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ABSTRACT
Vertebrate retrotransposons have been used extensively for phylogenetic analyses and studies of molecu-

lar evolution. Information can be obtained from specific inserts either by comparing sequence differences
that have accumulated over time in orthologous copies of that insert or by determining the presence or
absence of that specific element at a particular site. The presence of specific copies has been deemed to
be an essentially homoplasy-free phylogenetic character because the probability of multiple independent
insertions into any one site has been believed to be nil. Mys elements are a type of LTR-containing
retrotransposon present in Sigmodontine rodents. In this study we have shown that one particular insert,
mys-9, is an extremely old insert present in multiple species of the genus Peromyscus. We have found that
different copies of this insert show a surprising range of sizes, due primarily to a continuing series of
SINE (short interspersed element) insertions into this locus. We have identified two hot spots for SINE
insertion within mys-9 and at each hot spot have found that two independent SINE insertions have occurred
at identical sites. These results have major repercussions for phylogenetic analyses based on SINE insertions,
indicating the need for caution when one concludes that the existence of a SINE at a specific locus in
multiple individuals is indicative of common ancestry. Although independent insertions at the same locus
may be rare, SINE insertions are not homoplasy-free phylogenetic markers.

RETROTRANSPOSONS are transposable elements thus SINEs have found increasing use as phylogenetic
markers at many taxonomic levels. Human-specificthat produce additional copies for insertion into

new genomic sites by reverse transcription of an RNA SINE (Alu) insertions that are not fixed within the spe-
cies have been used to support the hypothesis of a recentintermediate. Although some retrotransposon inser-

tions alter gene expression, most of those maintained African origin for modern humans (Batzer and Dei-
ninger 1991; Batzer et al. 1994). Examples of use ofin mammalian genomes have presumably inserted into

noncoding regions and are selectively neutral. Such in- SINEs as markers at higher taxonomic levels also include
studies of the relationships among salmonid fishes (Mur-sertions may therefore be ideal sequences both for esti-

mating organismal phylogenies and for study of neutral ata et al. 1993; Hamada et al. 1998) and work showing
that hippopotamuses are the closest extant relatives toevolution at the molecular level.

Vertebrate retrotransposons present at specific loci the whales (Shimamura et al. 1997; Nikaido et al. 1999).
The presence or absence of retrovirus-like insertionshave been deemed to be essentially homoplasy-free phy-

logenetic characters because the probability of insertion has also been used as a taxonomic marker. Although
they are longer and thus not as easy to assay as SINEoccurring more than once at any single site has been

presumed to be vanishingly low (Batzer and Dei- insertions, retrovirus-like elements have the advantage
of a built-in molecular clock—the paired LTRs (longninger 1991; Batzer et al. 1994; Takahashi et al. 1998;

Nikaido et al. 1999). The ancestral state at any site, terminal repeats). Retrovirus-like elements replicate by
the same mechanism as retroviruses, and their LTRs areabsence of the insert, is also believed to be unambiguous

because precise excision of these retrotransposons has expected to be identical at the time of insertion. After
insertion the elements accumulate changes at the neu-not been seen. In particular, the presence or absence

of SINE (short interspersed element; see Deininger tral rate, and the divergence between the paired LTRs
1989 for a general review) insertions is easy to assay, and can thus be used to estimate the relative time since

insertion of that element. Previously, we examined three
loci in white-footed mice (Peromyscus leucopus) from mul-
tiple geographic locations for presence or absence ofCorresponding author: Holly A. Wichman, Department of Biological

Sciences, University of Idaho, Moscow, Idaho 83844-3051. the retrovirus-like retrotransposon, mys, and determined
E-mail: hwichman@uidaho.edu the relative time since insertion of each of those ele-

1Present address: Molecular Probes, Inc., P.O. Box 22010, Eugene, ments (Sawby and Wichman 1997). We found that theOR 97402-0469.
two loci containing the most recent insertions based on2Present address: Department of Pediatrics, NRC5, Oregon Health

Sciences University, Portland, Oregon 97201. differences between the paired LTRs had a mys element
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hand. All phylogenetic analyses were performed using PAUP*,in only 1 of the 28 mice examined, while the locus with
version 4.0b4 (Swofford 2000). Corrected pairwise sequencethe greatest difference between LTRs contained a mys
differences (changes per 100 bp) were determined using the

element in 9 individuals limited to the northern part Hasegawa et al. (1985; HKY85) substitution model, which was
of the species range. found to be the most statistically defensible by hierarchical

likelihood ratio tests (Sullivan et al. 1997; Sullivan andIn this study we find that a mys insertion, mys-9, origi-
Swofford 1997). The phylogenetic analysis shown in Figurenally found in P. leucopus (Wichman et al. 1985), ap-
1 was carried out using maximum likelihood under the HKYpears, on the basis of both a 20.3% uncorrected se-
model of evolution (Hasegawa et al. 1985). The tree shownquence difference between its LTRs and its presence in in Figure 2 was constructed using parsimony analysis and 1000

multiple species of Peromyscus, to be ancient. Phyloge- bootstrap replicates in a heuristic search.
netic analysis of 13 orthologous copies of this element
is consistent with the accepted species phylogeny. We
see a surprising range of mys-9 allele sizes at this locus RESULTS
caused by a large number of SINE insertions. Within

Mys-9 is an ancient mys insert that contains multiplethis locus we find two incidents of independent, multi-
indels: We initially characterized the mys-9 element fromple SINE insertion events at identical sites. These results
P. leucopus because differences between its restrictionhave major repercussions for phylogenetic analyses
map and the restriction maps of other mys elementsbased on SINE insertions, indicating the need for cau-
(Wichman et al. 1985) suggested that it represented ation before interpreting shared SINE insertions as in-
substantially different type of mys element. Sequencecontrovertible evidence of common ancestry.
analysis of its left and right LTRs showed that the left
edge of the left LTR had suffered either a large re-
arrangement or a deletion. Alignment of the remainingMATERIALS AND METHODS
209 bp of that LTR with the corresponding portion of

Tissues and DNA: P. leucopus (Georgia: TK24940); P. manicu- the right LTR revealed a sequence difference between
latus (Mexico: TK27653, Iowa: TK25398, California: TK13404, the two LTRs of 20.3% (excluding gaps), giving rise toMaine: TK29798); P. difficilus (TK32541); P. truei (TK21858);

a corrected pairwise distance of 24.8 changes/100 bpand P. crinitus (TK26309) tissues were from The Museum,
Texas Tech University. P. leucopus (Massachusetts: H408) tissue (Table 1). Because the two LTRs of a retrovirus-like
was from Harvard University. P. maniculatus (New Mexico: element are identical at the time of insertion, each LTR
GK362) was from Texas A&M, and P. leucopus (Texas: 20- should have diverged by approximately half that
3143234 and Connecticut) was from Wesleyan University.

amount, or 12.4 changes/100 bp, from the original an-DNA was prepared from tissue by the method of Longmire
cestral sequence since the insertion of mys at this locus.et al. (1988). mys-9 was initially shown to be contained within a

clone isolated from a genomic library of a P. leucopus individual If the neutral mutation rate in Peromyscus is similar to
(Wichman et al. 1985). We sequenced 6 kb of this clone, the estimated rate of z1 change/100 bp per million
including the entire mys-9 element and part of the single-copy years for other rodents (She et al. 1990 and references
flanking regions. We then designed PCR primers specific for

therein), this would suggest that the element insertedthe single-copy flanking sequences: M9-17 (59 side of mys-9,
into this locus roughly 12.4 million years ago.CTCATTCCCAGAAACCTACATGCTAA) and M9-16 (39 side

of mys-9, ACTACAAAGATAAGGAGCCTAGCTGAGTG). PCR We sequenced the entire mys-9 element (3444 bp)
amplification was carried out with the extra long PCR kit (PE and compared its sequence to the previously character-
Applied Biosystems, Foster City, CA) using 30 pmol of each ized mys-1 element, whose LTRs differ at only 2 out of
of these primers, 100 ng of genomic DNA, and 1.4 mm magne-

344 bp. A surprising number of indels (insertions orsium acetate in a total volume of 50 ml. Thermal cycling was
deletions) were seen. Target site duplications at theperformed in a GeneAmp PCR System 9600 (PE Applied Bio-

systems) with the following parameters: hot start (addition of borders of the four larger indels lead us to suggest that
DNA and polymerase at 658) and initial denaturation for 2 they are insertions into mys-9. These are a B1 SINE, a
min at 948, followed by 20 cycles of 15 sec at 948, 30 sec at B2 SINE, an ID SINE, and an unknown insert of SINE
588, 4 min at 708, followed by 10 cycles with the same parame-

size. Three additional indels .13 bp and of unknownters but with the elongation step extended by an additional
origin were also seen.15 sec at each succeeding cycle, followed by a final elongation

for 10 min at 728. The annealing temperature was reduced to Mys-9 is widely distributed: Multiple animals were
558 for species outside of the P. leucopus group /P. maniculatus tested for presence of the mys-9 element by amplification
group clade. Sizes of amplification products were determined with PCR primers specific for single-copy regions flank-
on 0.6–0.7% agarose gels. Size standards were mixed with

ing mys-9. PCR amplification would give rise to a productsamples in many cases. All cloning, restriction analyses, and
of z4 kb if the mys-9 element were present at this locusSouthern hybridizations were done by standard techniques

(Ausubel et al. 1989). (a filled site) and would produce a product of z0.3 kb
Sequencing and sequence analysis: Clones were either man- if the mys-9 element were not present at the locus (an

ually sequenced as previously described (Casavant et al. 1996) empty site). Initial examination of z32 P. leucopus and
or were sequenced using a Licor 4000L or ABI-377 automated

four P. maniculatus individuals from across the range ofsequencer. Sequences were aligned and analyzed using Gene-
those species showed the mys-9 locus to be occupied inWorks (Intelligenetics, Mountain View, CA), and MegAlign

3.1.7 (DNAStar, Madison, WI). Alignments were refined by every case in which a PCR product was detected, with
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no examples of empty sites. The mys-9 locus was also
found to be filled in single specimens of P. difficilis,
P. truei, and P. crinitus. Attempts to amplify the mys-9
locus in more distantly related species have produced
no PCR products, possibly due to divergence of the
primer binding sites. Nonetheless, amplification in the
above species suggests that the insertion is ancient since
it appears to predate the divergence of those species.
These results extend our previous observations. We now
see a distinct correlation between LTR divergence and
increased distribution among four mys elements. Mys-9
appears to be widely distributed in Peromyscus and fixed
in at least P. leucopus and P. maniculatus, while mys-6,
which shows a divergence of 4.8 changes/100 bp be-
tween its LTRs, is found in many P. maniculatus and P.
leucopus individuals, but is not fixed. mys-7 and mys-1,
respectively, show divergences of 1.8 and 0.6 changes/
100 bp between their LTRs and have been found only
in single individuals (Sawby and Wichman 1997).

The mys-9 locus shows a wide range of allele sizes: In
the process of scoring different animals for presence

Figure 1.—Phylogenetic analysis of LTRs from mys-9 alleles.of the mys-9 element, we found the site to be highly
L designates the left LTR of each indicated allele, and Rpolymorphic with respect to size. Elements are com- designates the right LTR. Analysis was based on the 209-bp

monly seen with sizes varying from 3.5 to 4.1 kb, but region common to the left and right LTRs of each element.
one element has a size of 8.1 kb. Many individuals are The phylogram is drawn with midpoint rooting.
also found to exhibit two element sizes, suggesting heter-
ozygosity with respect to allele size at this locus. A South-
ern blot of genomic DNA from a number of individuals years ago. As expected, divergence tends to be low

within species and greatest between the most divergentprobed with single-copy DNA immediately adjacent to
the mys-9 insert showed that those size variants occurred species. However, some P. maniculatus alleles are as di-

vergent from each other as they are from some P. leuco-at a single locus and were not a PCR artifact or the
result of gene duplication. This range of allele sizes pus alleles, while the P. truei and P. difficilus alleles are

more similar to each other than are most of theraised a number of questions. What accounts for the
variation in allele size? How are the individual alleles P. maniculatus alleles. Interestingly, the two P. manicula-

tus Iowa alleles, taken from the same mouse, are therelated to each other? Do specific size classes represent
more closely related alleles, or has the same allele size most divergent of the P. maniculatus alleles. The diver-

gence between LTRs of each element, which shows anevolved multiple times?
Relationships between mys-9 alleles are clarified: Thir- average corrected distance of 24 changes/100 bp, sug-

gests that mys-9 inserted about 12 million years ago,teen alleles were selected for further analysis. These
alleles were chosen to represent all species from which indicating that the locus itself is much older than the

alleles we have examined and is likely to be present inwe amplified filled sites, and multiple alleles were cho-
sen from P. leucopus and P. maniculatus to represent a even more distant species. The relative age of the alleles

compared to the locus was confirmed by maximum like-wide geographic and allele size range. The LTRs and
flanking regions were sequenced for each allele. Align- lihood analysis of the 209 bp of common sequence be-

tween the left and right LTRs of each element (Figurement of these regions showed that all of the alleles
contained the rearrangement of the left LTR described 1). The long branch separating the left and right LTRs

confirms the age of the locus, while the tight clusteringabove. Table 1 is a distance matrix of all 13 mys-9 alleles.
Corrected pairwise distances between the common re- of each LTR is generally consistent with the recent diver-

gence of the alleles. There is not complete concordancegions of the left and right LTRs of each allele (209 bp)
are shown in italics on the diagonal. Corrected pairwise between the phylogenies of the left and right LTRs, but

this is not surprising since the region examined is quitedistances between alleles based on the sequence of both
LTRs and the single-copy flanking region (903 bp) are small.

The relationships among the alleles were further ex-shown below the diagonal.
Table 1 shows that divergence between alleles ranges amined by phylogenetic analysis that included both

LTRs and the flanking regions (903 bp). A consensusfrom 0.34 to 5.8 changes/100 bp, which suggests that
some shared a common ancestor as recently as 160,000 parsimony tree from 1000 bootstrap replicates is shown

in Figure 2. Bootstrap values are shown below eachyears ago and the most divergent as long as 2.9 million
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between the leuGA3.70 allele and the other P. leucopus
alleles, which form a polytomy, is 0.89 changes/100 bp.
These alleles have therefore diverged from a common
ancestor by 0.44 changes/100 bp, indicating that the
B1a element probably inserted more than 0.44 million
years ago. A probable maximum age of 1.4 million years
can be assigned to the B1a insertion because the average
difference between any P. leucopus alleles and any P.
maniculatus alleles (all contained in the clade whose
branch immediately predates the B1a insert) is 2.87
changes/100 bp.

Two separate regions show SINE inserts that have
used identical target DNA nick sites: During SouthernFigure 2.—Unrooted consensus tree derived from total
blot analysis it appeared that a number of the P. leucopussequence set overlaid with SINE insertions. Parsimony analysis

was based on 903 bp that included both LTRs and flanking and P. maniculatus alleles were phylogenetically united
regions for each element. Nodes with .70% support are by a single B1 insertion event (B1a) because they all
shown. The bootstrap support is shown below the node and appeared to contain the same left flank sequence andinsertions are shown above the node.

B1 sequence, with only minor variations attributable to
random mutation after insertion. However, phyloge-
netic analysis of the LTRs and flanking regions sug-branch. This analysis confirms the within-species cluster-

ing of alleles. Furthermore, the allele tree agrees with gested that mys-9 elements containing this B1 insert do
not form a monophyletic group. Further sequencing ofthe well-corroborated relationships among these species

in that P. maniculatus and P. leucopus form a well-sup- these SINEs and their flanks in four of the P. maniculatus
alleles and two of the P. leucopus alleles showed thatported clade (e.g., Carleton 1989).

Most of allele size variation can be explained by inser- the P. maniculatus B1 insertion is distinct from the B1
insertion found in the P. leucopus alleles; this new inser-tion of a large number of SINEs into mys-9: We further

dissected each of the 13 cloned mys-9 alleles by a combi- tion is designated B1i. This SINE inserted by 39 nicking
at exactly the same nucleotide but by use of a 59 nicknation of restriction mapping, hybridization with SINE

probes, and sequencing of selected regions. We were site 3–6 bp upstream of the B1a nick site (see Figure
3). The ambiguity of 3–6 bp is an unresolvable conse-surprised to find that these alleles contain a minimum

of 14 insertions .100 bp, including nine B1 elements, quence of a 3-bp mononucleotide A repeat in mys-9 at
those positions. However, these data strongly supporttwo ID elements, one B2 element, an insert of unknown

origin the size of a SINE, and a 4-kb insert containing the view that B1a and B1i are independent insertions
into the same site in the mys-9 locus.the 59 end of a LINE-1 element followed by nonrepeti-

tive DNA. The 4-kb insert and at least one copy of each Sequence analysis of the IDb insert from the dif3.50
allele and B1b insert from the criY3.78 allele showed theof the SINE inserts were sequenced. We overlaid these

insertions onto the phylogenetic tree shown in Figure even more surprising result that the two independent
events giving rise to these SINE insertions used identical2 to determine if they could be placed in a manner that

would explain most of the size variation seen. With one nick sites at both the 59 and the 39 ends of their target
sites. Figure 3 shows that these two independent eventsexception (B1a/B1i, discussed and resolved below),

each of the insertions could be placed on a branch such would have been indistinguishable had it not been that
the insertions were of two different types of SINEs.that it was present in all alleles derived from that branch.

This large number of insertion events explains the ma- The mys-9 locus contains two hot spots for SINE inser-
tion: When the location and orientation of each of thejority of the size variation seen in the mys-9 alleles and

shows that size of the mys-9 locus would not be a useful major insertions into these 13 mys-9 alleles were deter-
mined, the picture shown in Figure 4 emerged. Withinmarker for phylogenetic studies. Congruence of the

SINE insert data with both the observed allele sizes and the mys-9 locus are two regions that are hot spots for
insertion of SINEs and possibly of other elements. Thethe tree based on sequence data further suggests that

none of the SINEs found here has been deleted in any first region, which includes the B1a and B1i SINEs,
has undergone at least six independent insertion eventsof the mys-9 alleles.

The minimum and maximum ages of a number of within a space of 248 bp, with five of those insertions
into a region of 83 bp centered around base pair 1096the SINEs shown in Figure 2 can be estimated using the

sequence differences shown in Table 1, the position of of the mys-9 locus. The second region, which includes
the identically positioned IDb and B1b elements, alsothe element in the tree in Figure 2, and the assumption

of a mutation rate of 1 change/100 bp per million years. has undergone at least six insert events localized to a
150-bp region centered around base pair 1975.For example, all of the P. leucopus alleles have been

shown to contain the B1a insert. The average difference Why are the above two regions insertional hot spots?
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Figure 3.—Sequence flank-
ing insertions into mys-9. The
first and last 20 bases of se-
quence in each line is the se-
quence surrounding the desig-
nated inserts. The three bases
immediately after the first dash
in each line are the first three
bases of the insert, and the four
bases immediately before the
second dash are the last four
bases of the insert. z denotes
insert sequence that is not
shown. Target site duplications
are in lowercase. Pyrimidines
immediately 59 of the target site
duplication that are believed to
be important for SINE inser-
tion mediated by LINE-1 reverse
transcriptase/endonuclease
are boxed. Purine stretches be-
lieved to be important for the
same process are underlined in
the left target site duplication.
In some cases of differences be-
tween the target site duplica-
tions, it has been possible to
identify the ancestral state
(shown in boldface) by com-
parison with other mys-9 alleles.

LINEs and SINEs appear to preferentially insert into mine the density of the kinkable dinucleotides TG, TA,
and CA but found no correlation between high densitiesregions of high AT content (Furano et al. 1986; Dei-

ninger 1989; Hutchison III et al. 1989). Plots of AT of these dinucleotides and position of inserts.
Finally, we examined the sequence flanking each ofcontent throughout the mys-9 locus show the two inser-

tional hot spots to be of a relatively high percentage of these inserts (Figure 3) to search for motifs important
for insertion. Target site duplications are associated withAT but not the most AT-rich regions in the locus. Jurka

has suggested that kinkable DNA may serve as a prefer- every insert and are shown in lowercase in Figure 3.
The great majority of these target site duplications haveential substrate for the LINE-1 endonuclease likely to be

involved in insertion of at least some retrotransposons a number of characteristics that are consistent with pre-
vious suggestions that insertion of B1, B2, and ID ele-(Jurka et al. 1998). We surveyed the mys-9 locus to deter-

Figure 4.—Location of in-
serts .50 bp found in mys-9 al-
leles. A mys-9 allele with no ma-
jor inserts is shown, including
single-copy flanking sequence
(dotted lines) through the re-
gions complementary to the
M9-17 and M9-16 primers used
for amplification of the locus.
The arrows associated with
each SINE or LINE-1 indicate
the orientation of that insert.
The LINE-1 insert contains the
59 end of a LINE-1, including
most of its open reading frame-
1 (ORF-1), followed by a region
containing nonrepetitive DNA
that includes a portion show-
ing homology with a human X2
box repressor cDNA.
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ments is aided by LINE-1 reverse transcriptases (Jurka than among the P. leucopus alleles reflects the greater
geographical distribution of P. maniculatus (King 1968).and Klonowski 1996; Jurka 1997). The initial nick site

has been proposed to occur immediately 59 of a purine Phylogenetic trees based on sequence data also show
that allele size is not a valid phylogenetic character atresidue, which is in most cases an A residue (Feng et al.

1996; Jurka and Klonowski 1996). By the orientation the species level. Alleles from distantly related species
can have nearly identical sizes while closely related al-shown in Figure 3, this would correspond to nicking in

the bottom strand, with an associated pyrmidine (usu- leles can have different sizes.
The surprising range of allele sizes seen among theseally a T residue) in the top strand immediately 59 of the

left target site duplication. Thirteen of the 14 inserts 13 mys-9 alleles led to our discovery that this locus con-
tains two distinct regions that are hot spots for insertion.examined here have a pyrimidine immediately 59 of the

target site duplication and 11 of those 13 have a T at In the more 59 of these two regions, six insertion events
have occurred within 248 bp, with five of those insertionsthis position. The target site duplication for the single

exception, B1d, would actually extend an additional occurring in an area of only 83 bp. In the 39 region, six
insertions are localized to a 150-bp area. The questionfour A’s in the 59 direction, if the four TAA trinucleotide

repeats seen at the 39 end of B1d were produced by of whether the entire mys-9 locus represents an overall
hot spot for insertion is a bit harder to address in thisrepeat expansion after insertion of the element. Such

a scenario would give B1d the common T nucleotide study because the 9 alleles originating from P. leucopus
and P. maniculatus were selected for further study fromimmediately 59 of the target site duplication, resulting

in a pyrimidine at the expected position in all 14 of the 37 animals on the basis of both the geographic locations
of the individual animals and the range of allele sizes.inserts. Examination of the dinucleotides cleaved by a

presumed initial nick under this model reveals that 11 Other loci in rodents and humans have been noted as
hot spots for SINE and LINE-1 insertion (Qin et al.of the 14 inserts contain kinkable DNA (TG, TA, or

CA) at this position. The 59 bases in the majority of 1991; Wells and Bains 1991), but those loci have not
collected insertions within such small regions. In thisthe target site duplications contain a polypurine tract

(underlined in Figure 3), which has been proposed to study we have been able to peer into discrete windows
of time by analyzing alleles at a presumably unselectedincrease the probability of nicking by the LINE-1 reverse

transcriptase (Feng et al. 1996). More specifically, this locus (mys-9) of known age from both a range of species
and from multiple individuals within single species.tract in many cases contains the poly(A) tract believed

to be part of the recognition sequence TTAAAA (Jurka Why are these two mys-9 regions insertional hot spots?
It has been recognized for some time that, althoughand Klonowski 1996). The only striking feature found

in the right flank of the target site duplication is an A many mammalian retroelements are dispersed through-
out the genomes of mammals, insertion is not com-immediately 39 of the duplication in 12 of the 14 inserts.

These results suggest that the majority, or all, of these pletely random (Baker and Wichman 1990; Sand-
meyer et al. 1990; Wichman et al. 1992; Craig 1997).inserts have transposed with the help of LINE-1 reverse

transcriptase, but that sequence context alone is not While the inserts into mys-9 tended to group at regions
of higher AT, those regions with the highest AT contentsufficient to explain why insertions have occurred so

commonly in the two regions described. are not the regions showing greatest insertion. In light
of evidence that B1s, B2s, and ID elements may insert
at sites of nicking in kinkable DNA (Jurka et al. 1998),

DISCUSSION
we determined the density of kinkable dinucleotides
throughout mys-9 but found no evidence for preferentialThe distribution of the mys-9 element among Pero-

myscus species and the divergence of its LTRs indicate insertion at regions containing a high density of kink-
able DNA sites. Higher-order structures such as chroma-that it is extremely old, having inserted approximately

12 million years ago. Since paleontological evidence tin configuration are believed to play a role in insertion
of some retroelements with increased incidence of inser-suggests that the Peromyscine radiation occurred around

or before 6.5 million years ago (Catzeflis et al. 1992), tion seen into DNA located on nucleosomes and ori-
ented such that the major groove is open to the surfaceit may well be that mys-9 inserted around, or before, the

time of that radiation and well before the divergence (Pryciak and Varmus 1992; Muller and Varmus
1994). Perhaps the same is true of SINE and LINE-1within the genus Peromyscus.

Multiple mys-9 alleles have existed within P. manicula- insertion.
Analysis of the target site duplications flanking eachtus for extended periods, showing differences as high

as 3.03 changes/100 bp (Table 1), which would suggest of the inserts in this region reveals a number of charac-
teristics supporting suggestions that insertion of B1, B2,these alleles may have coexisted within the species for

roughly 1.5 million years. Even within a single animal, and ID elements is aided by LINE-1 reverse tran-
scriptase/endonuclease (Jurka and Klonowski 1996;the mouse from Iowa, coexisting alleles show divergence

from each other of 2.68 changes/100 bp. Perhaps this Jurka 1997). Depending on how the sequences are in-
terpreted, either 13 of the 14, or all 14 of the inserts,greater divergence seen among the P. maniculatus alleles
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have a pyrmidine just 59 of the left target site duplica- single insert at that location was incongruent with the
phylogeny of the mys-9 alleles. We were able to distin-tion. Eleven of the 14 inserts contain kinkable DNA at

this position. The 59 bases in the majority of the target guish the two events by virtue of a 3- to 6-bp difference
in the left border of the target site duplications. In thesite duplications contain a polypurine tract, which has

been proposed to increase the probability of nicking by case of the IDb and B1b elements both the insert site
and the target site duplications were identical. If thethe LINE-1 reverse transcriptase/endonuclease. There

is a real possibility that all of these inserts have gained same type of SINE had inserted each time in this latter
case, we would have interpreted the two events as aadmission to the region by use of the LINE-1 reverse

transcriptase. Interestingly, the insert of approximately single one. Thus the estimate of two same-site insertions
formally represents the minimum number in this data set.4 kb present in the manCA8.1 allele is a segment that

appears to contain the 59 end of a LINE-1 followed by Although same-site insertions are probably rare, these
results suggest that SINEs exhibit a greater specificitynonrepetitive DNA. We have shown by PCR that this

arrangement of the 59 end of LINE-1 followed by the for insertion at specific sites than previously recognized,
to the extent that multiple identical insertions can in-same nonrepetitive sequence is present in the genomes

of other P. maniculatus that do not have the CA8.1 allele. deed occur at single sites. The presence of a retro-
transposon at a single locus in multiple taxa remains anA probable explanation is therefore that this insertion

occurred as a result of transcription of the segment extremely powerful phylogenetic marker, but caution
is required before concluding that the existence of afrom a promoter in a defective LINE-1 followed by the

relatively unusual aid of another LINE-1 functioning in particular SINE at a particular locus in multiple individ-
uals is indicative of common ancestry (Hillis 1999).trans (Esnault et al. 2000; Furano 2000).

Transposons have long been known to insert into Such caution is particularly warranted in cases where a
single insertion event is the sole support for a specificgenomes with a wide range of specificities, ranging from

nearly random insertion to extremely sequence-specific phylogenetic hypothesis.
insertion mechanisms such as those used by the insect We acknowledge the use of the University of Idaho Automated
retrotransposons R1 and R2 that limit insertion almost DNA Sequencing Facility. We thank Drs. Robert Baker, Kimberly

Nelson, and Ira Greenbaum for donating tissues for this study andexclusively to the 28S rRNA genes (Xiong and Eick-
Jack Sullivan for helpful discussions regarding the phylogenetic analy-bush 1988; Baker and Wichman 1990; Sandmeyer et al.
sis. This work was supported by National Institutes of Health grant1990; Wichman et al. 1992; Craig 1997). Even though
GM-38737 to H.A.W.

vertebrate SINEs and LINEs have been known to exhibit
some site specificity, their widespread dispersal through-
out vertebrate genomes has led to the belief that their
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