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Abstract

Some 70 Ma, rodents arose along a branch of our own mammalian lineage. Today, about 40% of all mammalian species are
rodents and are found in vast numbers on almost every continent. Not only is their proliferation extensive but also the
rates of DNA evolution vary significantly among lineages, which has hindered attempts to reconstruct, especially the root
of, their evolutionary history. The presence or absence of rare genomic changes, such as short interspersed elements
(SINEs), are, however, independent of high molecular substitution rates and provide a powerful, virtually homoplasy-free
source for solving such phylogenetic problems. We screened 12 Gb of rodent genomic information using whole-genome
three-way alignments, multiple lineage-specific sequences, high-throughput polymerase chain reaction amplifications, and
sequencing to reveal 65 phylogenetically informative SINE insertions dispersed over 23 rodent phylogenetic nodes. Eight
SINEs and six indels provide significant support for an early association of the Mouse-related and Ctenohystrica (guinea pig
and relatives) clades, the Squirrel-related clade being the sister group. This early speciation scenario was also evident in the
genomewide distribution pattern of B1-related retroposons, as mouse and guinea pig genomes share six such retroposon
subfamilies, containing hundreds of thousands of elements that are clearly absent in the ground squirrel genome.
Interestingly, however, two SINE insertions and one diagnostic indel support an association of Ctenohystrica with the
Squirrel-related clade. Lineage sorting or a more complex evolutionary scenario that includes an early divergence of the
Squirrel-related ancestor and a subsequent hybridization of the latter and the Ctenohystrica lineage best explains such
apparently contradictory insertions.
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Introduction
Although about 195 Ma, Hadrocoidium wui, the potential
fossil ancestor of all mammals, looked very much like
a small mouse (Luo et al. 2001), rodents evolved only
some 130 My later, 62–100 Ma, from a common ancestor
with lagomorphs, forming the clade Glires (Benton and
Donoghue 2007). Glires share a common ancestry with pri-
mates, tree shrews, and the flying lemurs (Murphy et al.
2001; Huchon et al. 2002; Kriegs, Churakov, et al. 2007).
Probably favored by their small size, short breeding cycles,
and wide variety of foods eaten, rodents rose fast to be-
come one of the most successful mammalian groups, oc-
cupying nearly all continents and comprising close to half
of all living mammalian species. Many rodents, murines
(e.g., mice and rats) in particular, are typical r-strategists
(favoring quantity over quality in offspring) and evolved
extremely short generation times and extraordinary explor-
ative and adaptive abilities, exerting significant impacts on
population structures and their evolutionary rates
(Spradling et al. 2001).

Although the significantly high rate of nucleotide sub-
stitution in murines, when compared with primates, is
the classical example of rate heterogeneity in mammals

(Wu and Li 1985; Gibbs et al. 2004), the reason for this phe-
nomenon is hotly debated (Martin and Palumbi 1993;
Kumar and Subramanian 2002; Bininda-Emonds et al.
2007). However, not all rodents share the high nucleotide
substitution rates of mouse and rat; the ground squirrel
genome in particular appears to have evolved more slowly
than most other rodents (Gissi et al. 2000; Douzery et al.
2003) and has a more conserved organization (Stanyon
et al. 2003). In phylogenetic reconstruction analyses, rapidly
evolving lineages often lead to a phenomenon called long-
branch attraction (LBA). Such lineages are robustly
grouped, regardless of their true evolutionary relationships.
Because the closest outgroup is usually distantly related
and is a long branch per se, LBA often leads to artifactual
trees in which fast-evolving lineages emerge at the base of
the tree attracted by the outgroup branch (Philippe and
Laurent 1998). One now classical example of LBA led to
the assumption that ‘‘The guinea pig is not a rodent’’
(D’Erchia et al. 1996), based on the placement of the
fast-evolving murine mitochondrial sequences at the root
of the placental tree, leaving the guinea pig behind in
a closer relationship to primates. It was shown that an in-
crease in species and gene sampling and the use of prob-
abilistic models of sequence evolution provide strong
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support in favor of rodent monophyly (Huchon et al. 2002,
2007; Blanga-Kanfi et al. 2009). However, these approaches
have still not enabled the resolution of the most debated
question of rodent phylogeny, the first divergence after
their emergence. This part of the tree is still completely un-
resolved. Morphological data have never been able to ro-
bustly solve this issue (Marivaux et al. 2004), and trees
based on sequence substitution provide conflicting results
(Montgelard et al. 2008; Blanga-Kanfi et al. 2009). Molecular
analyses do support the division of rodents into three
clades: the Mouse-related clade, Ctenohystrica (guinea
pig and relatives), and the Squirrel-related clade (Huchon
et al. 2002; DeBry 2003), but the Mouse- and Squirrel-
related clades have both been proposed as the most diver-
gent rodent lineages (Montgelard et al. 2008; Blanga-Kanfi
et al. 2009); thus, the interrelationships among these three
lineages remains nebulous. One possible way of resolving
this controversial issue is to use a phylogenetic marker sys-
tem that is insensitive to the effects of LBAs, nucleotide
composition biases, etc.

Retroposed elements insert into genomes at random ge-
nomic locations and provide powerful, virtually noise-free
cladistic landmarks of relatedness (Shedlock and Okada
2000). Because of their insertion complexity, involving tar-
get site duplications and random integrations, they offer an
extremely large number of possible unique character states
(corresponding to insertion sites) such that maximum par-
simony analyses converge to maximum likelihood estima-
tors (Steel and Penny 2000). The informative character of
such markers lies in their random genomic insertion in an
ancestral germline, such that specific insertions in the an-
cestor of two species reliably document their common an-
cestry after fixation and speciation. The evolutionary power
of retroposon presence–absence data in primate phylog-
eny was first recognized by Ryan and Dugaiczyk (1989).
In the following subsequent years, the Okada group pio-
neered the usage of presence–absence markers to resolve
phylogenetic questions (e.g., Murata et al. 1993; Shimamura
et al. 1997).

Although retroposed elements occur frequently in ro-
dent genomes (Gibbs et al. 2004), their use as phylogenetic
markers in these species can be challenging. Due to the ac-
celerated sequence evolution of murine genomes, the ele-
ments tend to have highly diverged sequences. Therefore,
only the most conserved sequence regions provide reliable
information for reconstructing orthologous retroposon in-
sertion and absence sites in reference species. We designed
bioinformatic tools to select phylogenetically informative
retroposons inserted in conserved loci in the lineage lead-
ing to mouse (the only rodent genome available at the
time; Farwick et al. 2006). This screen identified 35 phylo-
genetically informative, diagnostic markers, including one
for rodent monophyly and one grouping the entire
Mouse-related clade, but several branch points of the ro-
dent tree were unresolved due to insufficient information
(Farwick et al. 2006; Huchon et al. 2007). In the intervening
time, new data sources have become available that promise
to help elucidate the remaining uncertain branches of the

rodent evolutionary tree. Genomic sequences of the
mouse, rat, kangaroo rat, guinea pig, and the 13-lined
ground squirrel now enable us to screen for retroposon
markers in species of the three main rodent branches. In
addition, a novel program was designed to conduct exhaus-
tive genomewide searches using three-way alignments
(Warren et al. 2008) of the major rodent lineages to spe-
cifically screen for retroposed elements to resolve the root
of the rodent tree. In the present study, a high-throughput
computational and experimental screening recovered 65
phylogenetically informative markers that provide valuable
information about the root of the rodent tree and resolve
several internal rodent branches. Moreover, we also have
discovered four novel short interspersed element (SINE)
subfamilies.

Materials and Methods

Genomic Sources
Musmusculus (house mouse): The July 2007 mouse genome
data (http://www.sanger.ac.uk/Projects/M_musculus/)
were obtained from the Build 37 assembly and included ap-
proximately 2.6 Gb of sequences. These sequences are con-
sidered ‘‘essentially complete’’ genomic information. Rattus
norvegicus (Brown rat): The November 2004 rat genome as-
sembly is based on version 3.4 (http://www.hgsc.bcm.tmc.e-
du/project-species-m-Rat.hgsc?pageLocation5Rat) and
covers more than 90% of the estimated 2.8 Gb of rat geno-
mic data.Dipodomys ordii (Ord’s kangaroo rat): About 7,350
million available traces representing a 2.5� genomic cover-
age (http://www.hgsc.bcm.tmc.edu/project-species-m-
Kangaroo%20rat.hgsc?pageLocation5
Kangaroo%20rat). All selected D. ordii trace sequences were
crosschecked for contamination by blasting (BlastN) against
available genomic sequences (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). Cavia porcellus (guinea pig): The guinea pig Feb-
ruary 2008 draft assembly (http://www.broadinstitute.org/
science/projects/mammals-models/guinea-pig/guinea-pig)
includes 3,143 scaffolds and contains 2.7 Gb. Spermophilus
tridecemlineatus (13-lined ground squirrel): About 8,250
million available traces representing nearly a 2.5� genomic
coverage (ftp://ftp.ncbi.nih.gov/TraceDB/). Selected trace
sequences were crosschecked for contamination (see
above). About 1–2% of the 13-lined ground squirrel geno-
mic traces are contaminations of M. musculus. The calcu-
lations of the genomic coverage based on trace sequences
were conducted in relation to the comparable genomic pro-
portion of mammalian interspersed elements (MIR) that
were established before the divergence of rodents and
are comparable in all rodent genomes and in relation to
the coverage of completely assembled genomes.

Retroposon Screening from Mouse Genomic
Sequence Sources
The CPAL (Conserved Presence/Absence Loci) finder was
previously generated to explore the annotated genome of
mouse (Farwick et al. 2006). CPAL automatically searches
the NCBI database for all short mouse introns (,1 kb) with
conserved mouse/human flanks, including potentially
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informative retroposed elements. In a first screening, we
recovered 35 such retroposons predominantly located
on the branch leading to mouse (Farwick et al. 2006;
Huchon et al. 2007). In the present work, we doubled
the species sampling for those loci and included two
additional informative loci also detected by CPAL.

Retroposon Screening from Dipodomys Trace
Sequence Sources
To solve the Mouse-related branch from the mouse distant
end of the group, we blasted (BlastN) all ‘‘empty’’ short
mouse introns (http://genome.ucsc.edu/cgi-bin/hgTables;
25,056 short introns, 100–800 nt, devoid of retroposons)
against trace data of D. ordii. Corresponding Dipodomys
hits were screened for lineage-specific retroposon inser-
tions (RepeatMasker; Smit, AFA, Hubley R, and Green, P,
http://www.repeatmasker.org). Conserved exon-based
polymerase chain reaction (PCR) primers were derived
for Zoo-PCR.

Retroposon Screening from Guinea Pig Genomic
and Ground Squirrel Trace Sequences
The same strategy as described above for the Dipodomys
traces was used to screen for lineage-specific markers based
on C. porcellus and S. tridecemlineatus sequence informa-
tion.

All experimental procedures of PCR amplification and
sequencing were performed as described previously in
Farwick et al. (2006) (for oligos see supplementary table
S1, Supplementary Material online). The orthology of de-
rived sequences was confirmed by analyzing the open read-
ing frames (ORFs) and splice sites of all analyzed loci. The
305 newly obtained sequences so derived are deposited
in GenBank under the accession numbers GQ506666–
GQ506970.

Three-Way Alignments to Analyze the Root of
Rodents
To facilitate an exhaustive and unbiased search for rare
phylogenetic markers at the root of the rodent tree, we
prepared specific three-way alignments with the MULTIZ
program (Blanchette et al. 2004) using two pairwise BlastZ
alignments (Chiaromonte et al. 2002; Kent et al. 2003;
Schwartz et al. 2003) of sequences from mouse/guinea
pig and 13-lined ground squirrel/mouse.

The alignments were linked into chains using a dynamic
programing algorithm (‘‘axtChain’’) that finds maximally
scoring chains of gapless subsections of the alignments or-
ganized in a kd tree. The parameters for axtChain were se-
lected based on phylogenetic distance from the reference
(chainMinScore 5 3,000, chainLinearGap 5 medium).
High-scoring chains were then filled in with lower-scoring
chains to construct an alignment net (using the program
‘‘chainNet’’), and the resulting pairwise net alignments used
as the basis of the multiple alignment.

The first three-way alignment (mouse/guinea pig/
ground squirrel) comprised 3.08 Gb divided into
5,847,869 blocks in multiple alignment format (MAF). From

this alignment, we analyzed 20,847 mouse/guinea pig se-
quences with corresponding gaps in the ground squirrel
and 18,214 sequence regions with gaps in the guinea
pig. Of these, 1,132 and 304 regions, respectively, contained
retroposons in the remaining two species. The first three-
way alignment was based on mouse genomic information
as the ‘‘leading sequence.’’ This alignment was suitable to
search for mouse þ guinea pig and mouse þ ground squir-
rel but not for guinea pig þ ground squirrel shared retro-
posons. To investigate the latter phylogenetic direction, we
used the second three-way alignment based on the guinea
pig as the leading sequence (guinea pig/mouse/ground
squirrel) that comprised 3.94 Gb and 8,113,940 MAF blocks.
For guinea pig and ground squirrel, we found 19,831 se-
quences with gaps in mouse, 890 of which contained retro-
posed elements. All retroposon-containing, potential
phylogenetic informative loci were selected for orthologous
insertions (i.e., retroposon with similar orientation, retro-
poson flanking direct repeats, internal diagnostic indels,
and clear absence in the outgroup). Clear orthologs were
examined further and supplemented by screening in addi-
tional species. Among the 2,326 selected loci, only 70 were
found to be phylogenetic informative under these criteria.

We also used the three-way alignments to search for di-
agnostic random insertions and deletions (indels conserv-
ing the ORF, that is, divisible by 3 nt) in protein-coding
regions. For this, we located 191,078 mouse protein-coding
exons (http://genome.ucsc.edu/cgi-bin/hgTables) in the
corresponding regions of the two three-way alignments;
2,402 potential informative exons were selected and in-
spected by mouse BLAT for available information in addi-
tional mammalian species. Overlapping indels, indels
located in repeated regions, as well as all homoplastic indels
(e.g., indels present in primate and some rodent species but
not in rabbit), were excluded.

Genomewide Retroposon Statistics
For a comprehensive survey of the spectrum of retro-
posed elements in rodents, we analyzed the genomic se-
quences of mouse, rat, and guinea pig and trace data from
the ground squirrel. The RepeatMasker was used to iden-
tify retroposed elements using the ‘‘-species Rodentia’’
option and the RepeatMasker library version 14.06 (09-
07-2009). All full-length rodent-specific SINEs were ex-
tracted and aligned against the RepeatMasker consensus
sequence. To make all analyses comprehensible, for
known elements, we strictly used the standard Repeat-
Masker or the Genetic Information Research Institute
(giri, http://www.girinst.org) nomenclature. For obvious
misannotations of the RepeatMasker program (e.g., de-
tection of apparent jerboa-specific DIP elements in other
rodent species), we extracted and characterized the mis-
annotated elements from genomic data, derived consen-
sus sequences in comparison to known and novel
elements (e.g., ID-Spe, GPIDL), and built new user-defined
RepeatMasker libraries for a final species-specific screen-
ing. These modified species-specific RepeatMasker librar-
ies (available upon request) were then used to derive the
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complete landscape of retroposed elements for mouse,
rat, guinea pig, and ground squirrel (supplementary table
S2, Supplementary Material online). Elements were
assigned to specific internal branches of the phylogenetic
tree according to their presence/absence in specific
species. If no further information of distribution was avail-
able, certain elements were placed at terminal branches
of species where they were first described. This does
not necessarily mean that they ‘‘are’’ restricted to those
species.

TinT Analysis for Detecting the Activity Period of
Rodent Retroposed Elements
We recently developed a likelihood-based strategy to ret-
rospectively explore ancestral fixation activity periods of
retroposon insertions by analyzing nested transpositions
(transpositions in transpositions, TinT; Kriegs, Matzke,
et al. 2007). The TinT method was used here to establish
the relative time periods of retroposon activity profiles of
SP-D-Geo and IDL-Geo.

Results

Retroposons as Phylogenetic Markers Providing
Evidence for Lineage-Specific Splits
We used two approaches to identify novel informative SINE
insertion loci and elements. First, we examined the previ-
ously investigated loci, originally derived from a screen of
the mouse genome (Farwick et al. 2006; Huchon et al. 2007)
in 17 additional rodent species representing all three major
lineages. The increased taxonomic sampling generated sup-
port for five additional branches of the rodent tree: In the
Ctenohystrica, marker 14a-ID4 supports a common ances-
try of Proechimys, Myocastor, and Capromys; marker 14b-
ID4 supports a common ancestry of Octodontoidea and
Chinchilloidea; markers 16b-ID2 and 16c-B1 support the
monophyly of Cavioidea. In the Squirrel-related clade,
marker 8c-ID4 supports the monophyly of Sciuridae, and
marker 8b-pB1D10 supports the monophyly of Sciuroidea
(fig. 1; supplementary table S3, Supplementary Material on-
line). The addition of material from Cuniculus taczanowskii
resulted in significant support (four markers; Waddell et al.
2001) for the branch leading to Cavioidea. Moreover, two
additional loci were identified using the CPAL finder, each
containing one retroposon marker (supplementary table
S3, Supplementary Material online). The new marker 17
consolidates the Muroidea clade, and marker 18 confirms
the monophyly of rodents (fig. 1).

Second, we screened the predicted intronic sequences
(mouse orthologs) derived from trace data (see Materials
and Methods) of D. ordii, C. porcellus, and S. tridecemlinea-
tus for additional lineage-specific conserved SINE loci. The
screen of D. ordii intronic sequences yielded seven novel
informative loci, each containing one retroposon marker
(supplementary table S3, Supplementary Material online;
markers 19–25). All are located within the Geomyoidea lin-
eage, and four of them comprise a novel SINE subfamily, SP-
D-Geo (see below). The screen of C. porcellus revealed 10
novel informative markers from 7 intronic loci. Three of
them (markers 28, 31, and 32c) support the monophyly
of rodents, two the monophyly of Hystricognathi (markers
26a, 27a), one (marker 27b) the common ancestry of Pro-
echimys, Myocastor, and Capromys, two (markers 29 and
30) support the monophyly of Cavioidea, one (marker
32a) provides evidence for the monophyly of Caviidae,
and the 10th (marker 32b) supports a common ancestry
for all Sciuridae. The screen of S. tridecemlineatus revealed
three additional loci with retroposon markers confirming
the monophyly of rodents (marker 32c), the common or-
igin of all Squirrel-related species (marker 34), and the
monophyly of Sciuroidea (marker 33).

Retroposons as Phylogenetic Markers Solving the
Root of Rodents
As none of the above markers helped us to resolve the
root of the rodent tree, we computationally analyzed
specifically generated three-way genome alignments, in
MAF blocks (Materials and Methods; Warren et al.
2008), of mouse, guinea pig, and ground squirrel for gaps
in one of them that were not present in the other two.
The sequence regions in the other two corresponding to
the region of the gaps were then analyzed for retropo-
sons. We initially found 60 potential retroposon-contain-
ing loci in mouse and guinea pig that were absent in the
ground squirrel and 10 in the guinea pig and ground
squirrel that were not in mouse. No such sequences were
found in mouse and ground squirrel that were absent in
guinea pig. These 70 loci were aligned with additional
available sequences, including the outgroups human
and rabbit as well as rat and kangaroo rat. Unambigu-
ously clear, recognizable, orthologous insertion sites were
identified in the outgroup for only 10 of these loci: eight
retroposon insertions with orthologs in mouse and
guinea pig and two elements in guinea pig and ground
squirrel (Supplementary Material online). Thus, although
the preponderance of evidence provides statistically

FIG.1. Phylogenetic tree of rodents derived from retroposon presence–absence data. Black circles represent markers detected by screening Mus
musculus introns; blue circles show markers derived from Dipodomys ordii trace data, white circles from Cavia porcellus genomic sequences and
gray circles from Spermophilus tridecemlineatus genomic sequences. Enlarged green/yellow circles represent retroposons detected from the
genomic three-way alignments (eight markers supporting the grouping of the Mouse-related clade with Ctenohystrica, five of which are from
specific B1-related subfamilies [framed] that are not present in the Squirrel-related clade and only two markers supporting the grouping of
Ctenohystrica with the Squirrel-related clade). Labeled markers are listed in supplementary table S3 (Supplementary Material online) and
include the retroposon type specification. Note that the ID subtypes ID2 or ID4 differ by only two diagnostic nucleotide substitutions. The two
melting branches and their shared ID4 and pB1D10 elements indicate the introgressive hybridization or incomplete lineage sorting of the
Ctenohystrica and the Squirrel-related clades.

!
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significant support for the early separation of the Squir-
rel-related clade from those of the Mouse-related and
Ctenohystrica clades (Waddell et al. 2001), there is also
some evidence for the Mouse-related clade being the sis-

ter group of both the Ctenohystrica and Squirrel-related
clades.

As additional independent evidence to resolve the basal
evolutionary relationships of rodents we selected all
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annotated mouse exons from the three-way alignments
and searched for diagnostic random indels in protein-cod-
ing regions. After the first screen, we added all available
sequence information from rat and kangaroo rat as well
as from human, rabbit, or pica and dog as outgroups. Only
seven indels survived our criteria (nonoverlapping, nonho-
moplastic; see Materials and Methods). Six of them were
shared by mouse and guinea pig but not ground squirrel,
further supporting the Squirrel-related clade as the root of
the rodent tree. But, there was also one indel shared by
guinea pig and ground squirrel but not mouse. Once again,
mouse and ground squirrel shared no indels.

Genomewide Retroposon Distribution in Major
Rodent Lineages
Thus, due to the apparently conflicting evidence in the above
two analyses, we sought further evidence to resolve the root
of the rodent tree by examining the occurrence of rodent-
specific retroposon subfamilies in the available assembled ge-
nomic information of M.musculus, R. norvegicus, C. porcellus,
and S. tridecemlineatus. The mouse and rat retroposon copy
numbers obtained in this work were carefully crosschecked
with the estimates published in the corresponding genome
papers (Waterston et al. 2002; Gibbs et al. 2004). To these data
we also added information from previously published work
on SINE subfamilies in other rodent species and from the
novel retroposons discovered in the D. ordii, C. porcellus,
and S. tridecemlineatus genomes during the course of the cur-
rent study (see below). This information was then mapped on
the phylogenetic tree of rodents to derive a comprehensive
picture of the distribution of rodent retroposons (fig. 2). It is
worth noting that no apparent conflicts were detected in this
distribution pattern. Instead, the distribution analysis clearly
supported a grouping of the Mouse-related clade and Cteno-
hystrica. Mouse (137,584 total copies) and guinea pig
(380,365 total copies) share five B1-related SINE subfamilies
(pB1D7, pB1D9, B1F, B1F1, and B1F2) as well as a specific di-
meric ID_B1 element (111,246 and 28,330 copies, respectively;
fig. 2; supplementary table S2, Supplementary Material on-
line). These elements are absent in the squirrel genome.
The B1-elements of mouse and guinea pig (B1F, B1F1, and
B1F2) share a specific 29-nt duplication (B1F29). This dupli-
cation is absent in their putative progenitor the pB1D7 ele-
ment (Veniaminova et al. 2007). The ground squirrel genome
contains B1-related elements with a 20-nt duplication lo-
cated at the same position as the 29-nt duplication of the
B1 elements. These B1-like elements are specific to members
of the squirrel-related clade and most likely arose indepen-
dently from a pB1D10 progenitor (Veniaminova et al.
2007). They are called B1L20 for B1-like. All B1L20-derived el-
ements (e.g., the dimeric B1L-dID and MEN elements of the
Squirrel-related clade) share the characteristics of the B1L20

progenitor.

Novel Retroposons
SP-D-Geo. In screening D. ordii trace sequences for phyloge-
netically informative retroposons, we detected an unknown
dimeric SINE with some distal similarity to the previously

reported IDL-Geo element (Gogolevsky and Kramerov
2006). The new element, called SP-D-Geo, is composed of
a pB1D10 (SP-D; first defined in Kriegs, Churakov, et al.
2007) and a Geo monomer. ID4 elements show a high
similarity to Geo (;80%) and are probably their progenitor.
Both of the ID4 promoter A and B boxes are diverged but still
recognizable in Geo. Thus IDL-Geo probably resulted from
the dimerization/recombination of two ID elements
(fig. 3a). In the genome of D. ordii, we estimated about
40,700 copies of IDL-Geo and 61,000 copies of SP-D-Geo
(fig. 3b). The transpositions in transpositions analysis (TinT;
Kriegs, Matzke, et al. 2007; data not shown) clearly identified
SP-D-Geo as being older than the IDL-Geo elements. Both
elements are restricted to Geomyoidea.

ID-Spe. A novel SINE, ID-Spe, was initially detected in S.
tridecemlineatus. This element is composed of a 5# ID4-like
monomer with an A-rich region followed by a 23-nt se-
quence (probably the remains of a partially deleted second
ID monomer; see twinID-Spe) that ends in an A-tail (fig. 3c).
A phylogenetically informative ID-Spe element was de-
tected in S. tridecemlineatus and at an orthologous position
in Aplodontia rufa, indicating that it is not Spermophilus
specific but has a more ancestral history. We calculated
about 185,000 copies of the ID-Spe element in S. tridecem-
lineatus.

tri-Spe. The analysis of S. tridecemlineatus genomic se-
quences also revealed a novel trimeric element built from
two B1L monomers and one ID element that we call tri-Spe.
The structure is comparable with trimeric elements in tree
shrews (Tu type II) (Nishihara et al. 2002) and the colugo
(CYN-III) (Schmitz and Zischler 2003) except that a 5# B1-
like element provides the A and B-boxes for transcription
as opposed to the 5# tRNA-derived monomers in tree
shrew and colugo. We calculated about 15,000 copies of
tri-Spe in the S. tridecemlineatus genome (fig. 3d).

twinID-Spe. A novel dimeric ID element called twinID-Spe
was detected in genomic data of S. tridecemlineatus. There
are about 18,000 calculated copies of the element in the
assembled S. tridecemlineatus genome. Based on sequence
comparison (data not shown), we hypothesize that twinID-
Spe (fig. 3e) is the progenitor of the ID-Spe element.

Discussion
The random genomic insertion of a retroposed element in
a common ancestor of two species can serve a 100 My later
as a virtually homoplasy-free marker of their shared ances-
try. Thus, retroposon insertions are powerful indicators of
relatedness, and as long as they are frequent enough and
master copies were active over long evolutionary periods,
they enable us to resolve complete phylogenetic tree topol-
ogies (Shedlock and Okada 2000; Kriegs et al. 2006;
Nishihara et al. 2006). In rodents, SINEs are frequent
(;8% of the mouse genome; Waterston et al. 2002)
and were active over the entire evolution of rodents
(see figs. 1 and 2). However, due to extremely high substi-
tution rates in many species, in particular in the Mouse-
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related clade, finding reliable diagnostic retroposons is
extremely laborious compared with other mammalian or-
ders (e.g., Xenarthra [Moeller-Krull et al. 2007] and pri-
mates [Schmitz et al. 2005]). The diverged sequences
hamper the use of retroposons as phylogenetic markers
in two ways: First, PCR amplification throughout the full
spectrum of rodents is problematic; second, intronic align-
ments are difficult to build. Thus, we were forced to exclude
most of the preselected, potentially informative markers.
From every 100 loci identified as containing retroposons,

only about 10 can be correctly aligned and amplified in
other rodent lineages. To acquire a large enough number
of informative markers, bioinformatic screening, including
whole genomes and high-throughput amplification proce-
dures, is indispensable in rodents.

In the present case, hundreds of investigated genomic
loci yielded only 35 intronic sequences containing 55 reli-
able phylogenetically informative markers spread over
nearly all internal branches of the rodent phylogenetic tree.
These provided ‘‘significant’’ support (three or more

FIG. 2. Distribution and activity of SINE element families in rodents. The common ancestral genome of rodents already contained active tRNA-
(BC1 and ID) and 7SL-derived elements (pB1 and pB1D10). pB1 and pB1D10 (pB1D10 is a pB1 derivate with a typical 10-nt deletion) were
progenitors for all B1-related SINEs in rodents. ID elements continued their activity along the main rodent branches with an increased activity
in rat and contributed to diverse dimeric elements (ID subtypes are not shown). BC1 elements experienced a boost of retropositional activity in
rat. pB1D7, pB1D9, B1F29, B1F1, B1F2, and ID-B1 evolved on the common branch of the Mouse-related and Ctenohystrica clades. 4.5SH

elements in the Mouse-related clade are possibly derived from a B1-like ancestor. DIP elements are probably tRNA-derived elements specific for
jerboas. Ped elements are specific for Pedetes capensis and propagate via a retroposon-like transposable element (RTE)-related distribution
machinery. On the branch leading to the Squirrel-related clade a specific 20-nt duplication took place in B1L20, the origin of all subsequently
evolving B1-related monomers and dimers (e.g., B1L-dID) in the Squirrel-related species. tRNA-derived elements are gray (including B2 and B3
elements), B1-related elements are white, and the RTE-mobilized Ped element is dark gray. Dimeric and trimeric elements are indicated by
notched ovals. Trivial names of such dimers are indicated below the ovals. The six newly discovered SINE subfamilies (SP-D-Geo, twinID-Spe,
ID-Spe, tri-Spe, and the yet uncharacterized pB1D10-dID (in Cavia) and B1dID (in Ctenodactylus and Laonastes) are outlined in red. All
references are compiled in supplementary table S4, Supplementary Materials online.
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FIG. 3. Novel SINE elements detected in Dipodomys ordii and Spermophilus tridecemlineatus genomic sequences. Promoter boxes necessary for
transcription are labeled as A and B boxes (boxed and shaded in gray; diverged promoter sequences are simply boxed). Novel found/analyzed
retroposons are shaded in gray. Alignment gaps are shown as dashes. (A) Newly detected relationship of both IDL-Geo element monomers
(Gogolevsky and Kramerov 2006) to ID4. (B) Newly detected SP-D-Geo element and its relationship to pB1D10 (first monomer) and ID4
(second monomer). (C) New SINE ID-Spe element in S. tridecemlineatus derived from an ID4 element. (D) Novel tri-Spe element in S.
tridecemlineatus composed of two B1L monomers and one ID element. (E) New dimeric ID element (twinID-Spe) detected in S.
tridecemlineatus.
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markers for each branch (sensu Waddell et al. 2001) for
eight rodent branches, ‘‘strong’’ evidence for eight branches
(two markers each), and ‘‘preliminary’’ information for five
additional branches (one marker each) (fig. 1). For example,
the monophyly of rodents, including guinea pigs, once
strongly questioned (Graur et al. 1991; D’Erchia et al.
1996) (but see also Martignetti and Brosius 1993), is
now solidly confirmed by seven ID element insertions that
are clearly present in all major rodent lineages but absent in
the outgroup human/rabbit. Strong support for the three
major clades (Mouse-related clade, Ctenohystrica, and
Squirrel-related clade) awaits further SINE investigation,
as our results produced only one marker for each branch.
However, these nodes are strongly supported by sequence
data (Huchon et al. 2007; Montgelard et al. 2008; Blanga-
Kanfi et al. 2009). Our results ‘‘do’’ provide a much clearer
picture of the evolutionary events at the root of rodents.
Grouping the Mouse-related clade with Ctenohystrica is
significantly supported (Waddell et al. 2001) by eight retro-
posons and six indels. However, we also found two retro-
posons and one indel present in both the Ctenohystrica
and the Squirrel-related clades. Such apparent conflict
among retroposon insertion patterns is extremely rare in
deep mammalian branches but was also described for
the early divergence of placentals (Churakov et al. 2009;
Nishihara et al. 2009). The most parsimonious interpreta-
tion of our data, similar to that shown recently for the base
of the placentals (Churakov et al. 2009) is that the ancestral
rodent populations were probably affected by events of in-
trogressive hybridization or incomplete lineage sorting. In
addition to incomplete lineage sorting (Shedlock et al.
2004), a likely scenario describing the first rodent diver-
gence involves an early separation of the pre-Squirrel-
related clade from the common ancestor of rodents
followed by a later separation of the pre-Mouse-related
and pre-Ctenohystrica clades, and possibly an introgression
of squirrel-related genes into the pre-Ctenohystrica
genome or vice versa.

Biogeographical locations of fossils have previously en-
lightened molecular results (Teeling et al. 2005). Although
numerous rodent fossil families have been described,
their relationships with extant species are often debated;
consequently, a clear picture of the past distribution of
extant lineages is still not available. Similar to many pla-
cental lineages, the current paleontological data support
the probable origin of rodents in Asia, from where they
colonized all other continents (except South America) at
the Paleocene–Eocene boundary (;56.3 Ma) (Beard
2002). The Paleocene fossil record attests to an early di-
vision of Asian rodents into two main lineages the Ischyr-
omyidae and the ‘‘ctenodactyloids.’’ The Ischyromyidae
was the first rodent family to colonize Europe and North
America and the only one known from all three conti-
nents (Asia, Europe, and North America), whereas cteno-
dactyloids were endemic Asian rodents through the
Eocene (Dawson 2003). Members of the Squirrel-related
clade are thought to be closely related to North American
and European ischyromyid (Korth 1994; Hartenberger

1998). Ctenohystrica, instead, are considered to be cteno-
dactyloid descendents (Marivaux et al. 2004). This early
taxonomic and geographical dichotomy of rodent fossils
would fit our SINE-based inference if members of the
Mouse-related clade were known to have originated from
ctenodactyloid ancestors. Although such relationships
have been suggested in the past (e.g., Flynn et al.
1985), the current paleontological view considers, in-
stead, that the family Sciuravidae is the ancestral stock
for Geomyoidae, Muroidea, and Dipodoidea (Korth
1994; Marivaux et al. 2004; Emry 2007). The Sciuravidae
is an Early-Eocene family endemic of North American that
was traditionally related to the Ischyromyidae (Wilson
1949). Our SINE inference of the rodent root suggests that
the morphological characteristics of Sciuravidae and of
the oldest members of the Mouse-related clade should
be reconsidered in the light of a ctenodactyloid origin
of the Mouse-related clade.

In contrast to statistical analyses of nucleotide substitu-
tions, the interpretation of retroposed sequences, due to
their clear character polarity (presence of an element as
the derived state) and the low probability of orthologous,
exact deletions or parallel insertions, is straightforward and
thus is ideal for conserving such ancestral signals of pop-
ulation dynamics and to identify rapid, successive specia-
tion events that deviate from clear dichotomic patterns.
According to our SINE-based scenario, we expect that anal-
yses of sequence substitutions might lead, depending on
the gene sampled, to support for a basal position of either
the Squirrel-related clade or the Mouse-related clade or
might lead to an absence of support for any hypothesis,
which is exactly what has been observed. Montgelard
et al. (2008) analyzed two concatenated mitochondrial
genes and six nuclear ones (two exons and four introns;
;7,600 nt) in 30 rodent species and found support for
a basal position of the Mouse-related clade when fast-
evolving characters were excluded. In contrast, Blanga-
Kanfi et al. (2009) analyzed six nuclear exons from 41 ro-
dent species (6,255 nt) and did not solve the basal rodent
trifurcation but did favor a basal position of the Squirrel-
related clade using rate-shift models. They explained the
difficulty in resolving the rodent root by the rapid rodent
radiation rather than by conflicting phylogenetic signals. It
is expected that with the increase in sequence data, anal-
yses of sequence substitution should eventually converge
toward a basal position of the Squirrel-related clade
(e.g., Hallström and Janke 2008), although branch support
at the base of the rodent tree will probably always be low
when considering a large taxon sampling. By contrast, our
retroposon insertion data overwhelmingly support the
basal position of the Squirrel-related clade.

Newly Discovered SINE Elements
Broad genomic screening for phylogenetically informative
presence–absence markers is also well suited for detecting
previously unknown retroposed sequences and is a start-
ing point for gaining an in silico–based image of the
genomic distribution of such elements (which has
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phylogenetic value too; see below). Comparing the pres-
ence of an element in one species and its absence in an-
other provides reliable information about the retroposon
boundaries and their mechanisms of integration. With the
aid of newly available, large-scale genome information, we
identified a new SP-D-Geo SINE that bears similarity to the
IDL-Geo element previously described by Gogolevsky and
Kramerov (2006). The latter element represents the first
dimeric ID–ID-derived element discovered in rodents. Di-
and trimerizations of SINE elements have been described
as progressive advantages for increasing retropositional ef-
ficiency (Borodulina and Kramerov 2006), but the reason
for this is unclear. It is possible that remnants of the sec-
ond part of dimeric elements, such as the one found in the
newly discovered Spermophilus ID-Spe SINE, provide
structural elements for such higher retropositional effi-
ciency. In Spermophilus, we also discovered tri-Spe, the
first trimeric element in rodents, and twinID-Spe, a
dimeric ID element with a similar composition to IDL-
Geo in Geomyoidea.

The Activity Spectrum of SINEs in Rodents
In accordance with the observed SINE and indel pres-
ence–absence patterns, the spectrum of SINE activity
in rodents obtained from the whole genomewide analyses
also provides strong support for the early separation of
the Squirrel-related clade. This is best exemplified by
the B1-elements (pB1D7-derived) with the characteristic
29-nt duplication present in the Mouse-related clade
(represented by mouse, rat, and kangaroo rat) and in Cte-
nohystrica (represented by the guinea pig) but absent in
the Squirrel-related clade (except for a few hits in trace
data that were determined to be mouse contaminations)
and therefore thought to be derived in a common ances-
tor of mouse and guinea pig. It is worth noting that be-
cause the squirrel genome, compared with the mouse
genome, is slowly evolving, it is unlikely that B1 elements
were misidentified by our transposon search. A close re-
lationship of the Mouse-related clade and Ctenohystrica
was first proposed by Veniaminova et al. (2007) based on
the distribution pattern of experimentally found B1-re-
lated retroposons. This first indication is now borne
out at the genomewide level. In the Squirrel-related clade,
the predominant B1-‘‘like’’ elements (pB1D10-derived)
are similar to B1 elements in mouse and guinea pig but
differ by an independent duplication of a 20-nt sequence
region. The duplication shows strong similarity to the
flanking, squirrel-specific B1 region and is, therefore, con-
sidered an independent duplication event rather than a 9-
nt deletion from a potential B1D29 progenitor. The
screening for individual orthologous elements shared by
the Mouse-related clade and Ctenohystrica but absent
in the Squirrel-related clade ‘‘via’’ three-way alignments
revealed that five such elements (pB1D7, B1F, and 3 �
B1F1) belong to element subfamilies absent in the Squir-
rel-related clade (fig. 1). The remaining three diagnostic
elements (pB1D10, 2 x ID) as well as the two elements

shared between Ctenohystrica and the Squirrel-related
clade (ID4, pB1D10) belong to retroposon subfamilies that
were active over a long range of rodent evolution (e.g., ID4
and pB1D10 elements were found that resolve both basal
and terminal branches of the tree; fig. 1). This demon-
strates the congruence of orthologous single loci compar-
isons and the diagnostic genomewide distribution
patterns of retroposons.

Conclusion
Retroposons offer an invaluable window into rodent evo-
lution. A detailed knowledge of the elements, their distri-
butions, and changes over time are key attributes helping
to provide a virtually homoplasy-free reconstruction of
history. In the present study, we considered different as-
pects of retroposon evolution, identified new elements,
and described a genomewide picture of their distribution.
We applied diverse bioinformatical search strategies to ex-
haustively screen for informative retroposon presence/
absence patterns. Our data provide an understanding
of early speciation in rodents, a process revealed to be
more complicated than can be explained by clear bifur-
cation events. Such complexity cannot be resolved by
classical, sequence-based statistical approaches. Our data
support an early divergence of a pre-Squirrel-related cla-
de from a common ancestor of a pre-Mouse-related-
Ctenohystrica clade. The time that elapsed between
the separation of the Squirrel-related clade and the split
at the origin of the Mouse-related and Ctenohystrica
clades was sufficient to fix at least eight orthologous ret-
roposon elements and six indels in the common ancestor
of the pre-Mouse-related and Ctenohystrica clades. How-
ever, the two retroposon markers shared by Ctenohystrica
and the Squirrel-related clade indicate that the separation
at that time was not strictly complete and that possibly
a limited hybridization between the pre-Ctenohystrica
and presquirrel ancestor occurred. However, incomplete
lineage sorting is another possible explanation for the re-
sults observed (Shedlock et al. 2004; Churakov et al. 2009;
Nishihara et al. 2009). A close relationship of the Mouse-
related clade and Ctenohystrica was also strongly sup-
ported by the general distribution pattern of B1-related
elements in rodents with pB1D7, pB1D9, B1F29, B1F1,
B2F2, and ID-B1 elements that arose in the common an-
cestor of these two. In total, we found 65 retroposons that
support 23 different branches of the rodent evolutionary
tree (e.g., in cementing the monophyly of this order by
seven orthologous elements shared by all rodents), repre-
senting the most extensive retroposon study in rodents to
date that offers an ideal starting point to unlock the last
remaining secrets in the evolution of rodents.

Supplementary Material
Supplementary tables S1–S4 and Supplementary Material
S1 are available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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