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Long interspersed nuclear element 1 (LINE-1; L1) retrotransposons are the most common retroelements in
mammalian genomes. Unlike individual families of endogenous retroviruses (ERVs), they have remained active
throughout the mammalian radiation and are responsible for most of the retroelement movement and much
genome rearrangement within mammals. They can be viewed as occupying a substantial niche within mam-
malian genomes. Our previous demonstration that L1s and B1 short interspersed nuclear elements (SINEs)
are inactive in a group of South American rodents led us to ask if other elements have amplified to fill the
empty niche. We identified a novel and highly active family of ERVs (mysTR). To determine whether loss of L1
activity was correlated with expansion of mysTR, we examined mysTR activity in four South American rodent
species that have lost L1 and B1 activity and four sister species with active L1s. The copy number of recent
mysTR insertions was extremely high, with an average of 4,200 copies per genome. High copy numbers exist in
both L1-active and L1-extinct species, so the mysTR expansion appears to have preceded the loss of both SINE
and L1 activity rather than to have filled an empty niche created by their loss. It may be coincidental that two
unusual genomic events—Iloss of L1 activity and massive expansion of an ERV family—occur in the same group

of mammals. Alternatively, it is possible that this large ERV expansion set the stage for L1 extinction.

The sheer mass of transposable elements (TEs) is perhaps
indicative of their enormous influence on the genomes they
inhabit. TEs have been identified in the DNA of every eu-
karyote studied and appear to have colonized the mammalian
genome throughout the radiation of mammals. These repeti-
tive sequences comprise a major proportion of mammalian
genomes, ranging from about 34% of the dog and panda ge-
nomes to 40% of the mouse genome, 46% of the human
genome, 49% of the horse genome, and 52% of the genome of
the short-tailed opossum (27, 28, 49, 50, 57, 83). In mammals,
most elements move via an RNA intermediate by means of
retrotransposition. LINE-1 (long interspersed nuclear element
1; L1) constitutes the bulk of autonomous retroelements in
placental mammals and marsupials, followed by endogenous
retroviruses (ERVs) (10, 17, 27, 50, 57). L1s are believed to
also provide enzymes in trans for retrotransposition of the
nonautonomous short interspersed nuclear elements (SINEs),
small retroelements contributing more than 10% to the
genomic mass of some mammals. L1s have been identified and
retain the ability to retrotranspose autonomously in every
mammalian order examined, except monotremes, where
LINE-2 elements dominate the genome (84). There are only
two known instances of L1 extinction—loss of copies of L1 that
can transpose autonomously. Both occurred in the ancestors of
speciose groups and thus appear to affect most species of
sigmodontine rodents and all species of megabats (15, 16, 32).

The possibility that L1s evolved to provide a function for the
host has been doggedly examined to offer insight into why they
are more abundant and long lived than other retroelements
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despite the apparent cost to their hosts. The observation that
Lls are at a higher density on the X chromosome than the
autosomes led to the suggestion that L1s serve as the “way
stations” that transmit the inactivation signal along the X chro-
mosome to be inactivated (26, 53). Alternative roles for L1s in
X chromosome inactivation (XCI) have been suggested, in-
cluding demarcation of the borders of inactivity and escape (2)
or in recruitment of DNA methylase and formation of hetero-
chromatin on the inactive X (37). A recent in situ study vali-
dates some of these ideas and strongly suggests L1s facilitate
compartmentalization of genes to be inactivated during ran-
dom XCI (18), while another implicates them in imprinted
XCI (62). Involvement of L1s in double-strand DNA break
repair has been proposed by several groups (40, 51, 56, 73, 81).
One study suggested that reverse transcriptase (RT) activity
from L1s in particular and to a lesser extent ERVs is necessary
for early embryonic development in the mouse (9). A recent in
silico analysis of the genomes of six mammals, chicken, ze-
brafish, and five invertebrates suggests the spacing of both L1s
and SINEs facilitates the formation of stems with long loops
within the large introns of animals, perhaps aiding the local-
ization of intron splice sites (74).

Examination of lineages that lack active L1s is one way to
test predictions of these various functional hypotheses. For
example, if L1s serve as “way stations” to transmit Xist tran-
script, the inactivation signal, along the X chromosome to be
inactivated, one might expect an increased rate of evolution of
the Xist gene in species that lack active Lls, either due to
selective pressure on Xist to track the deteriorating L1 se-
quences or to recognize another signal to serve the function of
a “way station.” However, no increase in the rate of Xist evo-
lution was observed in Oryzomys palustris, which lacks active
L1s, compared to three other rodents that retain L1 activity
(13). From a different perspective, if L1s accumulate on the X
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chromosome because they are necessary to facilitate XCI, a
species with XO females, not needing XCI, would not be
expected to accumulate L1s on the single X or even have a
need for L1 activity. Nevertheless, L1s in such a species, the
spiny rat Tokudaia osimensis, were shown to be recently active
and at high density on the lone X (71). In contrast, if L1s serve
a function in double-strand DNA break repair, one might
expect that species that lack active L1s might be more sensitive
to agents that lead to double-stranded breaks. In fact, karyo-
typic variation among some sigmodontine rodents that lack
active L1s is quite exceptional (4, 25, 45, 60, 61, 75), lending
some support for this hypothesis.

Independent of any putative host functions, L1s have been
shown to impact both gene expression and genomic evolution
(19, 30, 33). L1s inserted into transcribed regions of genes
cause premature termination and reduce transcription rates
(34, 63), are involved in 3’ transduction and rearrangement of
adjacent DNA (31, 70), and serve as sites for ectopic recom-
bination (12, 35, 87). Although L1 retrotransposition in so-
matic cells has historically been thought rare, two studies have
demonstrated amplification in neuronal progenitor cells, lead-
ing to speculation these insertions could increase somatic mo-
saicism (21, 58). Several recent analyses of L1s in multiple
human genomes have revealed that their activities and contri-
butions to individual genetic and structural variation have been
grossly underestimated (6, 24, 39, 41). Whether L1s serve a
function in the host or are just very successful parasites, loss of
their activity could have a profound impact on the dynamic
interactions within the host genome.

ERVs and L1 elements, while sharing similar environments
and modes of reproduction, differ in many ways. L1s, unlike
ERVs, lack long terminal repeats (LTRs). L1s have main-
tained activity throughout the mammalian radiation, whereas
most ERV families remain active in the host genome for rel-
atively shorter periods of time. ERV families appear to have
arisen by horizontal transfer into mammalian genomes multi-
ple times during the evolution of mammals, while L1s appear
to be transmitted only vertically. In well-studied species, the
copy number of closely related ERVs (i.e., recently trans-
posed), is typically very low, at levels of less than 100 per
genome (5, 8, 17, 20, 29, 57, 82). Higher copy numbers of up to
1,000 recently inserted IAP elements per genome are seen in
the mouse and hamster (46, 47). L1 elements have copy num-
bers in the range of hundreds of thousands per genome (10, 27,
28, 49, 50, 57, 82, 83), but most of these represent fragments of
ancient insertions. The copy numbers of full-length, potentially
active elements vary widely from species to species—e.g., num-
bering approximately 100 in humans (11, 68) and 3,000 in mice
(22)—although activity levels of individual retrotransposition-
competent elements are also widely variable (11, 48, 72). Even
though our understanding of L1s and ERVs has increased
tremendously, it is still not known if activities in one group of
these retroelements affect activities in the other group.

Following our identification of cessation of L1 activity in a
group of sigmodontine rodents (16, 32), we hypothesized that
another repetitive sequence might be amplified to higher levels
in these rodents, either to fill the niche left by the loss of L1
activity or to replace lost host functions. To test this possibility,
we used a phylogenetically based hybridization method which
can allow identification of any type of recently amplified re-
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petitive sequences without prior knowledge of their mode of
replication (54, 85, 86). Comparison of Oryzomys palustris, a
species with no L1 activity, and Sigmodon hispidus, a closely
related sigmodontine retaining L1 activity, led to identification
of a new family of endogenous retroviruses which we called
“mysTR” (14): i.e., “mys” from the Greek for “mouse” and
“TR” for “transposable.” Further analysis indicated an exceed-
ingly high copy number of about 1,000 mysTR elements per
genome in S. hispidus and an even larger number of about
10,000 copies in O. palustris. This is consistent with the hypoth-
esis that endogenous retroviruses have been more active in
Ll-inactive than L1-active muroid rodents. However, exami-
nation of an Ll-active outgroup, Peromyscus maniculatus, re-
vealed an intermediate copy number of about 4,500 mysTR
elements per genome, leaving open the question of whether
there was any connection between endogenous retrovirus ac-
tivity and L1 inactivity.

The current study examines mysTR elements from four L1-
active and four L1-inactive species to ask three questions. Are
copy numbers of mysTR elements indeed correlated with loss
of L1 activity? Has this ERV expansion spread among the
sigmodontine rodents and their relatives? How are mysTR
elements within these species related to each other?

MATERIALS AND METHODS

Species examined and genomic DNA extraction. Tissue samples from Nycto-
mys sumichrasti (MSB45815), Neacomys spinosus (MSB68475), Calomys callosus
(MSB:NK37800), and Akodon boliviensis (MSB55219) were provided by the
Museum of Southwestern Biology at the University of New Mexico. Reithrodon-
tomys fulvescens (TK21614), Sigmodon hispidus (TK72547), and Peromyscus
maniculatus (TK25418) tissues were obtained from The Museum of Texas Tech
University. Oryzomys palustris (KE02) was provided by Kent Edmonds (Indiana
University, New Albany, IN). Genomic DNA was isolated by the methods of
Longmire et al. (52).

Degenerate PCR, isolation, and sequencing. Previously described degenerate
PCR was used to amplify beta- and beta-like retroviruses from the genomic DNA
of each species (14). The primers were designed to the conserved pro/pol do-
mains used by Herniou et al. (38) with modifications for 5’ clamps and additional
degeneracies. The forward (protease) primer is 5'-ACGAATTGCTCGAGAG
KIHTIITNGAYCANGG-3' and the reverse (reverse transcriptase) primer is
5'-TGGATCGCTGCGGTARNADRTCRTCCATRTA-3" (14). The ~920-bp
PCR products were isolated via gel purification (QIAEX, Qiagen, Inc., Valencia,
CA) and ligated into pGEM-T Easy vectors (Promega Corporation, Madison,
WI). At least 16 elements were sequenced from each species using BigDye
Terminator cycle sequencing chemistry and a 3730 DNA analyzer (Applied
Biosystems, Foster City, CA).

Sequence analysis. Sequences with large deletions were excluded from the
data analysis for this project. The nucleotide data sets were aligned with
ClustalW as implemented in Lasergene MegAlign (DNA*, Madison, WI) and
subsequently adjusted manually. Sequences determined to be recombinants us-
ing GENECONYV (69) were removed from the data set. The best fit model of
sequence evolution was determined with DT_ModSel (55), and the appropriate
model was implemented in MrBayes (66) and either PAUP*v4b10 (79) or
GARLI (88). Bootstrap nodal support was estimated using 100 bootstrap repli-
cates, and GARLI consensus trees were compiled with the SumTrees script
implemented in DendroPy (78). Bayesian analyses consisted of four or eight runs
carried out for 10 million generations with every 1,000th being saved. The
burn-in was removed, all runs were combined, and the majority rule consensus
tree was used to determine the posterior probabilities for the analyses.

Dot blot construction and Southern hybridization. To determine mysTR copy
numbers of recently inserted elements, quantitative dot blot hybridizations were
carried out. Genomic DNA was quantified with an LS30 luminescence spectrom-
eter as previously described (32) and applied to charged nylon filters using
standard procedures (1). DNA probes were picked on the basis of their phylo-
genetic relationship to other sequences. mysTR clones RfulM8, RfulM23,
PmanM13, PmanM23, NsumM11, NsumM13, ShisM2, AbolM10, CcalM2,
CcalM33, NspiM16, NspiM17, and OpalM27 were used both as standards and as
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FIG. 1. Phylogeny of rodents included in the analysis as per the
consensus of data from Steppan et al. (77) and Smith and Patton (76).
The numbers and arrows indicate estimated times of divergence in
million years according to Steppan et al. (77). The color gray delin-
eates Sigmodontinae affected by the L1 extinction event ~8.8 million
years ago (32). Basal species S. hispidus either diverged before L1
extinction occurred or regained L1 activity through mutation or re-
combination, but has no B1 SINE activity. The ERV mysTR expanded
after the ancestor of Mus diverged.

DNA probes on the dot blots. In order to reduce hybridization to older elements,
hybridization was done at a stringency such that only relatively closely related
elements gave strong signal. The blots were probed for 24 h at 58°C in 6X SSC
(1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.3% SDS, 40 ug/ml
denatured salmon sperm DNA, and 10X Denhardt’s solution and subsequently
washed at 60°C in 2X SSCP and 0.1% SDS as previously described (14).

Nucleotide seq e accessi ber. Previously published mysTR se-
quences used in the present study have the following GenBank accession num-
bers: DQ139724-66 and DQ139770. Non-mysTR elements and mysTR elements
isolated in the course of this study were deposited in GenBank and assigned
accession no. HM160000 to -91. Accession numbers for the retrovirus sequences
used as references are as follows: AKV murine leukemia virus (MuLV), J01998;
avian leukosis virus (ALV), AY350569; bovine syncytial virus (BSV), U94514;
equine infectious anemia virus (EIAV), AF016316; feline leukemia virus (FLV),
AF052723; Homo sapiens endogenous virus (HERV-K10), DQ821442; human
foamy virus (HFV), Y07725; human T-cell lymphotropic virus type I (HTLV),
J02029; Mus musculus intracisternal A-particle (IAP), M17551; Jaagsiekte sheep
retrovirus (JSRV), M80216; mouse mammary tumor virus (MMTYV), AF033807;
Mason-Pfizer monkey virus (MPMV), AF033815; Mus musculus type D-like
endogenous retrovirus MusD1 (MusD), AF246632; Python molurus endogenous
retrovirus (PyERV), AF500296; simian T-lymphotropic virus (PTLV), FJ957880;
Rattus norvegicus endogenous retrovirus (RnERV), BX883042; Rous sarcoma
virus (RSV), J02342; squirrel monkey retrovirus H (SMRV), M23385; Trichosu-
rus vulpecula retrovirus (TVERYV), AF224725; walleye dermal sarcoma virus
(WDSV), AF033822; and walleye epidermal hyperplasia virus (WEHV),
AF014792.

RESULTS

Isolation of mysTR endogenous retroviruses from L1-active
and Ll-inactive species. To characterize the expansion of
mysTR within the Ll-inactive South American rodents, we
chose four L1-inactive rodent species and four L1-active sister
species from which to isolate mysTR elements (Fig. 1). All
eight species are in family Cricetidae, which includes New
World rats and mice, voles, and hamsters. The four L1-inactive
species, Akodon boliviensis, Calomys callosus, Neacomys spino-
sus, and Oryzomys palustris, cover a broad phylogenetic range
within the Sigmodontinae, a large cricetid subfamily in which
L1 activity has ceased (32). In fact, Sigmodontinae is the sec-
ond largest subfamily of rodents in the muroid superfamily,
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with 377 species and 74 genera in eight tribes. The L1-inactive
species are in three different sigmodontine tribes: O. palustris
and N. spinosus in the Oryzomyini, A. boliviensis in the
Akodontini, and C. callosus in the Phyllotini. The species
with active L1s include Sigmodon hispidus from the basal
tribe of Sigmodontinae, Sigmodontini; one species from the
cricetid subfamily Tylomyinae, Nyctomys sumichrasti; and
two different genera from the cricetid subfamily Neotomi-
nae, tribe Reithrodontomyini, Reithrodontomys fulvescens
and Peromyscus maniculatus (59).

A wide range of ERVs were isolated from the above species
by use of degenerate PCR primers specific for a 920-bp region
in betaretroviruses covering the 3’ portion of the protease gene
and the 5’ portion of the reverse transcriptase (RT) gene (14).
Sequencing and subsequent analyses yielded a total of 114
mysTR elements (Table 1). In addition to the mysTR se-
quences, 16 other ERVs were identified in four of the species.
Phylogenetic analysis of RT domains 1 to 4 (42) of the non-
mysTR elements determined their closest relatives to be be-
taretroviruses.

Phylogenetic analysis of mysTR elements. Phylogenetic
analysis of mysTR elements from each species resulted in the
majority of the elements grouping into one or two lineages of
closely related sequences (data not shown). When the ele-
ments from all eight species were aligned and analyzed to-
gether, the majority of the sequences fell into species-specific
clades (Fig. 2). Multiple lineages of mysTR are seen for all
species except S. hispidus. Most mysTR elements isolated from
C. callosus and N. spinosus intercalated in a lineage with two
closely related, but not species-specific, sublineages and an-
other distant lineage containing few elements.

In general, the terminal branch lengths are very short. Pair-
wise sequence distances within and between selected clades are
shown in Table 2. In addition, more than half of the elements
have intact open reading frames (ORFs) (Table 1). Both intact
ORFs and small pairwise distances are indicative of recently
transposed ERVs. The presence of intact ORFs also suggests
that some of these elements may have moved autonomously. A

TABLE 1. Types and numbers of elements isolated with
betaretrovirus reverse transcriptase degenerate
primers from rodents with
and without L1 activity”

No. of elements

Species

mysTR
(no. w}i,th ORF) AP Bo B
L1 inactive
Akodon boliviensis 12 (6) 1
Calomys callosus 13 (5)
Neacomys spinosus 14.(7)
Oryzomys palustris 9(3) 2 5
L1 active
Nyctomys sumichrasti 17 (11) 1
Peromyscus maniculatus 23 (11)
Reithrodontomys fulvescens 17 (16)
Sigmodon hispidus 9(5) 7

“RT domains 1 to 4 (42) were aligned with those of previously identified
mysTR sequences, the retroviruses seen in Fig. 3, and IAP, PYERV, and HTLV.
A maximum likelihood search with 100 bootstraps resulted in the non-mysTR
elements falling into clades within the betaretroviruses.
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FIG. 2. Phylogenetic analysis of 114 mysTR elements from eight rodent species, four L1 active (blue branches) and four L1 inactive (red
branches). The unrooted Bayesian tree was constructed using an average of 890 bp of the pro/pol region. Selected posterior probabilities are
indicated on branches. Names of individual elements have been removed, and the species from which each clade or element originated are shown.
All species except S. hispidus have two lineages of mysTR elements. “C” denotes a putative root of the tree.

small number of mysTR elements have no closely related
neighbors and relatively long terminal branch lengths and tend
to contain no intact ORFs, suggesting earlier genomic deposi-
tion.

Figure 2 shows that clades of mysTR found in L1-active
species (blue branches) are not monophyletic with respect to
those found in Ll-inactive species (red branches). Recently
deposited elements in L1-inactive species do not appear to be
more closely related to each other than elements in L1-active

species, as might be the case if there has been more mysTR
activity in the L1-inactive species. This observation should be
considered with caution, though, because of the potential bi-
ases inherent in PCR. It is also evident that the mysTR phy-
logeny seen here does not follow the species phylogeny, and no
matter where the root of the tree is placed, either multiple
exogenous infections or lineage sorting must be inferred. In-
terestingly, the interdigitation of the majority of the C. callosus
and N. spinosus ERVs suggests that they were deposited before

TABLE 2. Corrected pairwise distances per 100 sites of reverse transcriptase domains 1 to 4 of mysTR elements containing ORFs within and
between selected clades from Fig. 2

Pairwise distance/100 sites”

Species”
P ¢ ;Iilrlgssfs-N' O. palustris ~ A. boliviensis ~ S. hispidus ~ P. maniculatus 1 P. maniculatus 2 R. fulvescens 1 R. fulvescens 2 N. sumichrasti
L1 inactive
C. callosus-N. 0.22-8.56
spinosus
O. palustris 6.18-11.16 = 2.25-5.21
A. boliviensis 27.85-31.28 30.62-35.6 = 0.42-4.26
L1 active
S. hispidus 27.07-34.56 29.53-34.44 23.71-27.07 0.21-3.83
P. maniculatus 1 23.37-27.22 27.46-28.40 33.98-37.80 33.16-36.27 Only 1 ORF
P. maniculatus 2 17.29-25.63 20.44-28.41 27.76-35.17 27.58-33.91 21.02-26.66 0-6.90
R. fulvescens 1 24.55-28.96 27.63-30.76 34.08-38.70 30.16-34.58  4.67-5.21 21.17-28.19 0-1.10
R. fulvescens 2 16.53-22.75 21.65-24.42 27.23-31.19 28.22-31.92  22.50-25.32 4.22-10.06  22.12-24.14 0-2.02
N. sumichrasti ~ 22.86-33.86 26.42-30.10 34.20-41.13 29.05-33.22  27.98-29.73 16.62-21.99  25.48-28.48 19.64-24.31 = 0.22-3.00

“ Reverse transcriptase domains of mysTR elements containing ORFs within selected clades from Fig. 2 are shaded.
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FIG. 3. Phylogenetic relationships of mysTR to known retrovirus genera, both endogenous and exogenous. Unrooted maximum likelihood trees
are based on nucleotide sequences of reverse transcriptase domains 1 to 4 (42). Posterior probabilities or bootstrap values are noted on select
branches. Panel A contains four mysTR elements from each species included in the study, representative elements of betaretrovirus subgroups 31
to B7 (3), the endogenous betaretrovirus HERV-K10, and RSV (an alpharetrovirus). Panel B contains two representatives each of mysTR and the
retrovirus genera Alpharetrovirus (o), Betaretrovirus (), Deltaretrovirus (8), Epsilonretrovirus (€), Gammaretrovirus (y), Lentivirus, and Spuma-like

virus plus HERV-K10.

the divergence of these two species and the same lineages have
remained active in both species.

Previously isolated mysTR elements grouped with the be-
taretroviruses in phylogenetic analyses, but were basal to sub-
groups B1 to B7 (14). To determine if the elements isolated
here, which appeared to be mysTR-like on initial analysis, fell
into the same phylogenetic group, their RT regions were ana-
lyzed in more detail (Fig. 3). Figure 3A shows the relationships
between RT regions 1 to 4 (42) of four mysTR sequences from
each of the eight species under study and representatives from
each of the B1 to B7 betaretrovirus groups, the human endog-
enous betaretrovirus HERV-K10, and the exogenous alpharet-
rovirus RSV. If a species contained more than one lineage of
mysTR, two elements from each lineage were chosen for the
analysis. All of the newly isolated mysTR elements fall into a
single clade outside the B1-to-B7 grouping and, as in the pre-
vious analysis (14), equidistant from HERV-K10 and the rest
of the betaretroviruses. In the event the large number of
mysTR sequences in the alignment skewed the outcome of this
analysis, two of the mysTR RTs were aligned with two repre-
sentatives from each of the described retrovirus genera Al-
pharetrovirus, Betaretrovirus, Deltaretrovirus, Epsilonretrovirus,
Gammaretrovirus, Lentivirus, and Spuma-like virus. The resul-
tant unrooted maximum likelihood phylogeny (Fig. 3B) also
places the mysTR elements in their own clade almost equidis-
tant between HERV-K10 and the other betaretroviruses, with
the remaining retrovirus genera having approximately the
same relationships as the currently accepted phylogeny (44).

Copy numbers of mysTR elements in multiple sigmodontine
species. The copy numbers of relatively recently inserted
msysTR elements in the L1-active and L1-inactive species were
determined by dot blot hybridizations (Fig. 4). For each spe-
cies, probes representative of each major lineage were hybrid-

8,000
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3,000
2,000
1,000 IAP

0 L= TYpical

ERV
Ccal Abol Opal Nspi Shis Pman Rful Nsum

(. J o J
Y Y

L1” L1t

FIG. 4. Copy number of recently inserted mysTR elements in eight
rodent species. The pro/pol domains of selected mysTR elements were
hybridized to dot blots of genomic DNA from the following L1-inac-
tive (L17) and L1-active (L17) species: C. callosus (Ccal), A. boliviensis
(Abol), O. palustris (Opal), N. spinosus (Nspi), S. hispidus (Shis), P.
maniculatus (Pman), R. fulvescens (Rful), and N. sumichrasti (Nsum).
The copy number of a typical endogenous retrovirus (ERV) is noted
with an arrow to the right, as is the copy number of mouse IAP
elements, one of the most numerous ERVs previously known in a
mammalian genome.
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ized at a stringency that allowed strong signals from sister
elements within clades but minimized hybridization at the se-
quence distances which exist between separate clades in the
species. Dot blots contained DNA from multiple species as
controls, and in all cases, hybridization was only detectable
with the species-specific probes, indicating mysTR was ampli-
fied independently and recently in each species. The copy num-
ber of the minor mysTR lineage in C. callosus was determined,
but not those of the minor mysTR lineages in O. palustris, N.
spinosus, and A. boliviensis, because PCR results indicated that
these lineages contain few elements. Every species exhibits an
extremely high number of copies of mysTR, ranging from
around 300 in N. sumichrasti to just over 7,000 in O. palustris.
These numbers represent a conservative estimate of recent
mysTR insertion since they do not include lone LTRs or un-
sampled clades. However, there appears to be little correlation
between mysTR copy number and L1 activity.

DISCUSSION

The null hypothesis for mammalian retroelements is that
they are genomic parasites. The dynamic mammalian genome
appears to be the site of an ongoing arms race among retro-
elements and host cells for host factors and genomic space. A
change in activity of one family of elements, particularly one
that constitutes a major portion of the genome, could dramat-
ically impact the host and the elements that reside there. Al-
ternatively, if a group of elements serve a specific host func-
tion, major impacts would occur if the elements providing the
function were lost. Our previous observation that the mysTR
family of endogenous retroviruses had undergone a much
greater expansion in the L1-inactive species O. palustris than in
its L1-active sister species S. hispidus led to this study: the
isolation and examination of mysTR elements from eight New
World rodent species covering a phylogenetic range around
the L1 extinction event. The species chosen for this study cover
a broad phylogenetic range of L1-inactive species and as sim-
ilar a range as possible of L1-active species, although there is
slightly greater divergence among the Ll-active species than
the L1-inactive species (Fig. 1).

mysTR endogenous retroviruses are at exceedingly high lev-
els within each species from this group of New World rodents,
but there is no clear correlation between mysTR copy numbers
and loss of L1 activity. An average of approximately 5,100
recently inserted mysTR elements per species is seen among
the Ll-inactive rodents, while a lower average of approxi-
mately 3,300 elements per species is seen among the L1-active
rodents, but this difference is not significant. While the lowest
mysTR copy numbers are seen in two of the L1-active species,
N. sumichrasti and S. hispidus, the other two L1-active species,
P. maniculatus and R. fulvescens, show copy numbers in the
upper range of those seen for the four L1-inactive species.

Given the time since divergence of most of the species stud-
ied here and the lineage-specific stringency of the dot blot
hybridizations, it is clear that the amplification of mysTR ele-
ments to such high copy numbers occurred relatively recently
and independently in each species. The amplification of the
mysTR ERV family itself is unprecedented. The copy numbers
of recently inserted elements in most of the species studied
here are far higher than have been found for any group of such
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closely related mammalian elements. ERV families that have
average sequence distances between elements of less than 20%
are typically found at copy numbers of 5 to 50, with a few
ranging into the upper hundreds (5, 8, 20, 29). The only nota-
ble exception to this is the still active mouse and hamster IAP
elements, which are found at about 1,000 closely related copies
per genome (46, 47). All other known groups of ERVs num-
bering in the thousands show much higher sequence diver-
gence and a preponderance of lone LTRs, the footprint of
former elements excised as a result of recombination between
their LTRs.

It is also intriguing that the two species containing the lowest
copy numbers of mysTR have inactive B1 SINEs while retain-
ing L1 activity (65). The phylogenetic relationships of the spe-
cies under study are unresolved, so although it is obvious the
mysTR expansion preceded the extinction of the SINEs, we are
unable to determine whether the latter was a single event in a
common Sigmondontinae/Tylominae ancestor or occurred in-
dependently at least twice. In addition, it raises questions
about the relationships among the elements themselves as well
as how cellular defenses against one may inadvertently affect
another. One idea we previously entertained to explain how B1
SINE extinction could precede that of L1 was the possibility of
an arms race with a third genetic parasite, imagining another
SINE family outcompeting Bls and possibly L1s for cellular
factors needed for retrotransposition (65). Although we fa-
vored another hypothesis—that a gradual extinction of Lls
eliminated B1 activity early on and allowed for resurrection of
L1s in some groups—the mysTR expansion is exactly the type
of burst characterizing the periodic cycling of retrotransposi-
tion that we imagine in the arms race scenario.

The life cycle of an ERV begins with the colonization of one
or more germ cells by an exogenous retrovirus, thus creating a
vertically transmitted family. Generally, if not immediately se-
lected against, the rate of amplification of a novel ERV lineage
is rapid at first and then declines over time due to suppression
by a host mechanism or mutation of the ERV insertions during
host cell replications (29). Decline can be postponed by trans
complementation, as with IAP elements (67), or reinstatement
of the ability to replicate by recombination or reinfection fol-
lowing purifying selection, as with HERV-K (7, 23) and IAP
(64), but usually the autonomous copies will eventually mutate
until nonautonomous ERVs prevail in the population. As copy
numbers increase during this sometimes long process of en-
dogenization, recombination between left and right long ter-
minal repeats (LTRs) increases the percentage of elements
present as lone LTRs. The eventual loss of all autonomous
forms stops transposition, and mutational decay then leads to
eventual loss of recognizable sequences. In some small number
of cases, specific ERV inserts may come to supply essential
host functions (43). A thorough understanding of the interplay
between ERVs and the genomes they occupy will require com-
parison of multiple ERV families in different host genomes.

The present expansion of the mysTR family in the muroid
rodents may lie in an early part of this life cycle and provides
a valuable natural system for comparison to more commonly
studied species to ascertain what evolutionary aspects are com-
mon and what are unique to the invasion and distribution of
different ERVs into mammalian genomes. The high copy num-
bers of mysTR elements in conjunction with likely continuing
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activity in their mammalian hosts make this expansion distinc-
tive. A few mammalian ERV expansions appear to have been
initiated more recently (36, 80), but the mysTR expansion
provides the opportunity for examining an amplification to
unusually high copy numbers in a natural system still experi-
encing unprecedented endogenous activity.

Two observations suggest mysTR arose from a single infec-
tion of an exogenous retrovirus in a common ancestor of these
species, followed primarily by intracellular retrotransposition
and vertical transmission, rather than from multiple infections
by an exogenous precursor of mysTR in multiple species. First,
the sister species R. fulvescens and P. maniculatus share the
same two relatively distantly related lineages (Fig. 2), suggest-
ing that both lineages existed in a common ancestor and were
transmitted vertically. Second, previously characterized full-
length mysTR elements from O. palustris (14) lack a discern-
ible envelope gene, even though they were shown to have been
recently deposited, suggesting that the mysTR family has been
transmitted vertically in the genome for an extended period of
time. Interestingly, the tree seen in Fig. 2 is consistent with an
initial exogenous mysTR infection occurring such that the root
of the phylogeny is on branch C, followed by only endogenous
transposition and limited lineage sorting.

The question remains open as to whether the majority of the
mysTR elements have moved autonomously or nonautono-
mously. Among the pro/pol regions analyzed, a number of the
recently deposited elements have retained single ORFs, sup-
porting the possibility of autonomous movement. The three
full-length mysTR elements previously sequenced (14) do not
contain full-length ORFs, but very few changes are required to
restore those reading frames. Thus, it appears many of these
mysTR elements were either recently able to move autono-
mously or still can.

MysTR appears to form an exclusive group of class II ret-
roviruses, falling out phylogenetically between the alpha- and
betaretroviruses. Whether some intrinsic characteristic of
mysTR itself, such as an aggressive reverse transcriptase, the
ability to monopolize host factors or evade cell defenses, or
evolution of a strong promoter is responsible for the extraor-
dinary proliferation of the mysTR lineage is not evident here.
Alternatively, some characteristic of the host species may have
contributed to mysTR success.

Finally, recent insights into the role of L1s facilitating X
chromosome inactivation raise questions about the long-term
viability of these L1-inactive species. Although Chow et al. (18)
specifically state that young elements are not essential to their
XCI model, their data suggest that some genes would likely
escape inactivation without the benefit of L1 transcription. The
putative L1 function of facilitating heterochromatization of the
inactive X, even if it does not require L1 activity, will eventu-
ally be affected by the gradual loss of L1 sequence identity as
the elements decay and are not replaced. Indeed, deep extinc-
tions of mammalian L1 activity have not yet been documented.
The only other well-characterized L1 extinction, in the com-
mon ancestor of the bat family Pteropodidae (15), occurred
~24 million years ago, resulting in the youngest megabat L1s
having about 8% divergence from the last active L1s—about
the same divergence as the youngest L1s in these sigmodontine
rodents. However, no evidence of unusual TE activity has been
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found in the one megabat genome currently being assembled
(unpublished data).

Several unusual genomic events have occurred in the Sig-
modontinae. The rapid expansion of mysTR to unprecedented
levels, the loss of L1 activity, and the preceding loss of SINE
activity are all rare events among mammals. The order in
which these events occurred is unexpected and intriguing.
Thus, mysTR expansion in species lacking the typical genomic
effects of L1 provides a unique opportunity to examine the
interplay among elements and with the host.
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