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Abstract

insertion sites provided by TGS annotations.

Background: Transposable elements (TEs) are major components of eukaryotic genomes and drivers of genome
evolution, producing intraspecific polymorphism and interspecific differences through mobilization and non-
homologous recombination. TE insertion sites are often highly variable within species, creating a need for targeted
genome re-sequencing (TGS) methods to identify TE insertion sites.

Methods: We present a hemi-specific PCR approach for TGS of P-elements in Drosophila genomes on the lllumina
platform. We also present a computational framework for identifying new insertions from TGS reads. Finally, we
describe a new method for estimating the frequency of TE insertions from WGS data, which is based precise

Results: By comparing our results to TE annotations based on whole genome re-sequencing (WGS) data for the
same Drosophila melanogaster strain, we demonstrate that TGS is powerful for identifying true insertions, even in

repeat-rich heterochromatic regions. We also demonstrate that TGS offers enhanced annotation of precise insertion
sites, which facilitates estimation of TE insertion frequency.

Conclusions: TGS by hemi-specific PCR is a powerful approach for identifying TE insertions of particular TE families
in species with a high-quality reference genome, at greatly reduced cost as compared to WGS. It may therefore
be ideal for population genomic studies of particular TE families. Additionally, TGS and WGS can be used as
complementary approaches, with TGS annotations identifying more annotated insertions with greater precision
for a target TE family, and WGS data allowing for estimates of TE insertion frequencies, and a broader picture of

the location of non-target TEs across the genome.

Background
Transposable elements (TEs) are mobile genetic entities
that are major contributors to the evolution of
eukaryotic genomes. TE proliferation can drive dramatic
changes in genome size [1-4] and gene regulation [5-8].
Additionally, ectopic recombination between TE inser-
tions produces structural rearrangements within and
between chromosomes [9-13]. Finally, transposition into
novel genomic sites produces abundant intraspecific
variation in the presence and absence of individual TE
insertions [14—16].

Despite their contribution to genetic variation, popula-
tion genomic studies of TEs remain challenging. Like all
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repetitive elements, TEs are inherently problematic to
assign to particular genomic locations. Furthermore, TEs
are often found in heterochromatic regions, such that
the genomic sequences that surround them may also be
repetitive. Finally, TE insertions are often polymorphic
within samples used for genome re-sequencing, meaning
they are supported by few sequencing reads, and
discerning between false positives and rare insertions
can prove difficult [17-20].

Whole genome re-sequencing (WGS) is often
employed to provide a comprehensive picture of genetic
variation, including the presence and absence of TE in-
sertions. Numerous methodologies have been developed
for annotation of polymorphic TE insertions from WGS
[17-23]. However, WGS of a large population genomic
sample remains expensive, and may be unnecessary for
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studies that focus on one or a few active TE families.
Additionally because WGS provides variable sequence
coverage across the genome, and the power to annotated
particular TE insertions may be limited by stochastic
low read-depth. Read depth may be critical for identifi-
cation of a unique TE insertion site, particularly in
heterochromatic repeat-rich regions that contain limited
unique sequence.

Targeted genomic re-sequencing (TGS) of TE inser-
tions allows for vastly increased sequencing depth at TE
insertion sites in smaller sequencing libraries as com-
pared to WGS [24-26]. TGS therefore offers combined
potential for more robust identification of TE insertions
that are rare or occur in repetitive regions, at a reduced
sequencing cost. Here, we adapt a hemi-specific PCR ap-
proach for TGS of TE insertions on the Illumina platform
[24] to Drosophila genomes. We further present a compu-
tational method for identification of precise TE insertion
sites from TGS data. Although our approach is adaptable
to any TE or genome, we piloted it by re-sequencing
insertions of P-elements, DNA transposons that recently
invaded the D. melanogaster genome and are highly
polymorphic among strains [27-32]. To evaluate our ap-
proach, we compared our results to two TE annotation
sets based on WGS data for the same strain [18, 19, 33].

We demonstrate that TGS by hemi-specific PCR is a
powerful method for identification of polymorphic P-
element TE insertions in Drosophila, identifying almost
all known insertions (~94%), while also uncovering
previously un-annotated insertions in repetitive genomic
regions. False-positives in TGS data were easily differen-
tiated from true insertions based on read support. We
further demonstrate that TGS allows for identification of
precise insertion sites for all annotated TEs, as com-
pared to WGS, where the absence of reads spanning the
TE insertion breakpoint often limits the resolution of
the annotations to a genomic window. Finally, we
describe a new method for estimating the polymorphic
frequency of individual TE insertions from WGS data,
which takes advantage of precise insertion sites provided
by TGS. Overall, our results suggest that TGS based on
hemi-specific PCR may be a more powerful and precise
method for annotation of polymorphic TE insertions
than WGS for the study of particular TE families, such
as the P-element. However, the two approaches are
complementary, and together provide the most complete
picture of TE location and frequency.

Results

Hemi-specific PCR amplifies abundant P-element
insertions

P-elements are absent from the D. melanogaster refer-
ence genome (yl; cn’ bw! sp') [34], but are ubiquitous
among recently collected wild-type genomes [18, 19].
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We therefore chose to pilot our approach by examining
P-elements in the wild-derived strain RAL-492, which
was collected from Raleigh NC in 2003 [35]. Illumina
paired-end whole-genome sequencing data was previ-
ously published for RAL-492, and genomic P-ele-
ments were previously annotated by the TEMP (33
insertions [18]) and TIDAL (29 insertions [19]) TE
annotation packages.

To amplify P-element insertions and adjacent se-
quence the from RAL-492 genome [35], we employed a
hemi-specific PCR approach, using a forward primer
specific to a region at the 3" end of P-elements that is
required for transposition [36], and a series of 15 degen-
erate reverse primers (Fig. 1a). Each degenerate reverse
primers contains a different common pentamer in the D.
melanogaster genome followed by 5 four-fold degenerate
nucleotides (N bases), allowing it to recognize a diversity
of chromosomal sites (Additional file 1: Table S4). To
determine the optimal annealing temperature for hemi-
specific PCR, and verify that our approach would
amplify a range of DNA fragments corresponding to
multiple P-element insertions, we examined the size
distribution of amplicons for 4 degenerate primers at
two different annealing temperatures (55 °C and 50 °C,
Fig. 1b). Although a diversity of fragment sizes were ob-
served for both annealing temperatures, the range was
broader and more evenly distributed among amplicons at
50 °C. We therefore separately conducted hemi-specific
PCR for 15 degenerate primers at the annealing
temperature of 50 °C to generate our sequencing libraries.

We sequenced 0.43—1.31 million read pairs for each of 15
degenerate primers (Additional file 2: Table S1). >93% of
read pairs for all 15 degenerate primers contained 3" P-
element sequences, indicating our PCR conditions were
highly specific (Additional file 2: Table S1). After trimming
P-element sequence and low-quality ends, we aligned read
pairs to release six of the D. melanogaster genome (dmo6)
[34], and the Telomere Associated Satellites of the X-
chromosome (X-TAS) [37]. Although X-TAS is absent from
the genome of the dmé reference strain (y; cn’ bw' sp’)
[34], these subtelomeric satellites are common among wild-
derived genomes and often contain P-elements [38—41].
Depending on the degenerate primer, 80.8 — 98.0% of read
pairs were aligned to the reference, with 20.8 — 97.3% of
read pairs aligning to the reference in unique genomic
location (Additional file 2: Table S1). Therefore, there is
variation among the degenerate primers in the degree to
which the insertions they amplify are surrounded by unique
genome sequence.

To identify P-element insertions from our sequencing
reads, we first considered read pairs that could be
uniquely mapped to the reference genome (see Methods).
In total, 53 independent P-element insertion sites were
suggested in the RAL-492 genome, based on the unique
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Fig. 1 Hemi-specific PCR of P-element insertions. a Sequencing libraries were generated by nested hemi-specific PCR. First, asymmetric PCR enriches
for P-element 3'ends using a P-element specific primer (P-enrich-F) that aligns to P-element from position 2752 to 2774 (out of 2907 total nucleotides).
Next, a degenerate reverse primer is added recognize and amplify unknown sequences that are adjacent to P-element 3" ends. Third, nested PCR with
the P-nested-F primer cocktail (positions 2856 to 2877) and the degenerate reverse primer enhances PCR specificity for P-elements and produces
amplicons with 5" end read complexity, which is required for lllumina sequencing. Last, DNA fragments are amplified with indexing primers to allow
for multiplexing. The resulting amplicons consist of adapters at each end, a P-element 3" end and its adjacent genomic sequences. b PCR products
from nested PCR with four degenerate primers (R4, R6, R10 and R11) are shown for two different annealing temperatures

and concordant alignment of >20 P-element derived read
pairs to the reference for each insertion (Additional file 3:
Table S2). Of these 53 insertions, 27 had previously been
identified from WGS data by both TIDAL [18] and TEMP
packages [19], and an additional 6 had been identified by
TEMP only (Fig. 2). By contrast, only 2 insertions found
by TIDAL and TEMP were not detected by hemi-specific
PCR. Hemi-specific PCR therefore identified almost all
high-confidence P-element insertions detected in whole
genome re-sequencing data while also suggesting up to 20
previously unknown insertions.

To determine why hemi-specific PCR may fail to
detect a small number of insertions, we examined the
insertion sites of the two P-elements annotated by
both TIDAL and TEMP but not hemi-specific PCR.
We discovered that in both cases, the annotated in-
sertions were two tail-to-tail P-element insertions,
meaning that amplification from the 3’ end of one
element would produce sequence from the 3" end of
the adjacent element, rather than genomic sequence
corresponding to the insertion site. False negatives
could therefore be avoided with this method in the
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Fig. 2 The number of P-element insertions found by Hemi-specific
PCR, TEMP and TIDAL. The number of P-element insertions is indicated
in each subset. The number in parentheses indicates the number of
known or potential false positives

future by placing P-element specific primers at both
the 5" and 3" ends of the element.

We also did not detect 19 P-element insertions that
were found only by TEMP (Fig. 2). Notably, these inser-
tions were excluded from the published TEMP annota-
tions because they were note estimated to occur at more
than 80% frequency in any inbred line, including RAL-
492 [18]. If these insertions are true positives that are
segregating at a low frequency in RAL-492 (Additional
file 4: Figure S1A), they may not have been represented
in the sample of genomic DNA that we used for
[lumina library prep. Alternatively, these insertions may
be false positives, as they are supported by fewer read-
pairs in whole genome re-sequencing data than those
that were also identified by TIDAL, hemi-specific PCR,
or both (Additional file 4: Figure S1B). Indeed, we
attempted to amplify one of these insertions using stand-
ard PCR and were unable to do so (Additional file 5:
Table S3).

Validation of novel insertions and identification of false
positives

To validate the 20 candidate novel P-element insertions
identified by hemi-specific PCR we performed site-specific
PCR. Among the P-element insertions found only by
hemi-specific PCR (Fig. 2), 3 insertions (chr2L:20,917,521,
chrX_TAS:4894 and chrY:768,808) could be amplified
from RAL-492 genomic DNA (Additional file 5: Table S3).
Insertions at chrX_TAS:4894 and chrY:768,808 appear to
be fixed in the RAL-492 strain, and we were able to iden-
tify read pairs (15 for chrX TAS:4894 and 18 for
chrY:768,808) in the previous WGS data that support
these two insertions. However, because these insertions
are located in repetitive genomic regions, there were no
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read pairs in the WGS data that uniquely aligned to either
insertion site, preventing their detection by TEMP and
TIDAL. The read depth provided by TGS therefore offers
greater power to identify TE insertions in heterochromatic
regions. The third insertion, chr2l:20,917,521 is poly-
morphic, as indicated by the presence of PCR amplicons
corresponding to both inserted and un-inserted chromo-
somes (Additional file 6: Figure S2). There were no read
pairs supporting this polymorphic insertion in the previ-
ous WGS data, perhaps because the inserted chromosome
was not sampled among individuals used for the sequen-
cing library.

We could not validate the remaining 17 insertions that
were uniquely identified by hemi-specific PCR, either
through insertion-specific PCR or from previous whole-
genome sequencing data (Additional file 5: Table S3).
We therefore believe these are false positives that result
from PCR artifacts that occur during library prep. Fortu-
nately, false positives are easily distinguished from true
insertions by the low abundance of supporting reads
among our sequencing libraries and their presence in se-
quencing libraries from only a few degenerate primers
(Fig. 3). If we require at least 100 read pairs and 4
degenerate primers to define a P-element insertion, we
are able to exclude all but one of the false positives.
Excluding false-positives, we detected 36 P-element
insertions in the RAL-492 genome, three of which were
previously unknown (Additional file 3: Table S2).

Sequence similarity to true insertion sites may produce
false positives
There is one outlier among the false positives: an inser-
tion at chr3L:25,797,105 (Fig. 3a) that is supported by
1478 read pairs and 13 degenerate primers. Notably, we
found the sequence around this insertion site was 94%
similar across 446 bp to sequence at a true insertion site
(chr3L:26,023,661). Therefore, some false positives may
occur due to nucleotide substitutions introduced during
PCR and sequencing, which cause a subset of reads de-
rived from a true insertion to align better to highly simi-
lar sequences elsewhere in the genome. Consistent with
this, the reads supporting the false positive were 0.17% as
abundant in our data as compared to reads supporting the
true insertion (Additional file 3: Table S2), which is similar
what is expected based on the per-site mutation rate for
Taq DNA polymerase (0.003%) [42] and the Illumina
MiSeq platform (0.8%) [43]. Furthermore, reads support-
ing the true insertion site were separated by fewer muta-
tions from the reference genome (mean 2.2 mutations per
100 bp) as compared to reads supporting the false positive
insertion (mean 6.7 mutations per 100 bp).

To determine whether sequence identity might explain
other potential false positives we observed in our data, we
compared 0.8 Kb of the genomic region surrounding all
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insertion sites to each other via BLAST [44]. We found
that the genomic sequence at two potential false positives
chr3L:26,834,988 and chrUn_CP007074v1:15,794 exhib-
ited significant sequence similarity to the PCR-verified
insertion chrX_TAS:4894 (87% across 83 bp for
chr3L:26,834,988; 84% identity across 93 bp for
chrUn_CP007074v1:15,794). In both cases, reads support-
ing the potential false-positive insertions were <1% as
abundant as reads supporting the true positive (Additional
file 3: Table S2).

The majority of sequencing reads are explained by
annotated insertions

For some degenerate primers, >50% of read pairs aligned
to the reference genome in multiple location (i.e. multi-
ply mapping Additional file 2: Table S1). These read
pairs might be derived from one of the 36 insertions that
were annotated from unique alignments. Alternatively,
they may indicate the presence of false negatives, which
could not be annotated due to an absence of uniquely
mapping reads. To differentiate between these alterna-
tives, we constructed a putative contig for each of the 36
P-element insertions, which was comprised of the full-
length P-element consensus flanked by 500 nucleotides
of adjacent genomic sequence (see Methods). Multiply
mapping reads that support annotated insertions were
then identified based on their alignment to the 36
putative insertion contigs.

For all but one of the degenerate primers, >95% of
multiply mapping reads could be aligned to at least one
of the 36 putative insertion contigs (Additional file 2:
Table S1). Furthermore, most multiply mapping reads
were aligned to insertions in repetitive genomic regions,
such as chrX_TAS:4894. Therefore, with the exception

of the tail-to-tail elements, our analysis pipeline likely
detects most or all of the P-elements present in hemi-
specific Illumina libraries.

Improved insertion site identification and frequency
estimation

Read-pairs generated by hemi-specific PCR include at
least one “split-read” which is comprised of both TE and
adjacent genomic sequences. Split reads are invaluable
for TE annotation, because they allow for precise identi-
fication of the breakpoint that characterizes each inser-
tion (Fig. 4), but are often absent from annotations
based on WGS data due to lower read depth at individ-
ual insertion sites. For example, although the precise
insertion site of all 36 insertions detected in the RAL-
492 genome by hemi-specific PCR were identified, 5 of
these insertion sites were absent from TEMP annota-
tions based on WGS data, due to a lack of split reads
[18]. An additional 5 insertions had slightly different
insertion sites inferred by hemi-specific and WGS,
suggesting potential inaccuracy in annotation of the
insertion site.

Precision and accuracy of insertions site annotation
could be of particular value in facilitating the estimation
of polymorphic TE insertion frequencies from WGS
data. TE annotation packages such as TEMP and TIDAL
estimate the frequency of an individual TE insertion
among sequenced genomes as the proportion of read
pairs aligning to the insertion site that support the inser-
tion allele. However, because precise insertion sites are
not always known, reads supporting each chromosome
cannot be identified by concurrent alignment to the ref-
erence genome and a putative insertion allele. Rather,
reads are aligned to the reference genome only, and
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read-pairs supporting the insertion allele are identified
by a minimal number of nucleotides (7 nt for TEMP and
22 nt for TIDAL) that align to the TE consensus. Such
an approach likely underestimates the number of reads
supporting the insertion chromosome by excluding
read-pairs that include very little TE sequence.

Taking advantage of the precise breakpoints that are
provided by hemi-specific PCR, we developed a new
method for estimating the frequency of polymorphic TE
insertions in WGS data. Unfortunately, the frequency of
the insertion allele cannot be estimated from TGS data,
because reads supported the reference allele (lacking
a TE insertion) are not represented in the sequencing
library. We aligned WGS reads concurrently to the
reference genome as well as putative contigs for each
of the 36 annotated insertions. We then estimated the
frequency of each P-element insertion based on the
number of read-pairs in WGS data that exhibit a
significantly better alignment to the putative insertion
contig than to the corresponding window in the
reference genome.

Based on this approach, we estimate that 97.2% (35 out
of 36) of the P-element insertions identified by both
TEMP and hemi-specific PCR are completely fixed in
RAL-492, as expected in a highly inbred line. By contrast,
using the same WGS data as we employed, TIDAL and
TEMP estimated that many insertions remained poly-
morphic after inbreeding (Fig. 5a). Specifically, for the 27
insertions found by TEMP, TIDAL and hemi-specific PCR
(Fig. 2), the median frequency estimated from concurrent
alignment to the reference and putative insertion contig
was 0.31 higher than the TIDAL estimate (P < 1 x 1076,
based on 10° permutations of the observed data) and 0.11
higher than the TEMP estimate (P = 5.1 x 10™% based on
10° permutations of the observed data). The higher esti-
mated TE insertion frequencies generated by concurrent
mapping resulted from a larger number of identified
read pairs that support the insertion chromosome, as

compared to the TIDAL and TEMP approaches (Fig. 5b;
linear contrast F; s, = 564.54, P < 2 x 107*°). Furthermore,
TIDAL generated the lowest estimated frequencies and
the fewest reads supporting the inserted chromosome,
which is consistent with the most stringent requirements
for identification of reads supporting the insertion (22 nt
overlap with the consensus).

For six insertions, we validated that the insertion was
fixed in our RAL-492 sample by performing PCR with
primers on either side of the insertion site, such that
both the insertion allele and the reference (un-inserted)
allele would amplify if present. Only the insertion allele
amplified, suggesting that the reference allele was absent.
Collectively, our observations suggest a systematic bias
towards low TE insertion frequency estimates when
reads are not aligned to a putative insertion contig that
is defined by precise breakpoints.

Discussion

Our results validate hemi-specific PCR as a powerful
method for TGS of particular TE families. Of 38 true
insertions in the RAL-492 genome, which were either
independently validated by site-specific PCR (Additional
file 5: Table S3), or were found in multiple annotation
sets (Additional file 3: Table S2), 36 could be identified
from sequencing reads generated by hemi-specific PCR.
By contrast, TEMP detected 35 true insertions [18] while
TIDAL detected 29 [19] (Fig. 2). Hemi-specific PCR
therefore exhibited marginally to significantly improved
power to detect true insertions when compared to
previous analyses of WGS data, based on ~50% fewer
sequencing reads (Additional file 2: Table S1) [35].
Furthermore, given that all but one true insertion was
supported by >1000 uniquely mapping reads in our data
(Additional file 3: Table S2), hemi-specific PCR libraries
could be highly multiplexed while still retaining power
to discover the vast majority of insertions. Importantly,
we were able to avoid almost all false positives by
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excluding insertions that were supported by few reads or
degenerate primers (Fig. 3), revealing that the enhanced
power of TGS for genome annotation does not come at
the expense of accuracy. By contrast, TEMP annotation
of WGS data detected almost all true insertions but also
exhibited a high false positive rate, while TIDAL avoided
false positives but missed many true insertions (Fig. 3,
Additional file 5: Table S3).

Annotating TE insertions in heterochromatic regions
based on WGS data remains challenging, as individual
insertions are often supported by only few read pairs,
which may not yield a unique alignment in repeat rich
sequence. Annotation of polymorphic TE insertions in
heterochromatic regions is of particular interest due to
the known role of heterochromatic piRNA clusters in
regulating germline TE activity in both mammals and
insects [45, 46]. TGS by hemi-specific PCR offered
improved annotation in heterochromatic regions, as two
of the three previously un-annotated insertions we
discovered here were in heterochromatin. Indeed, one of
the previously unknown insertions we annotated is in
the X-TAS, a prolific piRNA cluster [45] that plays an
important role in P-element regulation [39-41, 47, 48].
TGS by hemi-specific PCR may therefore provide an
opportunity to examine polymorphic TE insertions that
determine differences in TE regulation [49].

Our TGS and analysis method, based on hemi-specific
PCR, also provided precise insertions sites for all anno-
tated TEs, which are often lacking from annotations
based on WGS data. Precise insertion sites provide more
information about the potential functional impact of a
TE insertion. Additionally, as we demonstrated, they
allow for more accurate estimates of the polymorphic
frequency of TE insertions from WGS data. Estimating
TE insertion site frequencies is critical for examining the
selective forces that act on TE insertions [15, 17, 50].
They are also important to consider when evaluating

associations between particular TE insertions and phe-
notypes of interest in genome-wide association studies.

Conclusion

Our results indicate that hemi-specific PCR offers an at-
tractive alternative approach to WGS for identification of
polymorphic TE insertions of particular TE families in
Drosophila genomes. As expected for a targeted approach
focused on a single TE family, TGS was more powerful for
annotating true positive P-element insertions than WGS,
and also offered enhanced precision and accuracy in de-
termining the exact location of those insertions. Further-
more, this performance was achieved at a lower read
depth and therefore reduced sequencing cost.

TGS is easily adapted to other host genomes or TE
families through development of new nested and degen-
erate primer sets. Indeed our method is modeled after
that of Ewing and Kazazian [24], which curated LINE-1
elements in human genomes. Additionally, TGS could
be expanded to identify polymorphic insertions for many
TE families in the same library by incorporating multiple
nested primer pairs. Such an approach would be invalu-
able for population genomic studies that focus on the
dynamics of particular active TE families.

Methods

Genomic DNA samples

RAL-492 and RAL-802 strains were obtained from the
Bloomington Drosophila Stock Center. Genomic DNA
was extracted using the Qiagen DNeasy Blood and
Tissue kit.

Primer design

Our library preparation method is modeled after the
approach described by Ewing and Kazazian [24], which
amplifies LINE-1 elements and adjacent genomic
sequences in human genomes (Fig. 1a). By combining
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nested forward primers that are specific to 3" end of P-
element with degenerate reverse primers, we preferentially
amplified P-elements and their adjacent genomic se-
quences. The first P-element specific primer (P-enrich-F)
enriches 3’ P-element ends, while the second (P-nested-F)
contains Illumina nextera adapter sequences to allow for
sequencing of amplicons. The nested forward primers
used for PCR bind to sequences that are required for P-
element mobilization, and therefore are expected to a con-
served among genomic P-elements [36]. In addition, the
forward nested primer was an equimolar cocktail of four
different primers, which are complementary to the same
stretch of the P-element 3" end (position 2856 to 2877),
but have spacers of 0-3 “N” nucleotides from the Illumina
adaptor sequence (Fig. 1a). The spacers ensure sequence
complexity at the start of the sequencing read, which is
critical to the success of the sequencing reaction.

To design degenerate reverse primers for hemi-
specific PCR, we first identified common pentamers in
the D. melanogaster genome with jellyfish [51]. We se-
lected a set of 15 pentamers that are common, but also
diverse in their sequence composition, to maximize the
breadth of genomic sequences that could be recognized
by the degenerate primers. Each degenerate primer was
comprised of an Illumina adapter for nextera sequen-
cing, followed by 5 degenerate nucleotides, followed by a
common pentamer from 5’ to 3'. Primers used in library
construction are listed in Additional file 1: Table S4.

Library construction by hemi-specific PCR

The first 6 cycles of PCR were asymmetric, and enriched
for the 3" end of P-elements. The PCR was conducted in
a 46 pL reaction volume with 10 pL of 5X GoTaq Flexi
Buffer (Promega), 6 uL of 25 mM MgCl,, 2 pL of 20 uM
P-enrich-F primer, 0.5 pL of 100% DMSO, 0.5 pL of
Flexi GoTaq, 1 uL of 10 mM dNTPs, and ~500 ng tem-
plate DNA. The PCR conditions were 2:30 min at 95 °C,
followed by 6 cycles of 30 s at 95 °C, 1 min at 62 °C and
2 min at 72 °C.

The second PCR was hemi-specific, and allowed for
12 cycles of amplification of P-element 3" ends and adja-
cent genomic sequences. 4 pL of each degenerate primer
(5 pM) was added to a separate asymmetric PCR reac-
tion mix. The reaction conditions were 2 min at 95 °C,
followed by 12 cycles of 30 s at 95, 30 s at 50 °C and
2 min at 72 °C, followed by 10 min at 72 °C. The PCR
product was purified using the QIAquick PCR Purifica-
tion Kit (Qiagen), yielding 20 uL DNA.

The third PCR (15-20 cycles) was nested, and pro-
vides enhanced specificity for P-element targets. Purified
PCR products from PCRs 1 and 2 were used as tem-
plates, and amplification was targeted by an Illumina-
tagged forward nested P-element primer, and the same
degenerate reverse primer employed PCR 2. The PCR
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was conducted in 50 pL reaction volume with 10 pL of
5X GoTaq Flexi Buffer, 6 pL of 25 mM MgCl,, 4 pL of
5 uM equimolar forward primer, 4 pL of degenerate
primer, 0.5 pL of 100% DMSO, 0.5 pL of Flexi GoTaq,
1 pL of 10 mM dNTPs, and 10 pL template DNA from
last step. The PCR condition is: 2 min at 95 °C, followed
by 15-20 cycles of 30 s at 95 °C, 30 s at 55 °C and 30 s
at 72 °C, followed by 10 min at 72 °C. For degenerate
primers R4, R6, R8, R9, R11, R12, R13, R15, PCR 3 was
performed for 15 cycles. Because the remaining degener-
ate primers yielded weak bands or no bands after 15 -
cycles, we increased the number of cycles to 20 for these
primers. For all 15 libraries, 300—500 bp PCR products
were isolated from agarose gels and purified using the
QIAquick Gel Extraction Kit (Qiagen), and 22. 5 pL
purified DNA were eluted.

The fourth PCR (8 cycles) incorporated indices for
multiplexing on the [llumina platform using the Illumina
Nextera XT Index Kit. The PCR was conducted in a
50 pL reaction volume with 10 pL of 5X GoTaq Flexi
Buffer, 6 pL of 25 mM MgCl,, 5 uL of index 1, 5 pL of
index 2, 0.5 pL of Flexi GoTaq, 1 uL of 10 mM dNTPs,
and 22.5 pL template DNA from last step. The PCR
conditions were: 3 min at 95 °C, followed by 8 cycles of
30 s at 95 °C, 30 s at 55 °C and 30 s at 72 °C, followed
by 5 min at 72 °C. PCR products between 300 and
500 bp were isolated from an agarose gel, and purified
using the QIAquick Gel Extraction Kit. The resulting
sequencing libraries were paired-end sequenced
(2 x 150 nt reads) on the MiSeq platform by the Weill
Cornell Epigenomics Core. Sequencing libraries are
available in the NCBI sequence read archive
(SRR5712353 to SRR5712367).

Identification of P-element-derived read-pairs and
alignment to the reference genome

Based on the placement of the P-nested-F primer, read-1
from every read pair should begin with 52 nt at the 3’
terminus of the P-element consensus (Fig. 1a). The first
22 nt are included in the P-nested-F primer, while the
remaining 30 will occur only in amplicons that arise
from true P-element 3’ ends. We therefore locally
aligned all read-1 sequences to the full-length P-element
consensus sequence [52] using bowtie2 (v2.1.0) [53] and
selected read pairs where the alignment of read-1 to 3’
end of P-element was longer than 20 nt using a custom
Perl script (1 mismatch and 1 gap allowed; Additional
files 7 and 8). Any remaining Illumina sequencing
adapters and P-element sequences, as well as low-quality
ends, were removed from our selected read pairs using
cutadapt (v1.9.1) [54]. The P-element derived and
trimmed read pairs were used for all down-stream ana-
lyses (Additional file 2: Table S1).
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Annotation of P-element insertions based on uniquely
mapping read pairs

To pinpoint P-element insertions in the RAL-492 gen-
ome, read pairs were globally aligned to dm6 as well as
X-TAS using bowtie2 with default options. The results
of alignments to the reference genome are reported in
Additional file 2: Table S1. For read pairs that concor-
dantly (i.e. aligned with expected orientation and the
distance between mates is within 500 bp) and uniquely
aligned to the reference genome, we determined the
breakpoints of P-element insertions based on the re-
ported alignments using a custom Perl script (Additional
files 7, 9 and 10). As P-element transposition will gener-
ate 8-bp target site duplications [55], we defined break-
points as the 3’ end of the 8-bp target site duplication
on the plus genomic strand. If the P-element insertion is
in the same orientation as the plus genomic strand, the
breakpoint is equal to the location where left-most
nucleotide was aligned in read-1 plus 7 bp (Fig. 4a). In
contrast, the breakpoint is equal to location where the
right-most nucleotide was aligned in read-1 if the
inserted P-element is in the same orientation as the
minus genomic strand (Fig. 4b). We required 20
concordant, uniquely mapping read pairs to annotate a
single insertion. P-element insertions found by uniquely
mapping read pairs were reported in Additional file 2:
Table S1.

Determining the number of P-element reads that arise
from annotated insertions

To determine how many multiply mapping reads could
be derived from one of the 36 insertions we annotated
based on unique and concordant alignment to the refer-
ence genome, we aligned multiply mapping reads to
putative insertion contigs that we generated for each
annotated insertion. Each of the ~300-500 bp PCR
products that were sequenced contain 52 bp of P-elem-
ent sequence and 77 bp of Illumina adapter sequence,
with the remaining sequence (up to ~371 bp) deriving
from the genomic region adjacent to each insertion. We
therefore constructed putative insertion contigs that
contained the P-element consensus and 500 bp adjacent
genomic sequences at 5° and 3’ end, including the
inferred 8 bp target site duplication (Fig. 4). Multiply-
mapping read pairs were aligned to the putative inser-
tion contigs using bowtie2, allowing for up to 5
mismatches and 2 gaps. The number of multiply map-
ping read pairs that could be aligned to at least one an-
notated insertion are listed in Additional file 2: Table S1.

Estimating the frequency of individual insertions from
whole genome sequencing paired-end data

To estimate frequency of each annotated TE insertion, we
used previously published whole genome re-sequencing
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data for RAL-492 [35] to compare the abundance of read
pairs supporting the insertion allele and reference genome.
Read pairs were globally aligned to a hybrid assembly that
combined the putative insertion contig for each of our in-
sertions, as well as the dm6 assembly, using bowtie2. Only
alignments with a mapping quality score (MAPQ) greater
than 10, indicating high confidence that they are the cor-
rect alignment for a particular read-pair, were retained. A
read pair was considered to support the insertion if it
aligned to the putative insertion contig and its alignment
spanned the breakpoint. Similarly, a read pair was consid-
ered to support the reference genome if it aligned to dmé
and the alignment spanned the breakpoint. The frequency
of the TE insertion was estimated the proportion of the
number of read pairs supporting the insertion out of total
number of read pairs supporting either the inserted or un-
inserted chromosomes.

Site-specific PCR
To verify the existence of P-element insertions found by
hemi-specific PCR and other approaches, we designed
two different types of PCR assays. Insertion site assays
combined forward and reverse primers on either side of
each insertion site, such that potential PCR products
would include both the reference and the insertion allele.
Breakpoint-specific assays combined a P-element specific
primer and a primer in the adjacent genomic sequence,
and were specific to the insertion allele. PCR products
were Sanger sequenced to further verify the presence or
absence of P-element insertions. The primers for each in-
sertion site we examined, as well as the PCR and sequen-
cing results, are summarized in Additional file 4: Table S3.
With the exception on the X-TAS insertion, primers
for site-specific PCR amplify a unique location in the
reference genome. Even repetitive genomic regions often
carry distinct combinations of adjacent repeats that
allow for site-specific PCR. For the X-TAS insertion, we
used a break point specific assay combining a primer an-
neals to a satellite sequence that is unique to X-TAS
array [56] with a P-element specific primer. A positive
result is diagnostic of a P-element insertion in a particu-
lar orientation in the X-TAS locus.

Additional files

Additional file 1: Table S4. Primers used in library construction. (XLSX 47 kb)
Additional file 2: Table S1. The summary of paired-end reads. (XLSX 56 kb)

Additional file 3: Table S2. Insertions found by concordantly and
uniquely mapping read pairs. (XLSX 42 kb)

Additional file 4: Figure S1. The P-element insertions found only by
TEMP have a low frequency (A) and are supported by few reads (B).
P-element insertion detected by TEMP (two tail-to-tail insertions are
excluded) are divided into two groups: the “TEMP only” group which
contains insertions found only by TEMP, and the “All" group which
contains insertions found by TEMP, TIDAL and hemi-specific PCR.
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Frequency (called penetrance by TEMP) was estimated from whole genome
sequencing of the RAL-492 line. TE read count indicates the number of

only by TEMP have a significantly lower estimated polymorphic frequencies
than insertions also detected by TIDAL and hemi-specific PCR (Welch's

ty = 1444, P < 2.2 x 107'°). In addition, the average number of reads
supporting P-element insertions detected only by TEMP is significantly lower
than insertions that were also detected by TIDAL or hemi-specific PCR
(Welch's t,; = 1105, P = 133 x 107 ). (PNG 34 kb)

Additional file 5: Tables S3. PCR verification of insertions found by
hemi-specific PCR. (XLSX 140 kb)

Additional file 6: Figure S2. PCR of annotated insertion sites. To verify

was expected to be less than 500 bp. However, the main bands of PCR

insertion events. To determine if the insertions contain P-elements, we
sequenced the PCR products (indicated by red rectangles). Sequencing
results indicated the existence of P-element at each location. Notably,
chr2L:20,917,521 a polymorphic insertion which is absent from the TEMP
and TIDAL annotation. (PNG 35 kb)

hemi-specific PCR. (SH 2 kb)

Additional file 8: A Perl script used to pick up P-element derived read
paired. (PL 2 kb)

Additional file 9: A Perl script used to pick up concordantly and
uniquely mapping read pairs. (PL 997 bytes)

Additional file 10: A Perl script used to determine the breakpoints of
P-element insertions. (PL 3 kb)

paired-end reads that support the inserted chromosome. Insertions annotated

the existence of some P-element insertions, we performed insertion-specific
PCR. In the absence of a P-element insertion, the length of all PCR products

products at all locations were more than 500 bp, indicating the existence of

Additional file 7: A shell script used to detect P-element insertions from

Abbreviations

TE: Transposable element; TGS: Targeted genome re-sequencing;
WGS: Whole genome re-sequencing; X-TAS: X chromosome telomere
associated satellites

Acknowledgements

We are grateful to Haig Kazazian and Adam Ewing for guidance with primer
design, and Richard Meisel and two anonymous reviewers for comments on

the manuscript.

Funding
This research was funded by NSF-DEB#1457800 to ESK.

Availability of data and materials
The TGS sequencing libraries are deposited in the SRA archive (#######).

Authors’ contributions
ESK and SZ designed the library prep method and the computational

approach. SZ performed the experiments and analyzed the data. ESK and SZ
wrote the manuscript. Both authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 12

Received: 14 April 2017 Accepted: 10 July 2017
Published online: 28 July 2017

References

1.

12.

Vitte C, Panaud O. LTR retrotransposons and flowering plant genome size:
emergence of the increase/decrease model. Cytogenet. Genome Res.
[Internet]. Karger Publishers; 2005 [cited 2015 Feb 13];110:91-107. Available
from: http://www.karger.com/Article/FullText/84941

Lee S+, Kim N-S. Transposable elements and genome size variations in
plants. Genomics Inform. [Internet]. 2014 [cited 2016 Jul 271;12:87-97.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/25317107

Sun G, Shepard DB, Chong RA, Lopez Arriaza J, Hall K, Castoe TA, et al. LTR
retrotransposons contribute to genomic gigantism in plethodontid
salamanders. Genome Biol. Evol. [Internet]. 2012 [cited 2012 Mar 1];4:168-83.
Available from: http://www.pubmedcentral.nih.gov/articlerenderfcgi?artid=
3318908&tool=pmcentrez&rendertype=abstract.

Sun C, Mueller RL. Hellbender genome sequences shed light on genomic
expansion at the base of crown salamanders. Genome Biol. Evol. [Internet].
2014 [cited 2016 Jul 26]:6:1818-29. Available from: http://www.ncbi.nim.nih.
gov/pubmed/25115007

Lee YCG. The Role of piRNA-Mediated Epigenetic Silencing in the
Population Dynamics of Transposable Elements in Drosophila melanogaster.
Petrov DA, editor. PLOS Genet. [Internet]. 2015 [cited 2017 Mar 22];11:
€1005269. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26042931
Hollister JD, Gaut BS. Epigenetic silencing of transposable elements: a trade-
off between reduced transposition and deleterious effects on neighboring
gene expression. Genome Res. [Internet]. 2009 [cited 2012 Aug 16];19:1419-
28. Available from: http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=2720190&tool=pmcentrez&rendertype=abstract.

Lynch VJ, Leclerc RD, May G, Wagner GP. Transposon-mediated rewiring of
gene regulatory networks contributed to the evolution of pregnancy in
mammals. Nat. Genet. [Internet] 2011 [cited 2014 Nov 13]:43:1154-9.
Available from: http://www.ncbinlm.nih.gov/pubmed/21946353

Jjingo D, Conley AB, Wang J, Marifo-Ramirez L, Lunyak V'V, Jordan IK.
Mammalian-wide interspersed repeat (MIR)-derived enhancers and the
regulation of human gene expression. Mob. DNA [Internet]. 2014 [cited
2015 Feb 13];5:14. Available from: http://www.pubmedcentral.nih.gov/
articlerender fcgi?artid=4090950&tool=pmcentrez&rendertype=abstract.
Startek M, Szafranski P, Gambin T, Campbell IM, Hixson P, Shaw CA, et al.
Genome-wide analyses of LINE-LINE-mediated nonallelic homologous
recombination. Nucleic Acids Res. [Internet]. 2015 [cited 2015 Aug 6]:43:
2188-98. Available from: http://www.pubmedcentral.nih.gov/articlerender.
fcgiartid=4344489&tool=pmcentrez&rendertype=abstract.

Robberecht C, Voet T, Zamani Esteki M, Nowakowska BA, Vermeesch JR.
Nonallelic homologous recombination between retrotransposable elements is
a driver of de novo unbalanced translocations. Genome Res. [Internet]. 2013
[cited 2015 Feb 16];23:411-8. Available from: http.//www.pubmedcentral.nih.
gov/articlerenderfcgi?artid=3589530&tool=pmcentrez&rendertype=abstract.
Zhang J, Zuo T, Peterson T. Generation of Tandem Direct Duplications by
Reversed-Ends Transposition of Maize Ac Elements. Feschotte C, editor.
PLoS Genet. [Internet]. 2013 [cited 2017 Mar 28];,9:¢1003691. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/23966872

Prada CF, Laissue P. A high resolution map of mammalian X chromosome
fragile regions assessed by large-scale comparative genomics. Mamm.
Genome [Internet]. 2014 [cited 2017 Mar 28];25:618-35. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/25086724.

Sarilar V, Bleykasten-Grosshans C, Neuvéglise C. Evolutionary dynamics of
hAT DNA transposon families in Saccharomycetaceae. Genome Biol. Evol.
[Internet]. 2014 [cited 2014 Dec 31];7:172-90. Available from: http://www.
ncbi.nim.nih.gov/pubmed/25532815

Robb SMC, Lu L, Valencia E, Burnette JM, Okumoto Y, Wessler SR, et al. The
Use of RelocaTE and Unassembled Short Reads to Produce High-Resolution
Snapshots of Transposable Element Generated Diversity in Rice. G3&mp;
#58; Genes|Genomes|Genetics [Internet]. 2013 [cited 2017 Mar 28];3:949-57.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/23576519

Kofler R, Nolte V, Schidtterer C. Tempo and Mode of Transposable Element
Activity in Drosophila. PLoS Genet. [Internet]. 2015 [cited 2015 Jul 20;11:
€1005406. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26186437
Rishishwar L, Tellez Villa CE, Jordan IK. Transposable element polymorphisms
recapitulate human evolution. Mob. DNA [Internet]. 2015 [cited 2017 Mar
28];6:21. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26579215


dx.doi.org/10.1186/s13100-017-0092-1
dx.doi.org/10.1186/s13100-017-0092-1
dx.doi.org/10.1186/s13100-017-0092-1
dx.doi.org/10.1186/s13100-017-0092-1
dx.doi.org/10.1186/s13100-017-0092-1
dx.doi.org/10.1186/s13100-017-0092-1
http://www.karger.com/Article/FullText/84941
http://www.ncbi.nlm.nih.gov/pubmed/25317107
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3318908&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3318908&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/25115007
http://www.ncbi.nlm.nih.gov/pubmed/25115007
http://www.ncbi.nlm.nih.gov/pubmed/26042931
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2720190&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2720190&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/21946353
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4090950&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4090950&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4344489&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4344489&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3589530&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3589530&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/23966872
http://www.ncbi.nlm.nih.gov/pubmed/25086724
http://www.ncbi.nlm.nih.gov/pubmed/25532815
http://www.ncbi.nlm.nih.gov/pubmed/25532815
http://www.ncbi.nlm.nih.gov/pubmed/23576519
http://www.ncbi.nlm.nih.gov/pubmed/26186437
http://www.ncbi.nlm.nih.gov/pubmed/26579215

Zhang and Kelleher Mobile DNA (2017) 8:10

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Kofler R, Betancourt AJ, Schidtterer C. Sequencing of pooled DNA samples
(Pool-Seq) uncovers complex dynamics of transposable element insertions
in Drosophila melanogaster. PLoS Genet. [Internet]. 2012 [cited 2012 Jul 18];
8:21002487. Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=3266889&tool=pmcentrez&rendertype=abstract
Zhuang J, Wang J, Theurkauf W, Weng Z. TEMP: a computational method
for analyzing transposable element polymorphism in populations. Nucleic
Acids Res. [Internet]. 2014 [cited 2014 Jul 9];42:6826-38. Available from:
http://www.pubmedcentral.nih.gov/articlerender fcgi?artid=4066757&tool=
pmcentrez&rendertype=abstract

Rahman R, Chirn G-W, Kanodia A, Sytnikova YA, Brembs B, Bergman CM,

et al. Unique transposon landscapes are pervasive across Drosophila
melanogaster genomes. Nucleic Acids Res. [Internet]. 2015 [cited 2015 Nov
23]/43:10655-72. Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=4678822&tool=pmcentrez&rendertype=abstract
Fiston-Lavier A-S, Barron MG, Petrov DA, Gonzélez J. T-lex2: genotyping,
frequency estimation and re-annotation of transposable elements using
single or pooled next-generation sequencing data. Nucleic Acids Res.
[Internet]. 2015 [cited 2015 May 26];43:€22. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=43444828&tool=
pmcentrez&rendertype=abstract

Keane TM, Wong K, Adams DJ. RetroSeq: transposable element discovery
from next-generation sequencing data. Bioinformatics [Internet]. 2013 [cited
2014 Jul 91,29:389-90. Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=3562067&tool=pmcentrez&rendertype=abstract
Bergman CM. A proposal for the reference-based annotation of de novo
transposable element insertions. Mob. Genet. Elements [Internet]. 2012
[cited 2017 Mar 28];2:51-4. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/22754753

Chen J, Wrightsman TR, Wessler SR, Stajich JE. RelocaTE2: a high resolution
transposable element insertion site mapping tool for population
resequencing. Peer J [Internet]. 2017 [cited 2017 Mar 28];5:22942. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/28149701

Ewing AD, Kazazian HH. High-throughput sequencing reveals extensive
variation in human-specific L1 content in individual human genomes.
Genome Res. [Internet]. 2010 [cited 2014 Jul 12],20:1262-70. Available from:
http://www.pubmedcentral.nih.gov/articlerender fcgi?artid=2928504&tool=
pmcentrez&rendertype=abstract

Platt RN, Zhang Y, Witherspoon DJ, Xing J, Suh A, Keith MS, et al. Targeted
Capture of Phylogenetically Informative Ves SINE Insertions in Genus Myotis.
Genome Biol. Evol. [Internet]. 2015 [cited 2017 Mar 28];7:1664-75. Available
from: https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evv099
Witherspoon DJ, Xing J, Zhang Y, Watkins WS, Batzer MA, Jorde LB. Mobile
element scanning (ME-Scan) by targeted high-throughput sequencing. BMC
Genomics [Internet]. 2010 [cited 2017 Mar 28];11:410. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/20591181

Kelleher ES. Reexamining the P-Element Invasion of Drosophila melanogaster
Through the Lens of piRNA Silencing. Genetics [Internet]. 2016 [cited 2016 Aug
18],203:1513-31. Available from: http//www.ncbinlm.nih.gov/pubmed/27516614
Srivastav SP, Kelleher ES. Paternal Induction of Hybrid Dysgenesis in
Drosophila melanogaster Is Weakly Correlated with Both P-Element and
hobo Element Dosage. G3&amp;#58; Genes|Genomes|Genetics [Internet].
2017 [cited 2017 Mar 271,93.117.040634. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/28315830

Anxolabéhere D, Kidwell MG, Periquet G. Molecular characteristics of diverse
populations are consistent with the hypothesis of a recent invasion of
Drosophila melanogaster by mobile P elements. Mol. Biol. Evol. [Internet].
1988 [cited 2013 Dec 13];5:252-69. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/2838720

Ronsseray S, Lehmann M, Anxolabéhére D. Copy number and distribution
of P and | mobile elements in Drosophila melanogaster populations.
Chromosoma [Internet]. 1989 [cited 2015 Jun 18]:98:207-14. Available from:
http://www.ncbinim.nih.gov/pubmed/2555115

Bingham PM, Kidwell MG, Rubin GM. The molecular basis of P-M hybrid
dysgenesis: the role of the P element, a P-strain-specific transposon family.
Cell [Internet]. 1982 [cited 2012 Jun 41;29:995-1004. Available from: http://
www.nebi.nlm.nih.gov/pubmed/6295641

Rubin GM, Kidwell MG, Bingham PM. The molecular basis of P-M hybrid
dysgenesis: the nature of induced mutations. Cell [Internet]. 1982 [cited
2014 Sep 16];29:987-94. Available from: http://www.ncbinlm.nih.gov/
pubmed/6295640

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

Page 11 of 12

Mackay TFC, Richards S, Stone EA, Barbadilla A, Ayroles JF, Zhu D, et al. The
Drosophila melanogaster Genetic Reference Panel. Nature [Internet]. 2012 [cited
2014 Jul 10];482:173-8. Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=3683990&tool=pmcentrez&rendertype=abstract
Hoskins RA, Carlson JW, Wan KH, Park S, Mendez |, Galle SE, et al. The
Release 6 reference sequence of the Drosophila melanogaster genome.
Genome Res. [Internet]. 2015 [cited 2016 Mar 5];25:445-58. Available from:
http//www.pubmedcentral.nih.gov/articlerender.fcgi?artid=43528878&tool=
pmcentrez&rendertype=abstract

Huang W, Massouras A, Inoue Y, et al. Natural variation in genome
architecture among 205 Drosophila melanogaster Genetic Reference Panel
lines. Genome Res. 2014;24(7):1193-208. Available at: http://www.ncbi.nlm.
nih.gov/pubmed/24714809.

Mullins MC, Rio DC, Rubin GM. cis-acting DNA sequence requirements for P-
element transposition. Genes Dev. [Internet]. 1989 [cited 2014 Jul 24];3:729-
38. Available from: http://www.ncbi.nlm.nih.gov/pubmed/2545527

Karpen GH, Spradling AC. Analysis of subtelomeric heterochromatin in the
Drosophila minichromosome Dp1187 by single P element insertional
mutagenesis. Genetics [Internet]. 1992 [cited 2015 Jun 18];132:737-53.
Available from: http.//www.pubmedcentral.nih.gov/articlerender fcgi?artid=
1205211&tool=pmcentrez&rendertype=abstract

Anderson JA, Song YS, Langley CH. Molecular population genetics of
Drosophila subtelomeric DNA. Genetics [Internet]. Genetics Society of
America; 2008 [cited 2017 Feb 271;178:477-87. Available from: http://www.
ncbi.nim.nih.gov/pubmed/18202389

Ronsseray S, Lehmann M, Nouaud D, Anxolabéhere D. The regulatory
properties of autonomous subtelomeric P elements are sensitive to a
Suppressor of variegation in Drosophila melanogaster. Genetics [Internet].
1996 [cited 2015 Jun 17];143:1663-74. Available from: http://www.
pubmedcentral.nih.gov/articlerender fcgi?artid=1207429&to0l=
pmcentrez&rendertype=abstract

Marin L, Lehmann M, Nouaud D, Izaabel H, Anxolabéhére D, Ronsseray S. P-
Element repression in Drosophila melanogaster by a naturally occurring
defective telomeric P copy. Genetics [Internet]. 2000 [cited 2014 Jul 18];155:
1841-54. Available from: http.//www.pubmedcentral.nih.gov/articlerender.
fcgitartid=1461209&tool=pmcentrez&rendertype=abstract

Stuart JR, Haley KJ, Swedzinski D, Lockner S, Kocian PE, Merriman PJ, et al.
Telomeric P elements associated with cytotype regulation of the P transposon
family in Drosophila melanogaster. Genetics [Internet]. 2002 [cited 2015 Jun 11];
162:1641-54. Available from: http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=1462367&tool=pmcentrez&rendertype=abstract

Mclnerney P, Adams P, Hadi MZ. Error rate comparison during polymerase
chain reaction by DNA polymerase. Mol Biol Int. 2014;2014:287430.

Quail M, Smith ME, Coupland P, Otto TD, Harris SR, Connor TR, et al. A tale of
three next generation sequencing platforms: comparison of ion torrent, pacific
biosciences and illumina MiSeq sequencers. BMC Genomics. 2012;13:341.
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. J. Mol. Biol. [Internet]. 1990 [cited 2012 Mar 9];215:403-10.
Available from: http://www.ncbinlm.nih.gov/pubmed/2231712

Aravin AA, Hannon GJ, Brennecke J. The Piwi-piRNA pathway provides an adaptive
defense in the transposon arms race. Science [Internet]. 2007 [cited 2013 Dec 13];
318:761-4. Available from: httpz//www.ncbinim.nih.gov/pubmed/17975059
Brennecke J, Aravin AA, Stark A, Dus M, Kellis M, Sachidanandam R,

et al. Discrete small RNA-generating loci as master regulators of
transposon activity in Drosophila. Cell [Internet]. 2007 [cited 2012 Mar
1];128:1089-103. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
17346786

Ronsseray S, Lehmann M, Anxolabehere D. The maternally inherited
regulation of P elements in Drosophila melanogaster can be elicited by two
P copies at cytological site TA on the X chromosome. Genetics [Internet].
1991 [cited 2015 May 20];129:501-12. Available from: http://www.genetics.
org/content/129/2/501.abstract?ijkey=e54c3fa1b6357ea4f76fc3d3c21398ch
3f18faTb&keytype2=tf_ipsecsha

Brennecke J, Malone CD, Aravin AA, Sachidanandam R, Stark A, Hannon GJ.
An epigenetic role for maternally inherited piRNAs in transposon silencing.
Science [Internet]. 2008 [cited 2012 Mar 9];322:1387-92. Available from:
http.//www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2805124&tool=
pmcentrez&rendertype=abstract

Zanni V, Eymery A, Coiffet M, Zytnicki M, Luyten |, Quesneville H, et al.
Distribution, evolution, and diversity of retrotransposons at the flamenco
locus reflect the regulatory properties of piRNA clusters. Proc. Natl. Acad.


http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3266889&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3266889&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4066757&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4066757&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4678822&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4678822&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4344482&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4344482&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4344482&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3562067&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3562067&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/22754753
http://www.ncbi.nlm.nih.gov/pubmed/22754753
http://www.ncbi.nlm.nih.gov/pubmed/28149701
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2928504&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2928504&tool=pmcentrez&rendertype=abstract
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evv099
http://www.ncbi.nlm.nih.gov/pubmed/20591181
http://www.ncbi.nlm.nih.gov/pubmed/20591181
http://www.ncbi.nlm.nih.gov/pubmed/27516614
http://www.ncbi.nlm.nih.gov/pubmed/28315830
http://www.ncbi.nlm.nih.gov/pubmed/28315830
http://www.ncbi.nlm.nih.gov/pubmed/2838720
http://www.ncbi.nlm.nih.gov/pubmed/2838720
http://www.ncbi.nlm.nih.gov/pubmed/2555115
http://www.ncbi.nlm.nih.gov/pubmed/6295641
http://www.ncbi.nlm.nih.gov/pubmed/6295641
http://www.ncbi.nlm.nih.gov/pubmed/6295640
http://www.ncbi.nlm.nih.gov/pubmed/6295640
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3683990&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3683990&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4352887&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4352887&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/24714809
http://www.ncbi.nlm.nih.gov/pubmed/24714809
http://www.ncbi.nlm.nih.gov/pubmed/2545527
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1205211&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1205211&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/18202389
http://www.ncbi.nlm.nih.gov/pubmed/18202389
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1207429&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1207429&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1207429&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1461209&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1461209&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1462367&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1462367&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/2231712
http://www.ncbi.nlm.nih.gov/pubmed/17975059
http://www.ncbi.nlm.nih.gov/pubmed/17346786
http://www.ncbi.nlm.nih.gov/pubmed/17346786
http://www.genetics.org/content/129/2/501.abstract?ijkey=e54c3fa1b6357ea4f76fc3d3c21398cb3f18fa1b&keytype2=tf_ipsecsha
http://www.genetics.org/content/129/2/501.abstract?ijkey=e54c3fa1b6357ea4f76fc3d3c21398cb3f18fa1b&keytype2=tf_ipsecsha
http://www.genetics.org/content/129/2/501.abstract?ijkey=e54c3fa1b6357ea4f76fc3d3c21398cb3f18fa1b&keytype2=tf_ipsecsha
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2805124&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2805124&tool=pmcentrez&rendertype=abstract

Zhang and Kelleher Mobile DNA (2017) 8:10

50.

51.

52.

53.

54.

55.

56.

Sci. U. S. A, [Internet]. 2013 [cited 2014 Jul 14];,110:19842-7. Available from:
http://www.pubmedcentral.nih.gov/articlerender fcgi?artid=3856796&tool=
pmcentrez&rendertype=abstract

Petrov DA, Fiston-Lavier A-S, Lipatov M, Lenkov K, Gonzélez J. Population
genomics of transposable elements in Drosophila melanogaster. Mol. Biol.
Evol. [Internet]. 2011 [cited 2012 Mar 26];28:1633-44. Available from: http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3080135&tool=
pmcentrez&rendertype=abstract

Marcais G, Kingsford C. A fast, lock-free approach for efficient parallel
counting of occurrences of k-mers. Bioinformatics. 2011;27:764-70.

O'Hare K, Rubin GM. Structures of P transposable elements and their sites of
insertion and excision in the Drosophila Melanogaster genome. Cell. 1983;
34:25-35.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat.
Methods [Internet]. 2012 [cited 2014 Jul 101,9:357-9. Available from: http://
www.pubmedcentral.nih.gov/articlerenderfcgi?artid=33223818&to0l=
pmcentrez&rendertype=abstract

Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnetjournal. 2011;17:10-2.

Beall EL, Rio DC. Drosophila P-element transposase is a novel site-specific
endonuclease. Genes Dev. 1997;11:2137-51.

Asif-Laidin A, Delmarre V, Laurentie J, Miller WJ, Ronsseray S, Teysset L. Short
and long-term evolutionary dynamics of subtelomeric piRNA clusters in
Drosophila. DNA Res. [Internet]. 2017 [cited 2017 Jun 12]; Available from:
http://www.ncbi.nim.nih.gov/pubmed/28459978

Page 12 of 12

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3856796&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3856796&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3080135&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3080135&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3080135&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3322381&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3322381&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3322381&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/28459978

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Results
	Hemi-specific PCR amplifies abundant P-element insertions
	Validation of novel insertions and identification of false positives
	Sequence similarity to true insertion sites may produce false positives
	The majority of sequencing reads are explained by annotated insertions
	Improved insertion site identification and frequency estimation

	Discussion
	Conclusion
	Methods
	Genomic DNA samples
	Primer design
	Library construction by hemi-specific PCR
	Identification of P-element-derived read-pairs and alignment to the reference genome
	Annotation of P-element insertions based on uniquely mapping read pairs
	Determining the number of P-element reads that arise from annotated insertions
	Estimating the frequency of individual insertions from whole genome sequencing paired-end data
	Site-specific PCR

	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

