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Abstract

Transposable elements (TEs) are an important component of the complex genomic ecosystem. Understanding the tempo and mode

of TE proliferation, that is whether it is in maintained in transposition selection balance, or is induced periodically by environmental

stress or other factors, is important for understanding the evolution of organismal genomes through time. Although TEs have been

characterized in individuals or limited samples, a true understanding of the population genetics of TEs, and therefore the tempo and

mode of transposition, is still lacking. Here, we characterize the TE landscape in an important model Drosophila, Drosophila serrata

using the D. serrata reference panel, which is comprised of 102 sequenced inbred genotypes. We annotate the families of TEs in the

D. serrata genomeand investigate variation inTEcopynumber betweengenotypes. We find thatmanyTEshave lowcopy number in

the population, but this variesby family and includes a single TE making up to 50% of the genome content of TEs. We find that some

TEs proliferate in particular genotypes compared with population levels. In addition, we characterize variation in each TE family

allowing copy number to vary in each genotype and find that some TEs have diversified very little between individuals suggesting

recent spread. TEs are important sources of spontaneous mutations in Drosophila, making up a large fraction of the total number of

mutations in particular genotypes. Understanding the dynamics of TEs within populations will be an important step toward char-

acterizing the origin of variation within and between species.
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Introduction

Transposable elements (TEs) are sequences of DNA that mul-

tiply within genomes despite potential deleterious impacts to

the host (McClintock 1950). TEs are widespread across the

tree of life, often making up a significant portion of the ge-

nome (Piegu et al. 2006; Schnable et al. 2009; Lee and

Langley 2012). TEs also impose a severe mutational load on

their hosts by producing insertions that disrupt functional

sequences and mediate ectopic recombination (McGinnis et

al. 1983; Levis et al. 1984; Lim 1988). TEs can spread through

horizontal transfer between nonhybridizing species, allowing

them to colonize new host genomes (Kidwell 1983; Kofler et

al. 2015; Peccoud et al. 2017). For example, the spread of the

P-element was documented in Drosophila melanogaster from
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Drosophila willistoni in the 1950s, and its subsequent spread

into Drosophila simulans around 2010 (Daniels, Peterson,

et al. 1990; Kofler et al. 2015).

TEs have also been implicated in adaptation. In Drosophila,

insertion of TEs has been linked to resistance to pesticides and

viral infection (Wilson 1993; Daborn et al. 2002; Aminetzach

et al. 2005; Magwire et al. 2011; Mateo et al. 2014). In ants

and Capsella rubella, TEs provide genetic diversity in invading

populations that are generally depleted of genetic variation,

facilitating adaptation to novel environments (Niu et al. 2019;

Schrader et al. 2019). In fission yeast, TE activity was increased

in response to stress and TE insertions were associated with

stress response genes, supporting the supposition that TEs

provide a system to modify the genome in response to stress

(Esnault et al. 2019). There is also evidence from vertebrates

that TEs provide the raw material for assembling new protein

architectures through capture of their transposase domains

(Cosby et al. 2020). In summary, there is extensive evidence

that TEs provide genetic material for adaptation through a

variety of mechanisms.

Early work on TE insertions concluded that on average,

they are likely to be neutral or deleterious (Doolittle et al.

1980), and for a long time, active TEs variants were thought

to be rare in natural populations (Kaplan et al. 1985;

Ronsseray et al. 1991; Brookfield 1991, 1996; Nuzhdin et

al. 1997). Alternatively, it was not active TEs that are rare

but individuals with “permissive” genetic backgrounds,

such that TEs would remain inactive until encountering a per-

missive genetic background and then proliferate (Nuzhdin

2000). Either way, these models assumed a transposition—

selection balance such that TEs are removed by selection at

approximately the rate that they proliferate. Since then, TEs

have been observed to undergo bursts of activity, which could

occur for multiple reasons such as colonization, hybridization,

and stress (Vieira et al. 1999; Garcia Guerreiro 2012; Romero-

Soriano and Garcia Guerreiro 2016). These bursts are docu-

mented in Drosophila, rice, fish, and other systems (Vieira et

al. 1999; Piegu et al. 2006; de Boer et al. 2007; Bourgeois and

Boissinot 2019; Signor 2020). In most cases, transposition

bursts in Drosophila include few individuals and TEs

(Bi�emont et al. 1987, 1990; Nuzhdin et al. 1997; Yang et

al. 2006). The underlying explanation for this burstiness is

unclear, including the potential role of burstiness in

adaptation.

However, recent insights in the repression of TEs could also

offer an alternative hypothesis for the burstiness of TE trans-

position. The host has a dedicated defense mechanism

against TE activity termed the PIWI-interacting (piRNA) system

(Brennecke et al. 2007). piRNAs bind to PIWI-clade proteins,

such as the product of the Argonaute 3 gene in D. mela-

nogaster, and suppress transposon activity transcriptionally

and post-transcriptionally (Brennecke et al. 2007). The major-

ity of these piRNAs originate from genomic regions, which are

enriched for TE fragments, termed piRNA clusters (Brennecke

et al. 2007; Malone et al. 2009). There is some evidence that

insertion of a TE into a piRNA cluster is enough to initiate

piRNA-mediated silencing of the TE (Josse et al. 2007; Zanni

et al. 2013). Therefore a newly invading TE would proliferate

in the host until a copy jumps into a piRNA cluster, which then

triggers piRNA silencing of the TE (Bergman et al. 2006;

Malone and Hannon 2009; Zanni et al. 2013; Goriaux et al.

2014; Yamanaka et al. 2014; Ozata et al. 2019). This would

be seen as a burst of transposition prior to silencing by the

piRNA system. However, TEs also appear to become reacti-

vated in response to stress, or potentially variation in the host

suppression system.

The transposition rate of TEs is also controlled by other

mechanisms, including regulation of promotor activity, chro-

matin structure, and splicing (Garcia Guerreiro 2012).

Therefore the piRNA “trap” model as an explanation for

burstiness is as yet still a hypothesis, and an understanding

of the distribution of TEs within populations is still needed to

understand the tempo and mode of TE evolution.

Recently an inbred panel of 110 genotypes was created for

D. serrata, a member of the montium group (Reddiex et al.

2018). Drosophila serrata is a model system for understanding

latitudinal clines and the evolution of species boundaries

(Blows 1993; Jenkins and Hoffmann 1999; Hallas et al.

2002; Hoffmann and Shirriffs 2002; Liefting et al. 2009).

The montium group contains 98 species and represents a

significant fraction of known Drosophila species (6%,

Lemeunier et al. 1986; Reddiex et al. 2018). For a long

time, it was thought to be a subgroup of the melanogaster

group, but has recently been reclassified as its own species

group (Lemeunier et al. 1986; Da Lage et al. 2007; Yassin

2013). It split from the melanogaster group at least 40 Ma

(Tamura et al. 2004). It has a broad geographic range from

Papua New Guinea to South Eastern Australia (Jenkins and

Hoffman 2001). The D. serrata panel was sampled from a

single large population within its endemic distribution in

Australia, and because of this also exhibits high nucleotide

diversity (pi ¼ 0.0079; Reddiex et al. 2018). Although the

development of a panel represents a new opportunity for

genomic investigation in the group, such as GWAS, very little

work has been done understanding the landscape of repeti-

tive elements in this group. For example, D. serrata was found

to contain a domesticated P-element, though no evidence of

active P-elements was noted (Nouaud and Anxolab�ehère

1997; Nouaud et al. 1999). Screens for the presence of the

Drosophila hobo element in the montium group were mixed,

and inconclusive for D. serrata (Daniels, Chovnick, et al.

1990). Copia and 412 were not detected in D. serrata, though

the DNA transposon Bari-1 was (Bi�emont and Cizeron 1999),

and evidence for the presence of the mariner element is equiv-

ocal (Maruyama and Hartl 1991; Brunet et al. 1994). Here we

characterize the TE landscape in the D. serrata Genetic

Reference panel. We have two goals: 1) To understand the

TE content of D. serrata and its relationship to existing TE
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annotations and 2) to understand variability in TE content

between individuals in the population and how this relates

to the tempo and mode of TE movement. This will provide the

groundwork for understanding the role of TEs in the evolution

of the D. serrata genome, as well investigate differences in the

proliferation of TEs across genetic backgrounds.

Results

TEs in D. serrata

The Extensive de novo TE Annotator pipeline (EDTA v. 1.0)

identified 676 TE families in the D. serrata reference genome

(consensus sequences of related TEs) (Xu and Wang 2007;

Ellinghaus et al. 2008; Xiong et al. 2014; Ou and Jiang 2018,

2019; Ou et al. 2019; Shi and Liang 2019; Zhang et al. 2019;

supplementary file 1, Supplementary Material online and fig.

1A). The sequences of these TEs are have been deposited in

Dfam (Hubley et al. 2016). The classification of the TE families

into superfamilies is broadly correct, and in many cases, there

is no clear relationship to an existing TE family. However,

some errors are evident, for example, element 444 is classified

as copia, but aligns quite well with the 297 element in D.

melanogaster, which is a member of the 17.6 clade/gypsy

superfamily. In addition, some unknown TE families such as

69 align well with existing D. melanogaster annotations, in

this case 17.6. In all six TE families that were classified as

unknown or copia align well with members of the gypsy su-

perfamily from D. melanogaster. Therefore, classification be-

low the superfamily level is generally ambiguous, though

miniature inverted-repeat TEs (MITEs), Helitrons, and other

DNA transposons are distinguishable. This may be due to de-

letion of canonical sequences, nested insertions, or other am-

biguities of TEs.

Relationship between TEs Found in D. serrata and TEs
Annotated in Other Species

One hundred and twenty-three of the 676 identified TE fam-

ilies have a well-supported relationship to existing Dfam TE

annotations (hmmer.org, Eddy 2008; Hubley et al. 2016, fig.

1B and supplementary file 2, Supplementary Material online).

This includes, for example, 27 TE families that are related to

the D. melanogaster Max-Element and 10 TE families that are

related to the D. simulans ninja element. One of these is also

among the most variable TEs and is most closely related to the

Circe element (Osvaldo family). These are likely to be TE fam-

ilies that are younger and that moved between species more

recently, and they are almost exclusively long terminal repeat

(LTR) elements. The exception being two TIR transposons

from the hobo family, one Helitron from D. melanogaster,

and two Helitrons most closely related to elements from

Heliconius. This result is expected as overall LTR elements

are thought to be younger than non-LTR elements

(Bergman and Bensasson 2007). No evidence of P-elements

was found in the population of identified TEs. In addition,

jockey elements (non-LTR retrotransposons) are not intended

to be identified as a part of this pipeline but do appear to be

the identity of two transposon families. The overall phylogeny

of the TEs is not what we wish to emphasize here, as the

structure of TE classification changes frequently (e.g., whether

something is a clade or a family, etc.). In Drosophila, there is

evidence that gypsy elements are infectious, as they can be

transferred among strains through exposure or microinjection

(Kim et al. 1994; Song et al. 1994).

Relationship between TE Families Annotated by
ethylenediaminetetraacetic acid

Out of the 676 TEs annotated by ethylenediaminetetraacetic

acid (EDTA), there are 170 TE families that fall into 40 group-

ings and appear to be closely related to one another (MrBayes

3.2.7, Ronquist et al. 2012, supplementary file 3,

Supplementary Material online). Note that because TEs do

not follow a standard substitution model, the branch lengths

are not meaningful. For example, eight TE families (52, 60,

276, 346, 367, 424, 539, 601) share sequence similarity for

the entirety of their length, but are separated by 39 deletions

spread across the consensus TE. In the largest-related group

of TE consensus sequences, 23, most of the members of this

TE group have low relative copy number and variance (fig. 2A,

average relative copy number 2.3, average variance <1).

However, two members of the group are likely still active

and have relatively high relative copy number and variance

(376 and 672, copy number 27, 79; variance 10, 102). Active

TE families are not more likely to be related to each other than

TEs without apparent activity (active TEs shown in bold, fig. 2).

In another case, three members of the group are more dis-

tantly related, whereas seven members are more closely re-

lated and form two clear groups of origin (fig. 2B). Yet again,

those which are active in the population, as evidenced by

higher relative copy number and variance, are not the most

closely related (fig. 2B, shown in bold). This is not intended to

be an exhaustive accounting of relationships between these

TE families, for example, at some point all members of the roo

clade shared an ancestor. Rather, this is intended to describe

recent divergence between members of a group within this

species.

Population Frequency of TEs

Copy number of TEs was estimated as the normalized counts

of reads mapping to each TE sequence (see Materials and

Methods). An average of 17% of reads from individual D.

serrata lines mapped to TE sequences. The average number

of TE insertions per genome in this population of D. serrata is

19,909; however, almost 50% of that total (9,036) are from a

single repetitive uncharacterized sequence (supplementary

table 1, Supplementary Material online). This element shares

�100 bp of sequence similarity with DNAREP1, one of the
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most abundant and ambiguous TEs in Drosophila (Kapitonov

and Jurka 2003), suggesting it may be related to this element

or be carrying an internal insertion of DNAREP1. The next

closest in relative copy number is a DNA transposon with

541 copies, thus this is a significant outlier. Six TEs identified

in the reference are likely not present in this population. Two

of these are present as partial copies in a subset of individuals.

Overall among the elements identified by EDTA approximately

twice as many are DNA transposons compared with LTR ele-

ments. However, the majority of the identified TE families

have low relative copy number and variance. Three hundred

and ninety of the identified elements have an average relative

copy number of less than 3, and all but 2 of those have a

variance of less than 1 (supplementary table 1, Supplementary

Material online; the other two have variances of 3 and 4). Of

those remaining, 148 have a variance in relative copy number

of 3 or less. Therefore the vast majority of TE families in this

population vary little in relative copy number. Of TEs with an

estimated relative copy number of greater than 10, there is

still considerable variation in their apparent distribution in the

population (fig. 3), with some having high relative copy num-

ber and variance (TE 592, TE 371) whereas many others vary
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FIG. 1.—(A) The abundance of different types of TEs in D. serrata by broad classification type. Note that gypsy, copia, and unknown elements are LTR

elements whereas Helitrons, DNA transposons, and MITEs are all different types of DNA transposon. (B) The classification of TEs into families that could be

aligned to annotated D. melanogaster elements. The two Helitron elements potentially related to those from Heliconius are not included.
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little. Variance is dependent on the mean; therefore, TEs

within higher relative copy number are also going to be

more variable overall compared with lower relative copy num-

ber TEs with higher coefficients of variation (which is not de-

pendent on the mean; supplementary table 1, Supplementary

Material online).

Of those TEs with high relative copy number (>100), two

are able to be aligned to D. melanogaster elements—TE 63

and micropia and TE 616 and Circe. This suggests that these

TEs invaded more recently than the other transposons, likely

from other drosophilids, and that they were able to spread

unchecked for some time. There is clearly a lot of variation in

the population in susceptibility to TE transposition, as shown

by differences in the standard deviation and relative copy

number between strains. Higher relative copy number is not

necessarily indicative of greater variation (TE 606) nor is rela-

tively lower relative copy number indicative of less variation

(TE 136) but both are more common.

Comparison to dnapipeTE

To measure TE abundance using an alternative approach and

compare methods, we ran dnapipeTE on a subset of 11 indi-

viduals from our data set (v. 1.3, Goubert et al. 2015).

dnapipeTE does not report copy number per se, but it does

report the number of bases aligned to a given TE. We were

most interested in the relative abundance of TEs compared

with dnapipeTE; therefore, we compared the correlation be-

tween the proportion of total repetitive reads mapping to

each element and our estimates of copy number. We limited

this comparison to TEs with a copy number of greater than 4

and/or that had been evaluated by dnapipeTE, as it excludes

low copy number elements as a part of its framework. Four

hundred and thirty-seven consensus TEs remained in the data

set. The correlation between the two methods was 0.69,

suggesting that the two approaches are relatively concordant

in their estimates of TE abundance.

Single Nucleotide Polymorphisms and Summary Statistics

In freebayes, we called single nucleotide polymorphisms

(SNPs) within the TEs and allowed the number of copies of

TEs to vary freely with the number estimated in this study,

thus for example, a single individual for TE 51 could have up

to 55 different reference/nonreference calls (v. 1.0, Garrison

and Marth 2012). Although indels are often filtered out of

SNP frequency data sets, we also chose to keep them here

due to the high prevalence of indels in TEs. By averaging over

individuals and then folding the frequency spectrum (as there

is no way to polarize the direction of change), we then have a

summary of the frequency of SNPs across the TEs. This can be

examined visually as a sort of site frequency spectrum (SFS) or

averaged to a mean frequency. The average frequency of

nonreference variants at TEs varies from a low of 0.00 for

TE 370 (DNA transposon, copy number 291) to a high of

0.5 for TE 449 (DNA transposon, copy number 1.37). This is

dependent on copy number, however, as the lower the copy

number, the more a nonreference SNP will weigh into the

ratio, for example, 0/1 versus 0/0/0/0/0/0/0/0/1. However,

this is also informative—if copy number is low and they

have diverged at an SNP between just 1–2 copies, this sug-

gests a long period between transposition events. Overall, TEs

that have fewer variants, a higher copy number, and a lower

mean nonreference frequency are more likely to be recent

invaders who are not well controlled in the population. The

best candidates for these criteria are TE 217, TE 370, TE 306,

TE 397, TE 494, and TE 217 (fig. 4 and supplementary table 2,

Supplementary Material online). Other good candidates hav-

ing few SNPs and high copy number, but higher nonreference

frequency, may have had more than one active copy bearing

SNPs invading the population from the outset, including TE

211, TE 411, TE 592, TE 616, TE 638, and TE 660 (supple-

mentary file 1, Supplementary Material online). TE 616

belongs to the Osvaldo/Circe family of TEs identified in D.

melanogaster. Normalizing by the length of the TE does little

to alter these results, though TE 411, TE 217, and TE 638 are

quite short (90–139 bp) and therefore do have more SNPs per

bp making them less likely candidates (supplementary table 2,

Supplementary Material online). The variance for these can-

didates is also quite low, as in figure 4, it can be seen that with

increasing nonreference allele frequency the variance be-

tween individuals also increases considerably. This could sug-

gest slower invasion, during which SNPs are acquired en route

and passed along to some genotypes but not others. Because
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of the complexity of interpreting these data, the VCF files

have been made available through dryad (https://datadryad.

org/stash/share/

QppcIB4PpPqngDZcB5xyDYzJiBpRYHlRrQ08xnG9RCI).

Outliers in Individual Genotypes

TEs tend to proliferate in particular inbred genotypes. Out of

102 genotypes, 71 have no TEs with a number of insertions

that classify them as outliers. Twelve genotypes contain a

single TE with a copy number that is considered an outlier,

and the remaining 19 contain 2 or more outliers. This includes

2 genotypes with 13 and 8 TEs with a copy number that is

considered an outlier. This also tends to group by TE, as only

36 TEs have at least 1 genotype in which they are an outlier;

however, for 18 of these, this is only in 1 genotype. For 5

genotypes, 5 TEs are shared as being outliers, with an addi-

tional 2 genotypes that share outliers for 4 of the 5. Many of

these outliers are large, for example, for TE 512 the majority

of the population has 20–30 copies, whereas a single individ-

ual has >200 (fig. 5).

Discussion

There is some evidence from inbred lines that genotypes can

vary considerably in TE copy number (Nuzhdin et al. 1997;

Pasyukova 2004; Rahman 2015; Signor 2020). The question

remains—is it due to differences in the permissiveness of the

genetic background, or inheritance of active TEs that

segregate at low frequency in the population? In the former

scenario, genes segregating in natural populations modify

transcription and the rate of transposition of specific TEs.

This could include polymorphisms in genes such as

Argonaute 3 and variation in the integration of TEs into

piRNA clusters (Birchler et al. 1989; Csink et al. 1994;

P�elisson et al. 1994; Lee and Langley 2010, 2012; Zhang

and Kelleher 2019). Indeed, variation in the integration of

TEs into piRNA clusters appears to be quite common, as

Zhang and Kelleher (2019) documented 80 unique indepen-

dent insertions of P-elements into piRNA clusters in the

Drosophila Genetic Reference Panel (Mackay et al. 2012). If

laboratory lines differ in these alleles, this can cause between

line variability in transposition rates. In the latter scenario, dif-

ferent lines may have inherited copies of TEs with differences

in the propensity to transpose (Ronsseray et al. 1991; Kim

et al. 1994; Nuzhdin et al. 1997; Nuzhdin 2000).

Although we cannot measure the likelihood of individual

genotypes inheriting multiple active copies of TEs whereas

fellow members of the population inherit none, the fact

that multiple TE families are proliferating in particular geno-

types—that is proliferating TEs have some tendency to co-

occur—this supports the idea that these individuals have poly-

morphisms in genes or other repressive structures that are

more permissive to TE transposition. Were the genotypes

with clear TE proliferation different for every TE family this

would not support either scenario, however, it does seem

more likely that these genotypes have a polymorphism, which
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fails to repress more than one type of TE, rather than that they

preferentially inherited multiple active copies. We cannot at

this time directly look for polymorphisms in repressive genes

or complexes. Currently, we are unable to establish clear

homologs of the D. melanogaster genes known to affect

piRNA silencing in D. serrata, but as the D. serrata assembly

improves this may be possible. In addition, the methods de-

veloped recently by Zhang and Kelleher (2019) to measure

differences in piRNA cluster integration using small RNA librar-

ies show promise for determining whether we can detect

polymorphisms in these individual genotypes for repressive

alleles.

However, the fact that the TEs that are proliferating do not

appear to be a unique population suggests that there is inter-

action between potentially active TEs and genetic back-

ground—not all TEs are potentially active in all potentially

permissive backgrounds. This suggests that the transposition

rate of TEs in natural populations will be complex, depending

upon differences in the inherited TE population and variation

in the host genome. There is already a lot of evidence that

there are multiple pathways and factors that control transpo-

sition in Drosophila. For example, in D. melanogaster strain

iso-1, the piRNA pathway produces hobo and I-element-spe-

cific piRNAs, yet there is a high level of hobo and I-element

transposition (Zakharenko et al. 2007; Shpiz et al. 2014). In D.

simulans, there are large amounts of variation in piRNA path-

way genes (Fablet et al. 2014). Therefore, there is abundant

opportunity for variation in the host ability to suppress a TE

and the ability of the TE to transpose.

Since the discovery of the piRNA repression system for

TEs, the lifecycle of a TE in a host has been envisioned as

three steps. First, the TE invades a novel population or

species and amplifies unencumbered. TE proliferation is

then slowed by segregating insertions in piRNA clusters,

and finally inactivated by fixation of piRNA cluster inser-

tions (Kofler 2019). However, clearly bursts, or activity,

continues at some level within the population as many

of the potentially active TEs in D. serrata have a high

SFS. This indicates that the TEs have been in the popula-

tion long enough to accumulate SNPs, potentially includ-

ing copies with different SNPs continuing to proliferate in

the population. It is true that suppression by piRNA cluster

insertion may be unstable, but exactly why that is or how

important it is for TE survival is not clear.

The accumulation of TEs in laboratory lines should be as-

sociated with fitness declines, and be eliminated by selection

(Nuzhdin et al. 1997). However, accumulation of TE insertions

in individual genotypes, or overall, in genotypes kept in small

mass cultures appears to be the rule rather than the exception

(Pasyukova 2004; Rahman et al. 2015; Signor 2020). Muller’s

(1932, 1964) rachet may be responsible for the accumulation

of insertions, even if they are deleterious. As more work is

done the tempo and mode of TE transposition it will be inter-

esting to see the generality of these conclusions outside of

Drosophila. What is clear is that TEs are important sources of

spontaneous mutations in Drosophila, and that in laboratory

lines, over time, they may make up a large fraction of the total

number of mutations in particular genotypes.
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Materials and Methods

Fly Lines and Data

One hundred and ten genotypes of D. serrata were collected

from a wild population in Brisbane Australia in 2011 and in-

bred for 20 generations (Reddiex et al. 2018). The libraries

were sequenced using 100 bp paired-end reads on an Illumina

Hi-seq 2000. The raw reads were downloaded from NCBI SRA

PRJNA410238. One hundred and two genotypes were used

for analysis. Four genotypes were excluded based on unusu-

ally high relatedness, as described in Reddiex et al. (2018),

whereas the remaining four genotypes were excluded based

on library quality issues.

Classification of TEs

TEs are a diverse group, and the taxonomy of TEs is conten-

tious and still developing (Wicker et al. 2007; Kapitonov and

Jurka 2008; Platt et al. 2016). Here, we will rely only on broad

classifications in Class I and Class II elements, including

Helitrons and MITEs. Class I elements are retrotransposons

that use an RNA intermediate in their “copy and paste” trans-

position. Class I can be divided into LTR and those that lack

LTRs (SINEs and LINEs) (Okada et al. 1997; Havecker et al.

2004; Wicker et al. 2007; Kramerov and Vassetzky 2011,

2019). However, within Class I, we will only focus on LTR

elements, as benchmarking of software designed to detect

non-LTR elements is unreliable (Ou et al. 2019). Within the

Class I LTR elements, there are three major superfamilies—

copia, gypsy, and Bel/Pao—which have distinct terminal

sequences (Marlor et al. 1986). Class II elements are known

as DNA transposons and use DNA intermediates in a “cut and

paste” mechanism of transposition (McClintock 1984).

Among the Class II elements are also nonautonomous small

DNA transposons such as MITEs (Fattash et al. 2013;

Makałowski et al. 2019). These lack coding potential and

rely on other autonomous DNA transposons for transposition.

Lastly, Helitron transposons have a different mechanism of

transposition from other DNA transposons. This is referred

to as a rolling circle, which frequently captures nearby genes

or portions of them in the process (Kapitonov and Jurka 2001,

2007).

Annotating TEs in D. serrata

The D. serrata 1.0 assembly available from the Chenoweth lab

was used for genomic mapping and TE identification (http://

www.chenowethlab.org/resources.html) (Allen et al. 2017).

The TE library was constructed using EDTA (Xu and Wang

2007; Ellinghaus et al. 2008; Xiong et al. 2014; Ou and

Jiang 2018, 2019; Ou et al. 2019; Shi and Liang 2019;

Zhang et al. 2019). This pipeline is intended to create a

high-quality nonredundant TE library based on a reference

genome (supplementary file 1, Supplementary Material

online).

Mapping

Reads from the D. serrata reference panel were mapped to

the genome and the TE library using bwa mem version 0.7.15

(Li 2015). Bam files were sorted and indexed with samtools

v.1.9 and optical duplicates were removed using picard

MarkDuplicates v.2.25.2 (http://picard.sourceforge.net) (Li

et al. 2009; McKenna et al. 2010). Reads with a mapping

quality of below 15 were removed (this removes reads which

map equally well to more than one location).

Relationship to TEs in the EMBL TE Library

The TE library from D. serrata was compared with TEs from

the EMBL consensus sequence library using the Dfam data-

base and hmmer similarity search (hmmer.org, Eddy 2008;

Hubley et al. 2016). Hits were required to have a bit score

of greater than 350. An hmmer bit score is the log of the ratio

of the sequence’s probability according to the homology hy-

pothesis over the null model of nonhomology (hmmer.org,

Eddy 2008). Multiple hits to the same TE were considered as a

single hit, and if more than one EMBL TE was listed the best

bit score was retained. In general, there were no TEs from the

D. serrata library that had similar bit scores between different

EMBL TEs.

Relationship between TEs Annotated by EDTA

Potentially related TE families from the EDTA library were

identified using NCBI BlastN 2.8, with the minimum criteria

being an alignment of greater than 400 bp for LTR elements

and DNA transposons, and 200 bp for MITEs (Camacho et al.

2009). The sequences were aligned and oriented using the R

package DECIPHER (Wright 2016). The fasta alignments were

converted to nexus format, and indels were coded as binary

characters, using the perl script 2matrix (Salinas and Little

2014). Trees were made if there were four or more related

TEs using MrBayes 3.2.7 (Ronquist et al. 2012). The trees were

built using a GTR substitution model and gamma distributed

rate variation across sites. The Markov chain Monte Carlo

chains were run until the standard deviation of split frequen-

cies was below 0.01. The consensus trees were generated

using sumt conformat ¼ simple. The resulting trees were

displayed with the R package ape (Paradis et al. 2004).

Relative Copy Number Estimation

Using read coverage to determine relative copy number has

been compared with other methods and is neither permissive

nor conservative (Srivastav and Kelleher 2017). Read coverage

is preferable in this study to methods that rely on split read or

split pair mapping, as decent accuracy for those methods

requires at least 40� coverage, whereas some split pair meth-

ods require more than 90� coverage (Kofler et al. 2016;

Vendrell-Mir et al. 2019). Further, we are interested only in

relative copy number rather than the precise insertion points

Tiedeman and Signor GBE
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of TEs, which are difficult to infer within heterochromatin. TE

copy number was estimated using the average counts of

reads mapping to the TE sequences and the genome with

bedtools counts (v. 2.3, Quinlan and Hall 2010; Hill et al.

2015). Then, relative copy number of the TEs could be nor-

malized using the average counts from a 7 MB contig from D.

serrata, which corresponds to a portion of D. melanogaster

3L. This is one of the largest contigs in the D. serrata assembly.

We calculated mean and variance for relative copy number of

each TE family as well as the coefficient of variation to more

accurately compare variation between TEs with different

means. Many TEs have internal deletions or are present in

fragments; therefore, this estimation of relative copy number

can be thought of more generally as the overall genomic oc-

cupancy of each TE.

Comparison with Other dnapipeTE

Among the many TE-related software dnapipeTE (v.1.3) has

the most similar overall detection goals to this study (Goubert

et al. 2015). In dnapipeTE, trinity is used to produce contigs

that represent all alternative contigs of all TEs (v.2.5.1,

Grabherr et al. 2011). Then, these trinity contigs are anno-

tated using RepeatMasker and our custom repeat library pro-

duced by EDTA (Smit 2013; Ou 2019). RepeatMasker (v

4.0.05) parameters are default, and only the best NCBI

BLAST hit is kept. Then the reads are mapped back to this

library of annotated contigs, and the number of aligned bases

is reported. We ran dnapipeTE on a subset of 11 individuals

from our data set. We aggregated the estimates of aligned

bases per TE in R, such that if multiple contigs are reported for

a TE, one final value would remain. We then normalized each

estimate of aligned bases by the total number of bases aligned

to TEs to gain a proportion, as we were most interested in

comparing relative estimates of TE abundance. dnapipeTE

does not include low copy number elements as they do not

qualify as repetitive, therefore from our relative copy number

estimates we excluded anything without an estimate in

dnapipeTE and a copy number of less than four.

Outliers in Individual Genotypes

Outliers for TE relative copy number were identified as three

times the third quartile of copy number in R.

SNPs and Summary Statistics

We called SNPs using freebayes v.1.0 (Garrison and Marth

2012). TEs with higher relative copy number will not have

SNPs that are heterozygous or homozygous when all reads

from multiple copies are pooled, as they are here. To estimate

SNP frequencies for multicopy TEs, we instead emulated a

pooled sample with freebayes, and relative copy number was

allowed to vary for each individual for each TE using the –cnv-

map option. The minimum support for an alternate allele was

five reads. This allowed for the estimation of SNP frequency in

the whole population of TEs within an individual. All of the

following calculations were performed in RStudio v.1.0.143. To

create summary statistics to more easily understand variation in

SNP frequency, we calculated the number of nonreference

alleles for each SNP compared with the total relative copy

number of the SNP, for each individual. This was then averaged

across individuals to create a form of SFS, though one in which

the relative copy number varies. SFS is essentially the frequency

of the frequency of nonreference alleles. Thus you can visualize

whether SNPs are more commonly frequent or rare within the

TE family. This is useful because if the SFS is low for all SNPs,

this could indicate more recent spread in the population. The

SFS for individual SNPS was folded in R, replacing any fre-

quency i over 0.5 with 1-i. Folding the SFS means that any

SNP with a frequency greater than 0.5 is assumed to actually

be the reference SNP, as we cannot determine which SNP is

derived or ancestral by comparing to the reference. Variance

was also calculated for each SNP, as well as averaged across

SNPs. We created histograms to visualize the SFS of each TE.

Then the mean frequency of SNPs in each TE was compared

with the number of SNPs, the average relative copy number,

and the variance in SFS to determine which TEs might be ac-

tively proliferating in the population.

Supplementary Material

Supplementary data are available at https://github.com/si-

gnor-molevol/serrata_transposable.
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