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Summary. Two distinct members of the LINE-1
(L.1) family in Peromyscus were characterized. The
two clones, denoted L1Pm3S and L1Pmé62, were 1.5
kb and 1.8 kb in length, respectively, and align to
the identical region of the L1 sequence of Mus do-
mesticus. Sequence similarity was on the order of
70% between L1PmS5 and L1Pm62, which approx-
imates that between either Peromyscus sequence
and Mus L1. L1Pm62 represents a more prevalent
subfamily than L1PmS55. L1Pm62 exists in about
500 copies per haploid genome, while L1Pm355 ex-
ists in about 100 copies. The existence of major and
minor subpopulations of 1.1 within Peromyscus is in
contrast to murine rodents and higher primates,
where L1 copy number is on the order of 20,000 to
100,000, and where levels of intraspecific diver-
gence among L1 elements are typically less than
15-20%. Additional Peromyscus clones are simi-
larly divergent from both L1Pm62 and L1Pm55, im-
plying the existence of more than two distinct L1
subfamilies. The highly divergent L1 subfamilies in
Peromyscus apparently have been evolving inde-
pendently for more than 25 million years, preceding
the divergence of cricetine and murine rodents. In-
vestigations of the evolution of .1 within Peromy-
scus by restriction and Southern analysis was per-
formed using species groups represented by the
partially interfertile species pairs P. maniculatus-P.
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polionotus, P. leucopus-P. gossypinus, and P.
truei-P. difficilis of the nominate subgenus and P.
californicus of the Haplomylomys subgenus.
Changes in L1 and species group taxonomic bound-
aries frequently coincided. The implications for
phylogeny are discussed.
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Introduction

Mammalian LINEs are long interspersed repetitive
sequences usually greater than 5 Kilobases (kb) in
length. They are generally found in about 10 copies
per genome (Singer 1982), though 3’ regions have
been found approximating 10° copies (Gebhard et
al., 1982; Hwu et al., 1986). This phenomenon is
due to truncation of the elements at the 5’ end (Vo-
liva et al. 1983). L1 elements, as a unit, exhibit
changes that correspond to mammalian phylogeny
(Burton et al. 1986), attributed principally to prolif-
erative transposition to novel sites, presumably ac-
companied by clearance of preexisting sequences
(Casavant et al. 1988). Additional properties and
suggested mechanisms of propagation of LINEs are
reviewed by Hutchison et al. (1989).

Partial sequences of LINEs demonstrate a strong
conservation in the mammalian orders Carnivora,
Lagomorpha, Rodentia, and Primates (Fanning and
Singer 1987). By sequence analysis of L1 elements
in Mus species, Martin et al. (1985) observed less



than 5% divergence among elements within a spe-
cies, and 5.4-9% divergence between species, indi-
cating extensive maintenance of intraspecies ho-
mology. Although L1 is highly conserved in the
genus Mus, concerted changes in restriction sites
accumulate with time (Jubier-Maurin et al. 1985).
Dover (1982) proposed the theory of molecular
drive, a collective term for the processes involved,
based on the correlation of concerted changes in
repetitive elements with species boundaries in di-
verse organisms. A molecular phylogeny led Har-
dies et al. (1986) to conclude that most L1 members
in Mus are pseudogenes; a few functional L1 mem-
bers, termed molecular drivers, e.g., source genes,
give rise to new elements.

Minor variants of L1 sequences, indicated by the
presence of novel restriction fragments on Southern
blots, imply the existence of L1 subfamilies within
the mammalian genomes (Jubier-Maurin et al.
1985). Subfamilies are also suggested from 5’ motifs
in Mus, known as A and F (Shehee et al. 1987).
These 5’ tandem repeats are similar in organization
but unrelated in sequence (Padgett et al. 1988).
Skowronski and Singer (1986) and Jurka (1989) have
defined subfamilies of the human L1 on the basis of
diagnostic nucleotides shared among a subpopula-
tion of elements. These diagnostic base pairs con-
stitute less than 3% of the bases within the com-
pared sequences.

More recently, Pascale et al. (1990) identified an
L1-related subfamily (LX) in murine rodents. This
subfamily is maintained in high copy number
(>60,000) and is 15% divergent within a region of
the open reading frame. Extensive amplification of
Lx may have predated the murine radiation (Pas-
cale et al. 1990).

The taxonomically well-characterized cricetine
rodent genus Peromyscus (Osgood 1909; Hooper
1968; Carleton 1989) provides a singular oppor-
tunity to further examine the evolution of LINEs
and its role, if any, in speciation. This genus is tra-
ditionally classified into two or more subgenera
with numerous species groups containing over
50 species (Hall 1981). The nominate subgenus
(Peromyscus) contains about 45 species further
classified into 11 species groups. Members of a
species group sometimes have the capacity to in-
terbreed in captivity (Blair 1943), although they do
not hybridize in nature (Dice 1968). Species as-
signed to different species groups or subgenera are
probably reproductively isolated from one another,
since all attempted crosses between individuals of
separate species groups have been unsuccessful,
but subspecies within a species are generally inter-
fertile in captivity (Dice 1968). Correlation between
changes in L1 and taxon boundaries would be of
interest.
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Materials and Methods

Specimens. Deermice (P. maniculatus), oldfield mice (P. polion-
otus), and white-footed mice (P. leucopus) were obtained
through the Peromyscus Genetic Stock Center, University of
South Carolina. Two subspecies of P. californicus were donated
by Susan Hoffman, Mammal Division, Museum of Zoology, Uni-
versity of Michigan. Pinyon mouse (P. truei) and rock mouse (P.
difficilis) livers were obtained courtesy of T.L. Yates and J.
Cook of the Museum of Southwestern Biology at the University
of New Mexico. Wild-caught cotton mice (P. gossypinus) and
their first-generation progeny were used. Laboratory house
mouse (Mus domesticus) of the C57BL strain were obtained
through the University of South Carolina Animal Resource Fa-
cility.

Isolation of Peromyscus L1 Sequences. A partial Sau3A/
BamH]I P. maniculatus lambda Charon 30 genomic library (pro-
vided by Dr. M. Edgell; Padgett et al. 1987) was screened with a
MIF-1 probe (provided by Dr. M. Edgell; Voliva et al. 1984).
Two randomly selected hybridizing phages were purified; the
DNA was isolated using a DES2 resin (Whatman) slurry (Benson
and Taylor 1984), digested with EcoRI, and analyzed by South-
ern hybridization to MIF-1. The series of EcoRI fragments, as
observed on an ethidium-bromide-stained agarose gel, inclusive
of the single L1-hybridizing fragment per phage clone (detected
by autoradiography), were subcloned by random insertion into
the EcoRI site of plasmid pT7/T3-18 (BRL, Inc.), foliowed by
verification of isolated I.1-containing clones using Southern hy-
bridization.

DNA Analysis. Southern blotting was performed by standard
protocols (Southern 1975). Genomic DNA was isolated by mod-
ification of the method of Flamm et al. (1966) incorporating pro-
teinase K digestion and phenol-chloroform extractions described
by Blin and Stafford (1976). Livers were removed from animals
fasted for 24 h prior to sacrifice by cervical dislocation and were
homogenized in 10 ml cold buffer (100 mM EDTA, 1% SDS, 10
mM Tris pH 8.0). Spleens from adult and livers from immature
P. californicus were utilized, since liver DNA from this species
exhibits excessive degradation upon isolation (Kass and Hoff-
mann unpublished). Genomic DNA (10 pL) was cleaved by in-
cubations with excess restriction enzyme (EcoRl, Hindlll, Bg/
11, or Xbal) 12-16 h in 40 pl reaction mixtures (Maniatis et al.
1982). Digested DNA was concentrated by ethanol precipitation
and fragments were separated by electrophoresis on 1% agarose
gels in 1 X TBE (89 mM Tris-borate, 8 mM boric acid, 2 mM
EDTA) for 19-20 h at 8-10 V. For Southern analysis, 6 ug of
DNA was cleaved and subjected to gel electrophoresis in 1 X
TAE buffer (400 mM Tris-acetate, 1 mM EDTA); gels were de-
natured in 1.5 M NaCl, 0.5 M NaOH and neutralized in 1 M
Tris-HCI, 1.5 M NaCl pH 5.0 for 1 h each and DNA was trans-
ferred to Hybond (Amersham) nylon filters. Prehybridization of
filters was done in4 x SSC, 0.2% SDS, (0.1 M NaH,PO,, 10 mM
sodium pyrophosphate pH 6.5), herring sperm DNA (200 p.g/ml),
and 10 x Denhardt’s solution for at least 1 h at 65°C. Filters were
hybridized to approximately 2 X 10% cpm of denatured probe in
4 x SSC, 0.2% SDS (0. 1 M NaH,PO,, 10 mM sodium pyro-
phosphate pH 6.5), herring sperm DNA (200 pg/ml), and 1 X
Denhardt’s solution at 65°C. Filters were washed in 2 X SSC (or
1 x SSC for quantitative Southerns), 0.2% SDS three times for 1
h each at 65°C. Filters were placed in autoradiography cassettes
with Kodak XAR film. Hybond filters were rehybridized after
stripping the first probe in a basic solution (0.2 N NaOH, 0.1 X
SSC, 0.1% SDS) at 65°C. DNA sequencing was done using Se-
quenase 2.0 (US Biochemical). Nested deletions for sequencing
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were generated as described by Henikoff (1984). Sequences were
analyzed using programs from the University of Wisconsin Ge-
netics Package (Devereux et al. 1984). Evolutionary rates were
estimated as described by Kimura (1977).

Results

Sequence Analysis of Isolated Peromyscus
L1 Clones

Two clones, pDK62 and pDKS55, were isolated from
a Peromyscus maniculatus genomic library with a
MIF-1 probe and subcloned into plasmid vectors;
they contain L1 elements within EcoRI fragments
of 1.8 kb and 1.5 kb, respectively. The individual
elements were designated L1Pm62 and L1PmS55, in
accordance with conventional nomenclature (Vo-
liva et al. 1983). Sequences of the L1 elements
L1Pm62 and 1.1Pm55 were obtained to characterize
and determine their relationship to each other and
to L1 elements of Mus domesticus (L1Md-A2; Loeb
et al. 1986), Raitus norvegicus (L1Rn; Soares et al.
1985), and the human (L1Hs; Skowronski et al.
1988). The two P. maniculatus fragments are ho-
mologous to the MIF-1 region of L1Md, I.1Rn, and
L1Hs (Fig. 1A). The homology is 76% between
L1Pm62 and L1Md, 72% between L1PmS55 and
L1Md, and 71% between the two Peromyscus se-
quences. This demonstrates that L1Pm55 and
L1Pm62 are not adjacent regions of L1 (Fig. 1B),
but rather are members of distinct L1 families in P.
maniculatus. A comprehensive search (GCG-
wordsearch) through the GenBank data base con-
firmed that these fragments are more closely related
to L1 elements of other species than to any other
DNA sequence. Sequence comparisons indicate
neither fragment exhibits homology to other trans-
posonlike elements, such as the THE-1 element in
human (Paulson et al. 1985) or the Mys element in
P. leucopus (Wichman et al. 1985).

Analysis of Prevalent Repetitive Sequences
in Peromyscus

The 1.8-kb fragment (L1Pm62) was anticipated, as
EcoRI-cleaved genomic DNA from seven Peromys-
cus species yield a band this size amongst a smear
of DNA observed by agarose gel electrophoresis
(Fig. 2A). The previously known 1.35-kb EcoRI
highly repetitive L1 fragment (MIF-1) in M. domes-
ticus was clearly recognized and more intensely
staining as compared to the Peromyscus fragment
indicative of higher copy number. It is also likely
that L1Pm62 represents a more populous L1 sub-
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Fig. 1. Alignment of cloned Peromyscus L1 sequences to other

mammalian LINEs. A Sequence alignment of L1Md-A2 (Mus)
beginning with nucleotide 4310 (Loeb et al. 1986), the 1.8-kb
EcoRlI insert of pDK62, and the 1.5-kb insert within pDKS55, rat
LiRn (Soares et al. 1985) and human L1Hs (Skowronski et al.
1988). EcoRI recognition sequences are underlined. Dots indi-
cate nucleotides identical to L1Md. Dashes are inserted for max-
imal alignment. Orientation is from 5’ to 3’ based on the open
reading frame in L.1Md. Continued on next page.

family compared with L1PmS55. A variation was ob-
served between members of the maniculatus and
leucopus species groups when DNA was digested
with BamHI and analyzed (Fig. 2b). A 1.7-kb repet-
itive fragment was observed in P. leucopus and P.
gossypinus which was not seen in either species
from the maniculatus group, demonstrating a ho-
mogenous variation of a repetitive fragment had oc-
curred in the ancestry of one or the other species
group.
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Fig. 1A. Continued.

208bp REPEAT

|- 11Pme62 - |

B | = L1IPM55 =1

Fig. 1B. Positional relationship to cloned Peromyscus L1 sequences to a full-length Mus domesticus L1 element (LIMd-A2; Loeb et
al. 1986). Boxes on the left refer to a 208-bp tandemly repeated sequence. ORF = open reading frame, B = BamHI restriction site,
E = EcoRlI restriction site

Copy Number of L1 Subfamilies standards of known copy number (Fig. 3A). Ap-

proximately 500 copies of the L1Pm62 subfamily
Subfamily copy number was determined in several  exist per haploid genome, as demonstrated by hy-
Peromyscus species on Southern blots of EcoR1-  bridization to pDK62, which identified a 1.8-kb
cleaved DNA; band intensities were compared to  fragment on the blots. When the same filter was
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hybridized to pDKS5 (Fig. 3B), 1.8-kb and 1.5-kb
bands were identified. The 1.8-kb fragment ob-
served with the pDKSS probe represents cross-
hybridization to the L1Pm62 subfamily as evi-
denced by washing a filter of EcoRI-digested DNA,
probed with pDK3535, under increasing stringencies.
A proportionately greater loss of probe that had hy-
bridized to the 1.8-kb fragment was observed rela-
tive to the 1.5-kb fragment (Fig. 4). The 1.5-kb frag-
ment was estimated to be about 100 copies per
haploid genome within members of the P. manicu-
latus species group (Fig. 3B). In other Peromyscus
species, a less-intense band (0.8 kb in P. leucopus
and P. gossypinus, 1.6 kb in P. truei and P. diffici-
lis) is seen by hybridization to pDKS535 (Fig. 3B) in-
dicative either of low copy number (approx. 8-9) of
a highly homologous fragment or a greater number
of copies of a more divergent fragment. A weak
signal representing the 1.35-kb MIF-1 fragment of
Mus domesticus was observed with the pDK62 and
pDKS5S probes (Fig. 3).

Estimated Divergence Rates of LI Sequences

The rate of divergence of L1 sequences was esti-
mated from the expected proportion of nucleotide
sites which differ between two sequences after their
evolutionary separation (Kimura 1977). The rates of
divergence of various L1 sequences between ro-
dents and primates are, in general, lower than rates
within rodents (Table 1). This may reflect low rates
of gene evolution in hominoid primates as com-
pared to other mammalian orders (Bailey et al.
1991; Li et al. 1987). However, the average value
obtained from the various rodent comparisons (4.15
X 107? changes/site-year) is consistent with the
value obtained by Martin et al. (1985) for species of
Mus; this is less than that for pseudogenes (4.6 X
10~%; Li et al. 1981), reinforcing the idea of a con-
stant molecular clock for L1 in rodents. Using the
average divergence rate for rodent L1 sequences, it
can be estimated that the two Peromyscus 1.1 sub-
families diverged about 44 million years ago. This
value may be biased, though, as an alignment of the
two Peromyscus sequences to L1Hs and the corre-
sponding L1Hs amino acid sequence demonstrates
these sequences contain both selected and nonse-
lected mutations. Comparisons between L1Pm55
and L1Pm62 third-codon-position vs middle-codon-
position changes for 429 codons resulted in a 1.5:1
ratio, indicating that these sequences inherited
enough selected differences to support the view that
each arose from diverse source genes.

Identification of Additional L1 Subfamilies

The L1Pm55 and L1Pm62 subfamilies together total
from 600 L1 copies per haploid genome in P. mani-

culatus, as opposed to 20,000 copies of Mus. To
detect the possible presence of additional subfami-
lies, the P. maniculatus genomic library was re-
screened using the 1.8-kb EcoRI fragment of
L1Pmé62 and the 1.5-kb fragment of L1Pm55 as
probes. Similar patterns of hybridization of the two
probes to several plaque lifts of the library indicated
that the same clones hybridized to both probes,
though, in each case, longer exposures were neces-
sary to visualize plaques hybridizing to the L1PmS55
probe. Signals, though variably intense, were ob-
served in approximately 8% of the plaques. Based
on an average insert of 15 kb, this estimates to ap-
proximately 16,000 copies (Bennett et al. 1984); a
value approaching that of Mus. This value is greatly
reduced with the omission of less-intense signals.
This finding indicates the presence of additional
L1Pm subfamilies.

Several phage clones that hybridized to different
degrees with the probes were selected and purified,
and the L1-containing EcoRI fragments were sub-
cloned into the PT7/T3-18 plasmid vector (see Ma-
terials and Methods) generating pDK 144, pDK 145,
and pDK150. Restriction maps are unique to each
the L1 clones. Therefore, to further determine the
relationship among the clones, cross-hybridization
studies were performed. For each clone, the EcoRI
fragment was isolated, labeled by nick-translation,
and hybridized to electrophoretically separated
EcoRI-cleaved DNAs representing the other
clones. The pDKS55 and PDK 144 fragments hybrid-
ized poorly to the other subclones (Table 2). The
1.8-kb insert of pDK62 showed a greater similarity
to the inserts of pDK 145 and pDK 150 than to those
of pDKS55 and pDK 144, as indicated by the relative
intensities of hybridization signals (Table 2). The
3.8-kb insert of pDK150 hybridized relatively
strongly to the 2.2-kb insert of pDK145. These re-
sults indicate pDKS5 and pDK144 each contain
rather distinct L1 inserts, while pDK145 and
pDK150 are more closely related. A less noticeable,
though significant, relationship is shared between
pDK62 and pDK145 or pDK150 (Table 2). These
results indicate that L1Pm62, L1PM145, and
L1Pm150 comprise the same or closely related sub-
family; the elements represented by pDKSS5,
pDK144, and pDK62 appear to be three very dis-
tinct subfamilies. Sequence analysis of these clones
will be necessary for more detailed classification of
additional L1 subfamilies.

Evolution of L1 Subfamilies Among
Peromyscus Species

Restriction-site variation in the L1-repetitive elements
of P. maniculatus (subspecies bairdii, rufinus,
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Species comparison of restriction endomiclease-cleaved DNA by 1% agarose gel electrophoresis. A. EcoRI-cleaved genomic

DNA. Lanes: a. Molecular weight marker. b. Mus domesticus. ¢c. Peromyscus maniculatus bairdii. d. P. m. rufinis. e. P. m.
sonoriensis. f. P. polionotus. g. P. leucopus. h. P. gossypinus. i. P. m. bairdii. j. P. truei. k. P. difficilis. 1. P. californicus. B.
BanHl-cleaved genomic DNA. Lanes: w. P. maniculatus. x. P. polionotus. y. P. leucopus. z. P. gossypinus.
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Fig. 3. Determination of copy number by Southern analysis. lionotus. g. P. leucopus. h. P. gossypinus. i. P. truei. j. P. dif-

Genomic DNAs (1.0 pg) were digested with EcoRI, separated by
agarose gel electrophoresis, and transferred to nylon. Amounts
of plasmid equivalent to the indicated copy numbers were ana-
lyzed in parallel lanes. A. Hybridization to nick-translated 1.8-kb
insert of pDK62. Lanes: a. Mus musculus. b. P. m. bairdii. c. P.
m. rufinus. d. P. m. sonoriensis. e. P. m. nubiterrae. f. P. po-

sonoriensis, and nubiterrae), P. polionotus, P. leu-
copus, P. gossypinus, P. truei, P. difficilis, and P.
californicus was detected by Southern analysis.
When DNA of these species was digested with
EcoRI and hybridized to the nick-translated pDK62

ficulis. k. P. californicus. Numbers refer to copies of pDK62 per
haploid genome. B. Hybridization to nick-translated 1.5-kb in-
sert of pDKS3. Lanes a-k are identical to A. Numbers refer to
copies of pDKSS5 per haploid genome. Arrowheads refer to cor-
responding fragments among species groups. (See text).

(1.8-kb insert) probe, a 1.8-kb band appeared uni-
formly in all species (Fig. SA). This was expected
from earlier observations of ethidium-bromide-
stained digests. Variant patterns were apparent
among the species upon digestion with HindlIl. A
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A

Fig. 4.

B

Comparison of a Southern blot hybridized to pDKS5 and washed under increasing stringencies. A. Blot of EcoRI-cleaved

genomic DNA from seven Peromyscus species hybridized to a nick-translated 1.5-kb insert of pDKS55. Wash conditions: 2 X SSC, 0.2%
SDS, 65°C. B. The same southern blot washed under more stringent conditions: 0.5 X SSC. 0.2% SDS, 65°C, three washes at 1 h each.

Table 1. Relationship of LINEs?*

Human Rat L1Md LiPm62 L1Pm55
Human — 0.326 0.327 0.343 0.377
Rat 2.67 — 0.171 0.267 0.293
LiMd 2.68 3.88 — 0.244 0.282
L1Pm62 2.86 4.12 3.69 -— 0.289
L1Pm55 3.27 4.64 4.42 nd —

& Above diagonal: Divergence (changes/site) among L1 elements
was determined by comparing MIF-1 regional sequences (Fig. 1)
using the gap/lim program (Devereux et al. 1984). Human L1 is
from Skowronski ef al. (1988), rat L1 is from Soares et al. (1985),
Mus 11 is from Shehee et al. (1987), and Peromyscus L1 (62, 55)

Hindlll fragment of approximately 3.6 kb was
present in members of the maniculatus and leuco-
pus species groups, but was absent from species in
the truei group and P. californicus (Fig. 5B), indi-
cating that the variant arose prior to the divergence
of the leucopus and maniculatus groups, but after
separation from the truei group and P. californicus.
Additionally, a 1.2-kb HindIll fragment of greater
intensity appears in the leucopus species group rel-
ative to other species of Peromyscus, indicating the
greater proportion of this particular variant has
been maintained. Members of the truei species
group have an Xbal variant (2.2 kb) not found in the

is from this study. Below diagnonal; Estimated rates of L1 di-
vergence recorded as changes/site/10° years using 80 million
years (my) as the divergence time between rodents and primates,
40 my between Peromyscus and murine rodents (Rartus and
Mus) and 25 my for Rattus and Mus. nd = not determined

other species (Fig. 5C); therefore, it arose specifi-
cally within the fruei group lineage. The presence of
a Xbal band of approximately 3.8 kb is found in P.
californicus, which lacks the 4.7-kb fragment found
in other Peromyscus species, demonstrating a pat-
tern which distinguishes a species of subgenus Hap-
lomylomys from those of subgenus Peromyscus. A
variant, approximately 0.5 kb in size, was detected
in Bg/II DNA digests (Fig. 5D) and is restricted to
members of the maniculatus group. A single band
of high intensity is seen in autoradiograms of EcoRI
and Xbal digests, while a series of bands of nearly
equal intensities occurs with Hindlll and Bg/Il di-
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Table 2. Comparative level of cross-hybridization among subcloned Peromyscus L1 fragments by Southern analysis*

Labeled probe L1Pm55 L1Pmé62 L1Pmi44 L1Pmi45 L1Pm150
L1PmS5 ++++ + + + +
L1Pm62 + +++4+ + +++ ++
L1Pm144 + + 4+ + +
L1Pm150 + ++ + + +++ ++ 4+

2 The number of pluses (+) corresponds to relative intensities
visunalized on autoradiographs. Four +’s correspond to the stan-
dard (self-hybridization); three +’s refer to nearly intense sig-
nals; two +’s refers to visually distinct bands and one plus to
very low intensities. By contrast, the 3.8-kb fragment of

gests indicating that a greater proportion of the
EcoRI and Xbal sites of the repetitive element are
conserved.

Rehybridization of washed filters with pDKSS5
(1.5-kb insert) DNA was performed. A Southern
blot of EcoRI-digested DNA revealed distinctive
species-group variants (Fig. 6A). A major 1.5-kb
variant was present only in members of the mani-
culatus species group. The leucopus group mem-
bers contained a minor fragment (0.8 kb), while a
1.6-kb band was present in the fruei group; P. cal-
ifornicus may have an additional EcoRI fragment
about 1.8 kb in size, but which could not be re-
solved into a distinct size fragment. HindlIlI-
digested DNA probed with pDK55 (Fig. 6B)
showed the same pattern observed with pDKé62
(Fig. 5B), but an additional 6.0-kb fragment in the
maniculatus group was present, and an independent
less-intense band, also approximately 6.0 kb, oc-
curred in species of the fruei group. A 2.5-kb Hind-
III fragment appeared to hybridize more intensely
in the truei group and P. californicus than in the
others. Analysis of Xbal-digested DNA (Fig. 6C)
revealed differences in addition to those observed
with the pDK62 probe (Fig. 5C). A 4.4-kb Xbal
fragment exists in the maniculatus group, while a
less-intensely hybridized fragment of approxi-
mately the same size exists in the fruei group. An
additional 7.0-kb fragment distinguishes certain P.
maniculatus subspecies from P. polionotus, in
which it is absent. Bg/II fragments of 4.6 kb and 0.9
kb appear when probed with pDKS5 (Fig. 6D),
which were not found with pDK62 (Fig. 5D). This
represents a variant that occurs only within the
maniculatus species group in which it is polymor-
phic. In P. m. rufinus the predominant fragment
detected was the 4.6-kb Bg/II fragment which is
also prevalent in P. m. nubiterrae indicative of a
closer relationship between these two subspecies
than with P. m. bairdii and P. m. sonoriensis, which
lack this variant. This fragment is also absent in P.
polionotus.

A phylogeny showing points at which restriction-
fragment-length variants (RFLVs) occurred is given

pDK145 was not observed to hybridize to any of the labeled
probes under these hybridization conditions (Materials and
Methods). The 2.2-kb insert of pDK145 could not be separated
from the equivalently sized plasmid vector.

in Fig. 7A and Fig. 7B as detected with the pDK62
and pDKSS5 probes, respectively. Variations in the
Peromyscus L1 family detected with pDK62 all oc-
curred at points of divergence at the species group
level, rather than at the level of taxonomic species
(Fig. 7A). Numerous major and minor RFLVs iden-
tified with pDKS55 also predominantly occurred at
the species group level of divergence (Fig. 7B). One
RFLYV of less intensity, a minor band in the Xbal
digests, was present in P. maniculatus, but not in P.
polionotus.,

Discussion

Peromyscus is a major mammalian genus of more
than 55 species inhabiting a wide variety of ecolog-
ical situations, but limited to the North American
continent. The animals are generally abundant
where they occur. The fossil record of the group is
well documented; many aspects of the biology of
these rodents are known and they are amenable to
laboratory conditions. Hence, Peromyscus has long
been considered an excellent model for evolution-
ary study at the morphological, biochemical and,
more recently, mitochondrial DNA levels. This
study is the first to examine LINE-1 evolution
within the genus.

Two highly divergent LINE-1 subfamilies were
documented in Peromyscus, one more prevalent
than the other. Though major and minor subfamilies
of L1 have previously been identified in other mam-
malian species (Brown and Dover 1981; Jubier-
Maurin et al. 1985), subfamily classification of L1
has been determined only by diagnostic nucleotides
(Skowronski and Singer 1986; Jurka 1989). The
level of divergence observed between L1Pm5S5 and
L1Pm62 far exceeds that of individual intraspecies
elements, with the exception of a few aberrant L1
copies (Soares et al. 1985), and exceeds the diver-
gence between the Lx and L1 families in murine
rodents (Pascale et al. 1990). L1 evolution in Pero-
myscus, therefore, is rather unique.

Open-reading-frame sequences of .1 in mouse,
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Fig. 5. Southern blot of restriction endonuclease-digested genomic DNA of seven species of Peromyscus run on a 1% agarose gel and
hybridized to a nick-translated 1.8-kb insert of pDK62. A. EcoRI. B. Hindlll. C. Xabl. D. Bg/IL.
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Fig. 6. Southern blot of restriction endonuciease-digested genomic DNA of seven species of Peromyscus run on an agarose gel and
hybridized to a nick-translated 1.5-kb insert of pDKS55. A. EcoRI. B. Hindlll. C. Xbal. D. Bg/Il.
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Fig. 7. Restriction-fragment-length variation of L1 in Peromyscus superimposed on a consensus phylogenic diagram. Key to sym-

bols: + = addition of a variant; — = loss of a variant; > = increased copy number of variant. Major restriction variants are indicated
in bold. Fragment size in kb. A. Variants detected wth pDK 62. B. Variants detected with pDKSS.



rat, and human have diverged in a manner consis-
tent with a constant rate of accumulation of muta-
tional changes (Soares et al. 1985). The sequence
comparisons obtained here confirmed this relation-
ship, though rates differ in primates and rodents.
However, in Peromyscus, 1.1 sequences (i.e.,
L1Pm62, L1PmS5) are as divergent from one an-
other as either is from murine .1 members. The
inference is that these subfamilies have been evolv-
ing independently for 25-35 million years, or ap-
proximately the time since murines (Mus and Rat-
tus) and cricetines (Peromyscus) diverged.

Peromyscus is distinctive in having low copy
numbers of each of the L1 subfamilies. This may
explain the occurrence of a significantly lower total
copy number in Peromyscus (approx. 500) relative
to Mus (approx. 20,000) for the MIF-1 region (Mar-
tin et al. 1984; Brown and Dover 1981). Perhaps
other, more divergent, L.1 subfamilies exist in Pero-
myscus, alternatively, the Peromyscus genome con-
tains a smaller number of L1 repeats. The identifi-
cation of additional L1 subfamilies (Table 2) favors
the former rather than the latter interpretation. Pre-
liminary partial sequence data (Kass unpublished)
corroborates the cross-hybridization patterns (Ta-
ble 2). L1Pm144 apparently represents another sub-
family (Kass unpublished) of about 25 copies. Se-
quence homology to L1 disappears at the 5’ ends of
L1Pm145 and L1Pm150, consistent with known L1
truncations (Voliva et al. 1983), and explains the
inconsistency between the high degree of homology
among the L1Pm62-like subfamily members with
their variable restriction patterns. This may also ex-
plain the significantly-more-intense self-hybrid-
ization patterns (Table 2) than patterns of hybrid-
ization to other subfamily members.

Mechanisms by which coexisting divergent sub-
families evolve in Peromyscus are not fully under-
stood. Subfamily formation in the human possibly
occurs either by long periods of steady 1.1 evolution
interspersed with rapid periods of retroposition or
by short periods of rapid evolution separating peri-
ods of cumulative retroposition (Jurka 1989). Dif-
ferent conserved progenitor (source) genes have
been proposed to explain subfamily structure in hu-
man Alu sequences (Jurka and Milosavljevic 1991).
By alignment of L1PmS55 and L1Pm62 with L1Hs
and the corresponding L1Hs amino acid sequence,
the middle codon position was more conserved than
the third codon position. This demonstrates enough
selected-vs-random differences to support the view
that these sequences have arisen from diverse
source genes. '

The pattern of L1 variation is consistent with the
phylogeny of Peromyscus as currently understood
(Stangl and Baker, 1984), and therefore has poten-
tial utility as an adjunct to other criteria for phylo-
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genetic reconstruction in other taxa. The observed
variation corresponds primarily to the species
group level of differentiation. The species group in
Peromyscus is the level at which reproductive iso-
lation is fully established. The concerted restric-
tion-site changes of L1 in the genus Mus (Jubier-
Maurin et al. 1985), considered with regard to the
degree of interfertility (Chapman et al. 1974; Thaler
et al. 1981; Bonhomme et al. 1984), also correspond
to the outer limits of reproductive compatibility
rather than to the taxonomic species definition.

Ohta and Dover (1984) speculate that ‘*homoge-
nization” of the LINE family of repeats may pro-
duce significant fitness differences between popula-
tions. Species discontinuities could originate by
chromosomal mispairing due to divergent DNA
compositions, by disruption of coordinated gene
regulation by the insertion of repeat elements into
regulatory sequences, and by hybrid dysgenesis
(Rose and Doolittle 1983; Ginzburg et al. 1984).
While it is clear that an association between pat-
terns of L1 variation and physiological barriers to
hybridization occurs in Peromyscus, the role, if
any, of L1 in speciation in speculative.

The amount of L1Pm55-hybridizing DNA varies
considerably among Peromyscus species; this may
be the result of pronounced divergence among re-
peats, or of variation in the copy number of the
L1PmS5 subfamily. Variation due to sequence di-
vergence implies a long period of L1 evolution fol-
lowed by rapid retroposition events. Alternatively,
if there are simply variable numbers of L1PmS55
copies in the different species of Peromyscus, then
L1 may be considered to be in a transitional period
wherein this subfamily is gradually being gained or
lost. An insight into the mechanism is possible by
means of chromosomal analysis—an approach used
by Baker and Wichman (1991) to demonstrate a cor-
relation between loss of Mys element copy number
in Peromyscus and frequency of chromosomal mei-
otic exchange resulting from unequal crossing over.
Preliminary investigation by in situ hybridization
(Baker and Kass unpublished) indicates the less-
abundant subfamily (L1PmS55) is localized to a sin-
gle chromosomal site.

Examination of specific genes, with known di-
vergence times, that carry L1 insertions may clarify
which subfamilies contain active source genes
based on the retroposition model, by ascertaining
approximate times of insertions (Casavant et al.
1988). Additionally, determining the level of change
of the flanking direct repeats of individual 1.1 mem-
bers can be useful in estimating comparative ages of
specific L1 members.

We have presented a detailed analysis concern-
ing the evolution of L1 elements in Peromyscus. We
documented an atypical example of the existence of
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two intraspecific highly divergent, low abundant,
L1 subfamilies represented by LiPm55 and
L1Pm62, arising from different source genes. It is
also evident that the evolution of L1 frequently cor-
responds to reproductive barriers.
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