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Abstract

L1s are transposable elements that move by a copy-and-paste mechanism that continuously 

increases their copy number in the genome, such that each genome has a record of the L1 history 

in that host lineage. They make up about 20% of the genomes of eutherian mammals and have 

played a major role in shaping genome evolution. Chiroptera has the lowest average genome 

size among mammalian orders and the only documented case of L1 extinction affecting an entire 

mammalian family. Herein, L1 activity and extinction are characterized in all families of the 

order Chiroptera using a method that enriches for the youngest lineages of L1s in the genome. In 

addition to the previously reported L1 extinction in Pteropodidae, L1 extinction was documented 

to occur in Mormoops blainvilli, but this event did not affect all species of Mormoopidae. Further, 

there was no evidence of concordance between the evolution of L1s and their chiropteran host. 

There were two L1 lineages present before the divergence of all extant bats. Both lineages are 

extinct in the Pteropodidae. One or the other L1 lineage is extinct in almost all bat families, 

but Taphozous melanopogon maintains active members of both. Most intriguingly, some families 

within the Rhinolophoidea retain one active L1 lineage whereas other families retain the other, 

creating a deep discontinuity between L1 phylogeny and chiropteran phylogeny. These results 

indicate that there have been numerous losses of active L1 lineages over the history of chiropteran 

evolution, but that all chiropteran families except Pteropodidae have retained L1 activity.
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Introduction

L1 retrotransposons (LINE-1; Long INterspersed Element-1) have played a major role 

in shaping mammalian genomes (de Koning et al. 2011; Platt et al. 2018). In addition 

to retrotransposing their own sequence to new sites in the genome, L1s can provide 

the molecular machinery to move SINEs (Short INterspersed Elements) and processed 

pseudogenes (Dewannieux et al. 2003; Dewannieux and Heidmann 2005). Any of these 

sequences can cause mutations by inserting into genes, and retrotransposition can also move 

flanking sequences (Kazazian et al. 1988; Goodier et al. 2000; Ostertag and Kazazian 2001).

In mammals, full-length L1 elements are 6.5 to 7 kb and are made up of four 

major segments (Fig. 1): 5′ UTR, ORF1, ORF2, and 3′ UTR (Furano 2000). The 5′ 
UTR (untranslated region) includes the promoter; this region has been swapped out by 

recombination many times during mammalian evolution, so it is often non-orthologous 

between species and even for different subfamilies within a species (Boissinot and Sookdeo 

2016). The ORF1 (open reading frame 1) segment encodes a nucleic acid binding protein 

that is associated with the L1 transcript as part of the retrotransposition complex. It has a 

hypervariable region (V) near the 5′ end that is either very rapidly evolving or also has 

been swapped out over the evolutionary history of the element. The ORF2 segment has 

four conserved domains: endonuclease (E), an octapeptide-containing sequence (Z), reverse 

transcriptase (RT), and a RNase-H-like zinc finger (C). The 3’ UTR segment contains a G-

rich polypurine tract and terminates with a poly-A tail. The proteins encoded by ORF1 and 

ORF2, along with host proteins, are responsible for retrotransposition. Sequences generally 

are inserted into the genome starting at the 3′ end and most insertions are truncated, so there 

are relatively few full length L1s in the genome (Furano 2000).

Whole-genome sequencing has greatly expanded what is known about the evolution of 

mammalian L1s. These studies provide a broad overview of L1 evolution. L1s have 

persisted in the mammalian genome since before the divergence of placental mammals from 

marsupials, but are not found in monotremes (Ivancevic et al. 2016). Given the presence 

of multiple active elements retrotransposing in the genome at any given time, one would 

expect that over the course of evolutionary history the active elements would have diverged 

such that they form a bush-like phylogeny within each host species (Clough et al. 1996). 

Although this is true of other vertebrates that have retrotransposons related to LINE-1—

fish, reptiles, and amphibians (Platt et al. 2018)—mammalian L1s from a given species 

generally form a pectinate tree with a single trunk, indicating that the active elements 

found in the genome (at any point in their history) within the host lineage are very closely 

related. The mechanism behind this unique mode of evolution within a genome is not well 

understood, but it is thought to indicate an ongoing arms race where the genome evolves 

to suppress retrotransposition and the L1 elements evolve to escape this control (Platt et al. 

2018). Occasionally, multiple well-diverged L1 lineages persist over evolutionary time. For 
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example, the deer mouse Peromyscus has two active lineages (Casavant et al. 1996), but 

these lineages arose subsequent to the origin of Peromyscus (Casavant et al. 1998) and are 

not found in all species of the genus.

Previously, aPCR-based approach was developed to enrich for relatively young L1 

pseudogenes if they are present in the genome (Cantrell et al. 2000). If young elements 

are not present, older L1 pseudogenes are amplified. Using this technique, a comprehensive 

screen for L1 activity across all families of Chiroptera was conducted. In all species 

examined with active L1s, they evolve as one or two persistent lineages. In addition to the 

extinction event previously documented for the family Pteropodidae (Cantrell et al. 2008), 

an L1 extinction event was identified in Mormoops blainvilli, however, in this case it did not 

affect the entire family Mormoopidae.

Methods

Specimens examined

Genomic DNA from a total of 57 species of bats was examined by a PCR-based method 

that enriches for a conserved region of recently active L1s (Cantrell et al. 2000). Specimens 

examined and sources of material are provided in Table 1.

Degenerate PCR, L1 cloning, and colony screening

A 575 bp region of L1 (Fig. 1) ORF2 homologous to bases 4989–5563 of a full-length 

Mus L1 (GenBank accession number M13002) was amplified and cloned from each species 

as described previously (Cantrell et al. 2000). This technique uses degenerate primers to 

regions that are highly conserved based on a previous alignment of reverse transcriptases 

from viruses and transposable elements plus alignments of L1s from a broad range of 

mammalian species. The primers also contain 5′ clamps to increase specificity and introduce 

two restriction sites at each end of the amplified elements. Restriction digestion after 

amplification is followed by ligation into a modified lacZ reporter vector, pKSW, that 

was engineered such that the PCR product is cloned in-frame and in the sense orientation. 

Insertion of an L1 fragment from an element that has transposed so recently that it still 

contains an ORF results in production of an Ll/β-galactosidase fusion protein. Insertion of 

an L1 region that has suffered stop mutations in the normal reading frame blocks production 

of the fusion protein. Thus, blue colonies are enriched for recently inserted L1 sequences 

that maintain ORFs, whereas white colonies generally have indels and stop codons.

For initial characterization of each species, clones were sequenced from both blue and white 

colonies. If identical clones were found, only one was included in the final dataset. Potential 

recombinants were detected as described previously (Cantrell et al. 2008) and were removed 

from the dataset. If primarily truncated ORFs were found due to internal restriction sites, 

PCR products were cloned with alternate enzymes. For each species, a minimum of 20 

sequences was included in the final data set, generally from the first 10 blue and first 10 

white colonies isolated except where unavailable. All L1 sequences isolated from species 

analyzed for Figures 2 and 3 of this study were deposited in GenBank (accession numbers 

EF437602–EF437898 and MK991326–MK991766).
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Species were designated as having recently active L1s if at least two sequences were found 

with intact reading frames and in the correct reading frame across the entire length of 

the amplified region. In cases where this criterion was not met, additional clones were 

sequenced in an attempt to detect elements containing ORFs.

Phylogenetic analysis

For each species, 20 L1 sequences (usually 10 from blue colonies and 10 from white 

colonies) were aligned by the ClustalW algorithm (Thompson et al. 1994). Two young 

L1s from the most closely related sister taxon were included as outgroup. Alignments 

were adjusted manually. Phylogenetic analysis was carried out under maximum-likelihood 

criteria in PAUP* version 4.0bl0 (Swofford 2003). To select the most appropriate model of 

evolution, the alignments were subjected to an iterative search strategy that estimated the 

parameters of16 alternative maximum-likelihood models from an initial neighbor joining 

tree. The relative fit of the models was assessed using the χ2-approximation to the null 

distribution as a likelihood-ratio test (Yang 1994). Heuristic searches with 100 replicate 

random addition sequences and tree bisection-reconnection branch swapping were then 

conducted under likelihood criteria with the fully defined, best-fit model, which was either 

HKY+G or GTR+G for all species. The trees were subsequently rooted with the outgroup 

and the taxa names and outgroup branches were removed for ease of viewing. Examples of 

species-specific L1 trees are shown in Figure 2 (see Results). Tree size was adjusted so that 

the height and scale bars were uniform. Black dots were added to indicate L1s with ORFs. 

To be considered an element with an ORF, the sequence was required to be full length, with 

intact reading frames maintaining the correct reading frame across the entire length of the 

amplified region. The same methods were used to build an L1 phylogeny representing all 

families of Chiroptera except that fewer sequences were used for each species, as described 

under Results.

Results

A 575 bp region of L1 ORF2 (Fig. 1) was amplified, cloned, sequenced, and analyzed from 

57 species of Chiroptera (Table 1). All families of bats were sampled and, when possible, the 

same genera used by Teeling (Teeling et al. 2005) to construct a phylogeny of all chiropteran 

families were included. Phylogenetic analysis was carried out on elements from each species 

separately and as well as collectively on species representing all families of Chiroptera. 

L1s for each of the 57 individual species were analyzed to determine if there was evidence 

of recent L1 activity and to assess the number of active L1 lineages. For the combined 

analysis of L1 from the order Chiroptera, one or two species were included for each family. 

Pteropodidae and Phyllostomidae were sampled more extensively (Table 1).

The targeted region was cloned in frame with lacZ such that a fusion protein was produced 

in clones where the reading frame of the 575 bp region was maintained, giving rise to 

blue colonies when clones were plated on β-galactosidase. This technique is extremely 

effective at enriching for young elements even in the presence of a vast excess of old 

L1 pseudogenes in the genome. To assess the sensitivity of the technique, DNA from 

Rousettus amplexicaudatus, a species of Pteropodidae with long extinct L1s, was seeded 

Wichman et al. Page 4

Spec Publ Tex Tech Univ Mus. Author manuscript; available in PMC 2020 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with quantities of a cloned mouse L1 element equivalent to 1, 3, 10, 100, or 1,000 young 

L1 copies per haploid genome. Using this PCR-based enrichment technique, no mouse L1 

clones were found among 16 sequenced from the sample spiked with mouse L1 equivalent 

to 1 copy per haploid genome, but samples spiked with 3, 10, 100, or 1,000 copies per 

haploid genome yielded 25, 38, 94, and 100% mouse L1 clones, respectively (Cantrell et al. 

2008). This reconstruction experiment suggested two points of interest: 1) young L1 copies 

were enriched even at far lower numbers than would be expected in a typical genome; and 

2) the resulting phylogenies ofLl elements identified by this technique were more reflective 

of recent retrotransposition than of the complete history of L1 in that host species. The 

PCR relies on primers to conserved regions of L1 ORF2 and, thus, PCR amplified relatively 

young elements more readily than old degenerate elements. The colorimetric assay provides 

further enrichment for young elements by identifying elements with intact reading frames 

in the amplified region. The recent activity of L1s can be deduced from the structure of 

their phylogenetic trees. For example, if L1s have had recent bursts of retrotransposition in a 

species, this is reflected by the short terminal branch lengths and abundance of open reading 

frames (ORFs) on the tree. Alternatively, if L1 activity is scant or absent, the past activity is 

revealed, and branch lengths tend to be longer and ORFs few or absent.

L1 activity within species

As expected, species L1 trees tended to have a pectinate appearance with one or sometimes 

two lineages evident. Alternative L1 topologies in bats are shown in Figure 2. Single 

lineages are evident (Fig. 2A, B, and E), but a range of L1 activity can be implied in 

these species, from very active in Tonatia saurophila bakeri to low levels of recent activity 

in Myzopoda aurita. Extinction of L1 in megabats was reported previously (Cantrell et al. 

2008) and is evident in these L1 phylogenies by the long terminal branch lengths and lack 

of ORFs in the two Pteropodidae (Fig. 2C and D). An independent L1 extinction event 

was evident in Mormoops blainvilli (Fig. 2F). Multiple lineages are evident in both L1 

extinction events. Multiple lineages also are evident in species with active L1s. For example, 

Rhinolophus eloquens (Fig. 2G) had one active lineage and one extinct lineage, while T. 
melanopogan (Fig. 2H) had two very divergent active lineages. No L1 extinction events were 

found among the 27 species of Phyllostomidae examined, although some families possessed 

low levels of activity. As previously shown, L1 is extinct in all species of Pteropodidae 

(Cantrell et al. 2008).

L1 activity in Chiroptera

To compare the evolution of L1s in Chiroptera to the phylogeny of their hosts, young 

L1s from genera examined by Teeling (Teeling et al. 2005) were analyzed. Five L1s 

with intact open reading frames from each species were included in the analysis; where 

multiple lineages were present, representatives from each L1 lineage were included. Five 

elements that lack intact reading frames from Cynopterus sphinx were included to represent 

the Pteropodidae. The reconstructed ancestors from both extinct Pteropodidae lineages 

(Pteropus 1, Pteropus 2) and from both extinct Mormoops lineages (Mormoops 1 and 

Mormoops 2) also were included.
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Although there was an overall similarity between the L1 phylogeny and the bat phylogeny 

proposed by Teeling at al. (2005), there were many differences (Fig. 3). None of the 

superfamilies were conserved on the L1 phylogeny. Rhinolophidae and Hipposideridae 

clustered with the Yangochiroptera rather than the Yinpterochiroptera. Among the 

Yangochiroptera, L1s from Myzopodidae were sister to those from Vespertilionidae. 

The relationships among the Noctilionidae, Furipteridae, and Thyropteridae differed, and 

Nycteridae was not sister to Emballonuridae. Taphozous also was exceptional because of 

its two extremely divergent L1 active lineages (see below for further discussion of these 

lineages). One lineage clustered where expected with L1s from the other emballonurid, 

Rhynchonycteris. The other active L1 lineage in Taphozous clustered with L1s from the 

Yinpterochiroptera, and that lineage was the more active one in Taphozous. Although 

there were no active lineages in M. blainvilli, one of the two extinct lineages clustered 

with L1s from Pteronotus quadridens, consistent with its expected placement among the 

Mormoopidae.

There were two active L1 lineages present before the divergence of the families of bats. 

However, there must have been multiple extinctions within both ancestral L1 lineages over 

the course of chiropteran evolution, irrespective of which recently proposed chiropteran 

phylogeny is used for comparison. For example, one proposed phylogeny that supports 

the Yinptero- and Yangochiroptera groupings (Teeling et al. 2005) would require seven 

independent extinctions of L1 lineage 1 or lineage 2 to account for the active lineages 

observed in this study, whereas an alternative phylogeny (Van den Bussche and Hoofer 

2004) would require eight L1 independent extinction events. The evolution of L1 in 

Chiroptera also was compared to phylogenies that support the monophyly of all microbats; 

this relationship required either seven (Jones et al. 2002) or nine (Agnarsson et al. 2011) 

independent extinction events. An example of mapping extinctions of L1 lineages onto the 

Teeling bat phylogeny is shown in Figure 4. Minimizing the number of lineage extinction 

events would require splitting the superfamily Rhinolophoidea so that 1) Megadermatidae, 

Craseonycteridae, and Rhinopomatidae were members of a clade with Pteropidae, and 2) 

Rhinolophidae and Hipposideridae were members of a clade with the Emballonuroidea, 

Noctillonoidea, and Verpertillonoidea (see Fig. 3B). This arrangement does not appear to be 

consistent with any proposed chiropteran phylogeny.

Discussion

Persistence and extinction of L1s

Persistence of L1 requires ongoing retrotransposition so that new active copies are inserted 

before debilitating mutations inactivate the minute fraction of L1s capable of replication; 

L1 lineages that do not replicate eventually will become extinct. Finding evidence of recent 

activity has not always been straightforward. Ancient L1s persist in the genome as molecular 

fossils that obscure the small subset of elements that are products of recent retrotransposition 

(Deininger et al. 1992; Deininger and Batzer 1993; Furano 2000). The method employed for 

this study is very sensitive for finding recently transposed L1s (Cantrell et al. 2000; Cantrell 

et al. 2008), but it does not uncover the complete history of L1s within a species because 

old elements generally are amplified only in the absence of younger elements. Although this 
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can be partially mitigated using the blue-white screening technique to enrich for clones both 

with and without intact reading frames over the region of interest, the phylogenies produced 

by this method should be considered a history of the most recent L1 activity rather than a 

complete history.

Occasionally, the active L1 lineages go extinct within a mammalian clade so that all 

subsequently derived species lack active L1s (Casavant et al. 2000; Cantrell et al. 2008; 

Sookdeo et al. 2018). Such extinctions may be underestimated because recognizing them 

requires that L1 copies remaining in the genome have acquired enough mutation to be 

clearly identifiable as inactive. Deeper extinctions are readily identifiable both because 

the fossil copies have accumulated more mutations and because cladogenesis after an L1 

extinction event gives rise to more taxa that also lack active L1s. Why, then, have so few 

mammalian clades been discovered that lack active L1s? Certainly, sufficient mammalian 

clades to identify all L1 extinctions have not yet been examined, but among those mammals 

examined in this study, most were found to have active L1s. It is possible that this is just 

a historical accident—that L1 extinctions have occurred throughout mammalian evolution, 

but by chance few of those lineages gave rise to major mammalian radiations. This would 

make those extinction events harder to find because it would be necessary to locate one 

of a few species instead of one of many. For example, one could find the L1 extinction 

in Pteropodidae by looking at any one of the ~65 species in the family, but Mormoopidae 

contains only eight species and it is known that some of those still have active L1s. This 

study was very “lucky” to find the L1 extinction event in M. blainvilli.

Although only two complete extinctions of L1 activity were detected in Chiroptera, one in 

all Pteropodidae and one in M. blainvilli, a surprising number of L1 lineage extinctions in 

the group were identified. Additional sampling will be required to completely document 

the number of L1 lineage extinctions, but it seems likely that there have been at least 

seven independent deep extinctions (Fig. 4), as well as a number of more recent L1 lineage 

extinctions. For example, two lineage extinctions occurred in M. blainvilli to give rise to 

complete loss of L1 activity. Lineage extinction without loss of L1 activity likely occurred 

in several species where there was evidence of one active linage and one inactive one, such 

as Hipposideros armiger and R. eloquens. For reasons mentioned above, the methods used 

in this study likely underestimate the number of these extinctions. However, these lineage 

extinctions highlight what could be a major problem with using L1 phylogeny to reconstruct 

host phylogeny.

L1 activity and genome size in bats

Among mammals, the genomes of Chiroptera are particularly interesting because average 

genome size is the lowest among mammalian orders—2.35 picograms in Chiroptera versus 

3.5 picograms among all mammals (Smith et al. 2013). Although their small genome 

size seems exceptional, this has not hindered their evolutionary diversification. The order 

Chiroptera includes 20% of all extant species of placental mammals, second only to rodents 

(Wilson and Reeder 2005). Small genome size in both bats and birds has been proposed 

to be adaptive for flight (Hughes and Hughes 1995). Previous work has concluded that the 

reduced size of the chiropteran genome is due to extensive DNA loss due to deletions, rather 
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than reduced gains due to retrotransposition (Kapusta et al. 2017). However, Pteropodidae 

have even smaller genomes than other bats—2.2 picograms—so lack of retrotransposition in 

these bats likely plays some role in restraining genome size (Smith et al. 2013).

Do L1s provide a function for the host?

Transposable elements are viewed widely as selfish parasites, but the long-term and 

widespread persistence of L1s has fueled speculation that they may provide a function 

for their mammalian hosts. Specific proposed functions include a role in chromosomal 

repair (Hutchison III et al. 1989; Morrish et al. 2002), X chromosome inactivation (Lyon 

1998), modulating gene expression (Han et al. 2004; Elbarbary et al. 2016), and neuronal 

differentiation (Singer et al. 2010). However, if L1 elements play an essential function in 

their mammalian host, one must account for how that function would be maintained after the 

extinction of L1s, and that has not yet been documented for any of these proposed functions.

Whether L1s provide an essential function for the host is not known, but it may be that 

losing L1s could be deleterious in the long run. L1s account not only for their own 

retrotransposition but also for the movement of SINEs and processed pseudogenes, so losing 

the major source of retrotransposition in the genome may be akin to drastically lowering 

the point mutation rate. In the short run, there may be no deleterious effect of losing L1 

activity, and, in fact, the loss could be beneficial. But in the long run, the ability of species 

to evolve could be constrained by the reduction in the amount and type of genetic variation 

available. The central role of L1 in generating specific types of variation could be replaced 

by another retrotransposon. For example, sigmodontine rodents that lack active L1s have 

mysTR, a very active family of endogenous retroviruses (Erickson et al. 2011), but no such 

driver of retrotransposition has been found in the megabats.

L1s and their parasitic SINEs as phylogenetic markers

“The only homoplasy-free phylogenetic marker is the new one” (Robert J. Baker)—meaning 

that each newly discovered phylogenetic marker is assumed to be homoplasy free, until 

sufficient data are generated that show otherwise. Given their vast representation in the 

genome, L1s and SINEs would seem to be ideal markers for reconstructing the history 

of their hosts. There are at least two ways by which retrotransposons might be used 

as phylogenetic markers for their mammalian hosts. First, the history of the L1s or 

SINEs can be reconstructed. At speciation events the active lineage will diverge and 

accumulate changes independently in the derived species (Sookdeo et al. 2018). Changes 

that accumulate in the active L1s can be used as markers to reconstruct the history of their 

hosts (Verneau et al. 1997; Casavant et al. 1998; Verneau et al. 1998). Second, individual 

insertions of L1s, SINEs, or other retrotransposons can be used as presence-or-absence 

characters that can be detected by PCR with flanking single copy primers (Shedlock and 

Okada 2000). Because there are so many L1 and SINE inserts in the genome, there is an 

almost unlimited supply of potential markers across a wide range of ages.

Neither of these approaches is completely homoplasy free. First, both may be subject to 

lineage sorting, as are all phylogenetic markers. As seen here, this may be more serious 

when reconstructing L1 (or SINE) history because multiple active lineages can coexist, and 

Wichman et al. Page 8

Spec Publ Tex Tech Univ Mus. Author manuscript; available in PMC 2020 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



active lineages can go extinct in patterns that do not recapitulate species histories. It might 

be assumed that this would not be a problem when using individual insertions as presence-

or-absence characters, but same-site insertions do occur. For example, a study of insertions 

sites of mys retrotransposons in the Peromyscus genome revealed both lineage sorting (Lee 

et al. 1996) and same-site insertions (Cantrell et al. 2001). One ancient mys insertion had 

accumulated 12 independent insertions of other retroelements among 13 alleles examined. 

At two sites, the insertions used identical initial nick sites to insert, but were clearly different 

events; in one case, two SINEs from different families inserted into the same site, and in 

another case, the insertions were resolved differently at the 5′ insertion site (Cantrell et al. 

2001). Although allele size differences would have been detectable between some alleles in 

a presence-or-absence PCR assay, some alleles containing different insertions would have 

appeared to be the same size. It is unknown how common such insertional ‘hot spots’ are in 

mammalian genomes, but these findings caution against using a small number of insertion 

sites for phylogenetic reconstruction of the host. However, studies of millions of Alu SINE 

insertions in primates found that 0.01% or less exhibited homoplasy (Doronina et al. 2018). 

Phylogenies based on a large number of retrotransposon insertions sites distributed across 

the genome should be more phylogenetically robust than either studies based on single 

nucleotide polymorphisms (SNPs) or comparison of retrotransposons phylogenies to host 

phylogenies.

It was not the intent of this study to use L1s to reconstruct chiropteran phylogeny. Instead, 

the chiropteran phylogeny was used to better understand the biology of L1 elements. The 

findings of the study suggest that there may have been extensive lineage sorting of L1 

elements in bats, along with a number of cases of multiple, highly diverged active lineages. 

It appears that the order began its history with two active lineages that were already ~27% 

divergent at the time of their extinction in the Pteropodidae. These two lineages gave rise 

to the active lineages in all Chiroptera, but through a lineage sorting process that did not 

result in L1 phylogeny recapitulating chiropteran phylogeny. Both lineages survived in at 

least one species, Taphozous melanopogon, where the two clades now differ by ~33%. The 

two complete extinctions of L1 activity in the order, along with the numerous extinctions of 

L1 lineages over time, may reflect the intensity of the ongoing arms race between L1 for its 

survival and strong selection on genome size in Chiroptera.
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Figure 1. 
Structure of a typical mammalian L1. Full-length elements are ~7 kb in length and have 

four major segments: 5′ and 3′ untranslated regions (UTRs) and two open reading frames 

(ORFs). ORF1 has a 5′ hypervariable region (V) and ORF2 contains four conserved 

domains: endonuclease (E), an octapeptide-containing sequence (Z), reverse transcriptase 

(RT) and a RNase-H-like zinc finger (C). A G-rich polypurine tract (G) resides in the 3′ 
UTR and elements terminate with a poly-A tail. The region cloned for this study straddles 

the RT domain in ORF2 and was isolated by PCR with degenerate primers.
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Figure 2. 
Example L1 phylogenies of 20 elements from eight bat species. Taxa names have been 

removed; a black dot represents an L1 with an open reading frame across the region of 

analysis, indicating recent L1 activity. Terminal branch lengths reflect relative time since 

insertion. The trees demonstrate the variation in bat L1 evolutionary dynamics: single and 

multiple lineages as well as cessation of activity.
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Figure 3. 
Comparison of phylogénies of bat families and bat L1 lineages. Taxa from all 18 bat 

families are included. Colors indicate families and genera within superfamilial groups: 

Rhinolophoidea, red; Emballonuroidea, purple; Noctillonoidea, blue; and, Verpertillonoidea, 

green. A. Family tree of Chiroptera derived from Teeling et al. Figure 2 (2005), from a 

maximum-likelihood analysis of a 13.7 kb concatenated data set. B. Maximum likelihood 

free of L1s from the same genera as in tree A. Five L1s with open reading frames from 

each species plus reconstructed ancestral L1s from extinct lineages in Pteropus (Pteropus 1, 

Pteropus 2) and Mormoops (Mormoops 1 and Mormoops 2) are included in the analysis. 

Numbers at the nodes indicate majority rule bootstrap support values.
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Figure 4. 
An example of activity and extinction of two ancient L1 lineages mapped onto the 

phylogeny of Chiroptera. Colors of taxa names indicate families and genera within 

superfamilial groups: Rhinolophoidea, red; Emballonuroidea, purple; Noctillonoidea, blue; 

and, Verpertillonoidea, green. Vertical bars represent activity of L1 lineages in common 

ancestors and Xs indicate extinction events: lineage 1, red; lineage 2, blue. Numbers to the 

right of the taxa are the lineage(s) active in the corresponding genus.
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