired reads are consid-
ered this yields a significant number of ‘‘noise’’ reads mixed in with
the ‘‘signal’’ reads that result from nonreference L1 insertions.
Additionally, features of the reference genome sequence, especially
existing L1 insertions in the reference sequence, can yield spurious
clustering of L1-genome paired reads that do not correspond to
true nonreference insertion sites. In order to filter out these reads,
we consider the possible orientations of mapped reads, and employ
a filtering method to remove ‘‘outlier’’ mappings.

Here, we use the term orientation pair in reference to a set
of paired-end reads, each with one end aligning to the reference
genome and the other end aligning to the L1 sequence where all
reads in the set have the same reference genome and L1 orienta-
tions. However, the orientation of the genomic read does not have
to match that of the L1 read. There are four possible orientation
pairs for mapped L1-genome paired reads: +/+, �/�, +/�, and �/+,
where the first + or – in each pair represents the orientation of
aligned reads to the reference genome and the second represents
the orientation of the aligned reads to the reference L1 element. As
an example, Figure 3A shows two sets of paired reads with +/�
orientation pairs, one spanning the 59 L1-genome junction and
another spanning the 39 junction. Since each putative insertion is
represented by read-pairs that span both the 59 and 39 L1-genome
junctions, there are two orientation pairs associated with each
insertion. Read sets from each of the four possible orientation pairs
might be present in a cluster prior to refinement, so each possible
pairing is considered. For a putative L1 insertion, not all pairs of
paired-end orientations are possible: The genomic ends must be in
opposite orientations due to the directionality of the sequencing
method. The orientations of the L1 ends are not subject to this
restriction as ends with the same read orientation can occur due to
inversions (Fig. 3B) that occur as a result of twin-priming (Ostertag
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and Kazazian, 2001). For each valid orientation pairing, the criteria
listed above are considered. In practice, we have not encountered
a case where more than one valid orientation pairing passes all four
criteria, but it is possible if two insertions exist in the same 1-kb
window with opposite orientations. Prior to being subjected to the
criteria listed above, each possible orientation pair is filtered for
‘‘outlier reads’’ (Fig. 3C) that occur by chance due to the large
number of reads considered. This is accomplished by considering
the interquartile ranges (IQRs) of the genomic or L1 locations to
which reads are mapped. Anything outside the interval (first
quartile – 1.5*IQR, third quartile + 1.5*IQR) is eliminated. If >25%
of the paired reads for any given orientation pair are eliminated in
this way, the pair is discarded.

Detection of reference insertions from short-insert paired-end
sequence reads

Similar to the detection of nonreference L1 insertions from paired-
end sequence data, we required that both the 39 and 59 L1-genome
junctions be spanned by paired reads. The genomic and L1 map-
ping locations for each L1-genome paired read were considered to
identify reads corresponding to L1 insertions present in the human

genome reference assembly, keeping track of the genome from
which each paired read was sequenced.

Remapping polyadenylated reads

The described method for detecting RIPs from short-insert paired-
end sequence reads narrows the insertion site to within a window
of 1–100 bp (43 bp on average). This is a good start, but for many
reads, we can narrow down the exact breakpoint between the L1
insertion and the genomic DNA sequence even further by con-
sidering unmapped reads containing possible polyadenosine
stretches that could correspond to the poly-A tails associated with
nonreference L1 39 ends (Fig. 3D). This is done by obtaining the
unmapped reads for genomes represented in the 1000 Genomes
Project, selecting reads that contain either 59 An or 39 Tn, where n is
at least 6. These A or T nucleotides are trimmed off, the remaining
sequence is re-aligned to the reference genome, and the results are
stored in a table. Insertions predicted from paired-end reads are
then cross-referenced against this table to find instances where
these putative nonreference poly-A sequences could indicate the
39 junction between the L1’s inserted poly-A tail and the flanking
genomic sequence. This is similar to the method used to detect

Figure 3. Bioinformatic procedures for identifying nonreference L1 insertions from whole-genome resequencing data. (Open boxes) Mapped reads
indicating the presence of a nonreference L1; (gradient boxes) nonreference L1 insertions; (thicker horizontal lines) genomic sequence. (A) Identification
of a nonreference L1 insertion from short-insert paired-end sequence reads. Short-insert paired-end reads where one end matches the reference genome
and the other matches an L1 reference are clustered based on mapping location to the human genome reference assembly (top). The criteria for detection
as discussed in Methods are labeled with numbers: (1) The 39 end of the L1 insertion must be represented. (2) Reads must form tight clusters based on the
locations of reads mapping to both the reference genome and the reference L1. (3) The minimum distance between the locations of genomic reads must
be <100 bp, this interval contains the L1 insertion site (vertical bar). The orientation of the reads is annotated next to the open boxes representing the
mapped read positions. (B) L1 insertions may be inverted on the 59 end (Ostertag and Kazazian 2001), resulting in reads aligning to the reference L1 in the
same orientation at the 59 and 39 ends of the L1 element. (C ) Examples of outlier reads that are filtered as described in Methods. (1) The shaded paired read
is an outlier because the locations of the reads corresponding to the L1 and the reference genome do not satisfy criteria 2 in panel A. (2) The shaded paired
read is an outlier in terms of the reference L1 location. (3) The location of the shaded paired read is an outlier in terms of the reference genome relative to
other reads in the cluster. (D) Identifying reads corresponding to the 39 junction between the L1 poly-A tail and the reference genome sequence. Reads
with 59 or 39 poly-T or poly-A stretches of at least six bases (1) are trimmed (2) and aligned to the reference genome assembly (3). Trimmed reads aligning
to locations within the predicted L1 insertion (A, 3) site are identified (4).
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nonreference poly-A stretches in our L1-targeted resequencing
technique (Ewing and Kazazian 2010).
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