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Abstract. To document the frequency and distribution
of repetitive elements in Peromyscus leucopus, the
white-footed mouse, a cosmid genomic library was ex-
amined. Two thousand thirteen randomly chosen re-
combinants, with an average insert size of 35 kb and
representing 2.35% of the haploid genome of P. leuco-
pus, were screened with probes representing microsat-
ellites, tandem repeats, and transposable elements. Of
the four dinucleotides, (GT), was present in 87% of the
clones, (CT), was present in 59% of the clones, and
(AT), and (GC), each was represented in our sample
by a single clone (0.05%). (TCC),, was present in 8% of
the clones. Of the tandem repeats, the 28S ribosomal
probe and the (TTAGGG), telomere probe were not
represented in the library, whereas a heterochromatic
fragment was present in 9% of the clones. A transpos-
able element, mys, was estimated to occur in 4700 cop-
ies, whereas a long interspersed element (LINE) was
estimated to occur in about 41,000 copies per haploid
genome. LINE and mys occurred together in the same
clones more frequently than expected on the basis of
chance. Hybridizing the library to genomic DNA from
P. leucopus, Reithrodontomys fulvescens, Mus mus-
culus, and human produced general agreement be-
tween phylogenetic relatedness and intensity of hy-
bridization. However, dinucleotide repeats appeared
to account for a disproportionately high number of
positive clones in the more distantly related taxa.

Introduction

Peromyscus is the most widely distributed and inten-
sively studied genus of North American rodent. This

*Present address: Savannah River Ecology Laboratory, Drawer E,
Aiken, South Carolina 29802, USA

Correspondence to: R.J. Baker

genus comprises over 50 species and 200 subspecies
and is found in nearly every terrestrial habitat, from
the subarctic of Canada to tropical regions of Panama
(Kirkland and Layne 1989). Peromyscus is of consid-
erable value to studies of mammalian behavior, ecol-
ogy, physiology, and development (Kirkland and
Layne 1989, and citations therein). Additionally, the
importance of this genus to biological research is re-
flected by the establishment of the NSF-supported
Peromyscus Stock Center at the University of South
Carolina, where researchers can obtain individuals
representing wild types, mutants, and inbred lines of
several species of Peromyscus.

Inrecent years, P. leucopus has been the subject of
studies investigating the dynamics and maintenance of
hybrid zones (Baker et al. 1983b, 1991; Nelson et al.
1985; Stangl 1986; Adkins et al. 1991), effects of pet-
rochemical exposure on structural aberrations of chro-
mosomes (McBee et al. 1987; McBee 1991), effects of
genes of the major histocompatibility complex (MHC)
on maximum life span and rate of aging (Smith et al.
1989; Crew et al. 1989, 1990), chromosomal distribu-
tion of satellite DNA (Hamilton et al. 1992), and doc-
umentation of the presence and chromosomal location
of repetitive elements such as the (TTAGGG),, telom-
eric sequence (Meyne et al. 1990) and transposable

.elements such as the retrotransposon mys (Wichman

et al. 1985; Baker and Wichman 1990).

The recent interest in the structure, function, and
chromosomal location of genes and repetitive ele-
ments in P. leucopus suggests that this species will be
an excellent model for investigations into the fre-
quency, organization, and distribution of repetitive el-
ements within a genomic cosmid library constructed
from an individual of this highly successful native
mammal. We examined the distribution within the li-
brary of four general classes of probes: (1) di- and
tri-nucleotide microsatellites [(AT),, (GC),, (CT),,
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(GT),, (TCC),1; (2) tandemly repeated sequences such
as the 28S ribosomal subunit, the (TTAGGG), se-
quence characteristic of vertebrate telomeres, and an
element identified as N4, which is characteristic of
centromeric regions of Peromyscus chromosomes; (3)
the transposable element LINE L1Pm55 and the ret-
rotransposon mys-1; and (4) genomic DNAs isolated
from four mammals (P. leucopus, Reithrodontomys
Julvescens, Mus musculus, and Homo sapiens). Hy-
bridizations with mammalian genomic DNAs were
conducted to give a measure of the extent to which
repetitive elements in the P. leucopus genome would
cross-hybridize with those of other mammals. Because
previous studies have documented the chromosomal
distribution of many of the repetitive elements used in
this study, we will be able to make correlations be-
tween the representation of these elements in the ge-
nomic library and their location and distribution on
chromosomes of P. leucopus, as evidenced by in situ
hybridization.

Materials and methods

Construction of cosmid genomic library

High-molecular-weight genomic DNA was isolated from a wild-
caught male P. leucopus from Garza County, Texas (TK27500),
according to the procedure of Longmire and coworkers (1988), with
the modification that minced testicular tissue, rather than blood,
was used as a source of cellular DNA. After partial digestion with
Sau3Al and dephosphorylation with calf intestinal alkaline phos-
phatase, approximately 1.0 ug of P. leucopus genomic DNA was
ligated into 2.0 pg of BamHI cloning arms from the cosmid vector
sCos-1 (Evans et al. 1989). In vitro packaging was carried out in
Giga Pack Gold packaging extracts (Stratagene). Primary infection
of E. coli host strain DHSaMCR yielded 1.37 x 10° independent
recombinants, giving an approximately twofold statistical represen-
tation of P. leucopus genomic sequences. Average size of inserts in
the cosmid vector was determined by digestion of 20 random clones
with EcoRlI followed by electrophoresis within a 0.7% agarose gel
run at 35V for 26 h. Fragment sizes were determined from photo-
graphs of the ethidium-stained gel with the computer programs
NCSA Gel Reader 2.02 and Adobe Photoshop 2.0 for the Macintosh.

Molecular characterization of repetitive elements in
the genomic library

Two thousand sixteen independent clones from the primary library
were picked, grown, and archived in 96-well microtiter plates. A
replica plater (Sigma Chemical Co.) was used to inoculate nylon
membranes (MIS Magna NT 0.45 micron; Biodyne B 0.45 micron)
with clones from the microtiter plates. Membranes were incubated
at 37°C for 7 h on LB agar containing kanamycin (30 ug/ml) and then
were transferred to LB agar containing kanamycin and chloram-
phenicol (170 ug/ml; Sambrook et al. 1989) and grown at 37°C over-
night. DNA was fixed onto membranes by placing membranes se-
quentially on blotting pads soaked in 0.4 M NaOH (5 min), 0.5 M
Tris/1.5 M NaCl, pH 7.5 (5 min), and 2x SSC (5 min), followed by
baking at 80°C for 1-3 h.

Membranes were hybridized with a variety of radiolabeled re-
petitive elements to determine the distribution and relative abun-
dance of these elements in the genome of P. leucopus. Membranes
were washed prior to hybridization at 65°C for 1 h in 0.1x SSC,
0.1% SDS. Prehybridization was carried out at 65°C for 1 h in 6x
SSC, 40% formamide (Kodak), 1% SDS, 0.005 M EDTA (pH 8.0),
and 0.005 g/ml Carnation evaporated milk. Membranes were hybrid-

375

ized overnight at 42°C in fresh prehybridization solution containing
approximately 1 X 10° cpm/ml probe. With the exception of the
(TCC),, microsatellite, all probes were labeled with [a-*?P]dCTP or
[a-*2PIdATP by nick translation. The (TCC), microsatellite was la-
beled with [a-*2P]dCTP by primer extension (Feinberg and Vo-
gelstein 1983). Nonincorporated label was removed by spin column
chromatography (Sambrook et al. 1989). Prior to hybridization,
probes were denatured for 10 min at 37°C in 0.1 M NaOH. Following
hybridization, membranes were washed once for 15 min in 2x SSC,
0.1% SDS at room temperature and twice for 15 min in 0.1x SSC,
0.1% SDS at 50°C. Washed membranes were autoradiographed at
—80°C with Kodak XAR-5 film and Lightning Plus intensifying
screens.

Source of repetitive elements and genomic DNAs

Genomic DNAs were isolated from tissues of a male P. leucopus
from Kiowa Co., OK (TK30023) and a male Reithrodontomys ful-
vescens from Seminole Co., OK (TK23409), and from placental
tissue of a male Homo sapiens, with techniques modified from
Longmire and colleagues (1988). Dinucleotides (GT), - (AC),,
(CT), * (AG),, (AT), - (AT),, (GC), - (GC), were purchased from
Pharmacia LKB. The (TTAGGG); telomere repeat (Moyzis et al.
1988) and (TCC),(,—30) trinucleotide were synthesized with a Beck-
man System I DNA synthesizer. The 28S ribosomal subunit (pro-
vided by N. Arnheim), mys-1 (Wichman et al. 1985), N4 (Hamilton
et al. 1992), and LINE L1Pm55 (Kass et al. 1992) probes were
supplied as fragments cloned into plasmid vectors. Because plasmid
vectors are complementary to the sCOS-1 cosmid vector used for
construction of the genomic library, these probes were prepared by
removing the inserts with appropriate restriction enzymes. Inserts
were gel-purified twice according to the Prep-a-Gene protocol (Bio-
Rad). The portion of mys-1 used for the probe was a 2.5 kb Pstl
fragment, which contained all the internal sequence and one LTR
(Wichman et al. 1985). The L1Pm55 LINE probe was a 1.5-kb frag-
ment isolated from a lambda Charon 30 genomic library from P.
maniculatus screened with a MIF-1 LINE probe (Kass et al. 1992).

Results

Characterization of the P. leucopus genomic library

Only 12 of the 2016 cosmid clones screened in this
study did not hybridize to any of the 14 probes exam-
ined. Of these 12 clones (0.6% of those screened),
three produced no bands when they were digested
with the restriction endonuclease EcoRlI, electropho-
resed on a 0.7% agarose gel, and stained with ethidium
bromide. These three clones either did not contain the
cosmid or failed to grow to a density that allowed de-
tection of the cosmid DNA by a standard miniprep
procedure, bringing the actual number of cosmids
screened to 2,013. The remaining nine clones were vis-
ible on an ethidium-stained gel; when digested with
EcoRI, each clone was verified to have the 6.7-kb
DNA fragment characteristic of the sCOS-1 vector, as
well as additional bands resulting from restriction of
the insert DNA. For each of the 14 probes, each clone
was scored on a scale of 0 (no detectable hybridiza-
tion) to 3, a completely black spot on an autoradio-
graph (maximum detectable hybridization).

The size of P. leucopus DNA inserted into 20 ran-
domly selected cosmid clones ranged from 18 to 49 kb,
with a mean of 35 kb. On the basis of this mean insert
size, the 2013 positive clones represented 70.5 x 10°
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bp, or 2.35% of the P. leucopus genome, assuming a
genome size of 3 x 10° bp.

Representation of dinucleotide and
trinucleotide microsatellites

The four dinucleotides used in this study represent all
possible combinations of two different dinucleotides,
because (GT), is (AC), and (CT), is (AG), on the other
strand, and, for example, (AT), is equivalent to (TA),.
The four dinucleotide microsatellites varied greatly in
their representations among the 2013 clones examined.
Dinucleotides (GT), and (CT), each hybridized to
more than half of the clones that were screened,
whereas (AT), and (GC), each was found to hybridize
only to single clones (Table 1). The trinucleotide
(TCC), was used because it has proven useful in a
variety of vertebrates as a DNA-fingerprinting and
gender-identification probe (Epplen et al. 1991).
(TCC), was detected in 8% of the clones screened. Of
the clones positive for (GT), and (CT),, 87% and 68%
respectively were scored as maximally hybridizing
(score = 3), whereas the majority (97%) of the clones
positive for (TCC), hybridized submaximally (score =
1 or 2); only 4 clones out of 160 positives for (TCC),
(3%) were screened as maximally hybridizing.

Representation of transposable elements

The two transposable elements, mys-1 and LINE
L1PmS5S, also varied in their representations among
the clones that were screened. Mys-1 was detected in
approximately 5% of the clones, whereas LINE
L1PmSS hybridized to almost half (Table 1). Of the
clones positive for mys-1 and LINE L1PmSS5, 1.8%
and 1.0% respectively hybridized maximally (score
= 3).

Representation of tandem repeats

Two of the tandem repeats examined, the 28S riboso-
mal subunit and the (TTAGGG), telomeric repeat,

Table 1. Representation of 14 probes in 2013 independent clones from a
cosmid library constructed from Peromyscus leucopus genomic DNA. Per-
centages are shown in parentheses.

Probe Negative clones Positive clones
(AT), 2015 (99.95) 1 (0.05)
(GQ), 2015 (99.95) 1(0.05)
CT), 821 (40.72) 1195 (59.28)
(GT), 253 (12.55) 1763 (87.45)
(TCC), 1856 (92.06) 160 (7.94)
mys-1 1905 (94.49) 111 (5.51)
LINE L1PmS5S 1058 (52.48) 958 (47.52)
N4 1834 (90.97) 182 (9.03)
288 2016 (100.00) 0 (0.00)
Telomere 2016 (100.00) 0 (0.00)
P. leucopus genomic DNA 120 (5.95) 1896 (94.05)
Reithrodontomys fulvescens

genomic DNA 256 (12.70) 1760 (87.30)
Mus musculus genomic DNA 372 (18.45) 1644 (81.55)
Homo sapiens genomic DNA 1105 (54.81) 911 (45.19)
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were not detected in any of the clones screened in this
study. The N4 tandem repeat was detected in 9% of
the clones examined (Table 1). This centromeric re-
peat produced a hybridization pattern in which the ma-
jority (90%) of the N4-positive clones hybridized max-
imally to the probe (score = 3).

Hybridization to genomic DNAs

Hybridization of the P. leucopus library to genomic
DNA from P. leucopus resulted in some degree of hy-
bridization to 94% of the clones examined. Of these
positive clones, 8.6% were scored as maximally hy-
bridizing (score = 3). In contrast, hybridization to
Reithrodontomys fulvescens, Mus musculus, and
Homo sapiens genomic DNAs resulted in decreasing
levels of hybridization as the species used for the
probe became more distantly related to P. leucopus
(Table 1). Hybridization of the P. leucopus library to
Reithrodontomys genomic DNA resulted in about 87%
positive clones, whereas positive hybridization de-
creased with Mus to about 81% and with human to
about 45%. The numbers of clones scored as maxi-
mally hybridizing also showed a phylogenetic pattern,
with 2.7% of the R. fulvescens clones, 0.3% of the Mus
clones, and none of the human clones being scored as
maximally hybridizing.

Genomic organization of repetitive elements

The co-occurrence of pairs of repetitive element
probes in the P. leucopus genomic cosmid clones is
presented in Table 2. Most pairs of elements were de-
tected together at levels expected on the basis of their
representation in individual clones. However, several
pairs of probes were detected together less often than
expected [(CT),/(TCC),, N4/(CT),, N4/(GT),, N4/
(TCC),,, N4/Reithrodontomys genomic, N4/Mus geno-
mic, N4/human genomic]. Other probe combinations
were detected together more often than expected
{(CT)/(GT),, mys-1/LINE L1PmSS5, (CT),/Mus geno-
mic, (CT),/human genomic, (GT),/Reithrodontomys
genomic, (GT),/Mus genomic, (GT),/human genomic,
(TCC),/Mus genomic, (TCC),/human genomic, LINE
L1PmS55/human genomic].

Discussion

Prevalence and distribution of sequences in the P.
leucopus genome

There are sufficient published observations on the dis-
tribution of repetitive sequences in the mammalian ge-
nome to permit comparisons. Most recent analyses of
the distribution of repetitive elements within mamma-
lian genomes have been conducted on human genomic
DNA by direct experimental methods as well as anal-
yses of published DNA sequences from GenBank. Our
methods sample random clones from a cosmid geno-
mic library to estimate the abundance of specific se-
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Table 2. Pairwise comparisons of the 12 probes detected in 2013 cosmid clones from the genomic library of Peromyscus leucopus. Two probes (28S, telomeric
sequence) that failed to hybridize to any library clones are not included. Above diagonal: expected number for each pair of probes based on total occurrence in
the 2013 clones examined. Chi-square values are shown in parentheses. Below diagonal: observed number for each pair of probes: ** + " indicates pairs of probes

observed more often than expected, ** —' indicates pairs of probes observed less often than expected.
Mus Homo
R. fulvescens musculus sapiens
LINE P. leucopus genomic genomic  genomic
Probe (AT), GO, (€D, (GT), (TCC), mys-1  LIPmS55 N4 genomic DNA  DNA DNA DNA
AT,  ----- 0.00 0.60 0.88 0.08 0.06 0.48 0.09 0.95 0.88 0.82 0.46
(0.00) 0.60) 0.02) (0.08) (0.06) (0.56) 0.09) (0.003) (0.02) (0.04) (0.46)
(GC), o ----- 0.60 0.88 0.08 0.06 0.48 0.09 0.95 0.88 0.82 0.46
0.27) 0.02) (0.08) 0.06) (0.56) 0.09) (0.003) 0.02) (0.04) 0.63)
€T, 0 | 1045.5 94.9 658  567.6 107.6 1123.98 1143.31 974.59  540.06
. (11.89)* (6.02)* (1.02) 0.32) (88.53)° (1.09) (1.45) (24.46)* (25.76)*
(GT), 1 1 1157 ... 140.0 97.1 837.4 158.7 1658.09 1539.09 1437.72 796.70
+ (1.61) (0.09) ©.07 (123.0° 0.29) (17.46)* (19.93)*  (13.92)2
(TCC), 0 0 n 155 ----- 8.8 76.0 14.4 150.55 139.74 130.54 72.34
- (1.1  (2.22) (10.68 (0.04) (1.67) (3.86)" (12.99°
ys-1 0 0 74 100 12 B 52.7 10.0 104.47 96.97 90.59 50.20
(5.04)* 3.6) (0.02) (0.09 (0.21) (0.29)
LINE L1Pm55 1 1 581 830 89 69  ----- 86.5 901.00 836.34 781.25 432.92
+ 0.07) 0.81) 0.19) (1.06)  (38.49)*
N4 0 0 10 19 2 4 84  ----- 171.21 158.93 148.46 82.27
- - - (0.68) (126.75" (119.98)*  (70.71)*
Peromyscus 1 1 1159 1680 153 103 928 182 - 1655.25 1546.23 856.82
leucopus (1.38) 3.15) (3.30)
genomic DNA
Reithrodoniomys 1 1 1184 1703 155 100 849 17 1703 e 1435.25 795.33
Julvescens + - (27.52)* (16.53)*
genomic DNA
Mus musculus 1 1 1129 1607 153 95 810 15 1616 1634 ... 742.95
genomic DNA + + + - + (37.11p°
Homo sapiens 0 1 658 902 103 54 562 6 910 910 909 @ .-
genomic DNA + + + + - + +

® Indicates a significant difference between observed and expected values (p < 0.05).

quences for which probes are available and thereby
provide an alternative means of estimating the extent
and distribution of these sequences. One strength of
using different methods to provide estimates of copy
number and genomic organization is that when esti-
mates are corroborating, the probability of having an
accurate estimate becomes more likely. Because our
method examines clones with DNA inserts as large as
40 kb, more than one copy of a given repetitive ele-
ment may be present in any given positive clone; these
copy number estimates must be considered as minimal
estimates. However, the use of large inserts allows us
to detect any nonrandom association of elements
within the genome.

Microsatellite sequences

Recent investigations have revealed that, in human,
(GT), sequences occur in 50,000-100,000 copies per
haploid genome (Stallings et al. 1991). This estimate
corroborates earlier investigations by Hamada and as-
sociates (1982) that identified (GT), repetitive se-
quences in a variety of eukaryotes and estimated that
the number of copies of (GT), sequences ranged from
about 100,000 in the Mus haploid genome to about
50,000 in human and about 30,000 in the cow. Exam-
ination of a cosmid library constructed from flow-
sorted human Chromosome (Chr) 16 DN A resulted in
the estimation that about 50% of cosmid-sized recom-
binants (~40 kb) cloned from human DNA should hy-

bridize to a synthetic (GT),s sequence, resulting in oc-
currence of a (GT), repeat every 50-100 kb (Stallings
et al. 1990). Other studies have agreed with these val-
ues, with Stallings and coworkers (1991) estimating
that (GT), sequences are under-represented in human
centric heterochromatin but occur every 30 kb in hu-
man euchromatic regions. Similar results were ob-
tained by Pardue and colleagues (1987), who used in
situ hybridization to document that (GT), sequences
were dispersed over euchromatin in several species of
Drosophila, with an especially heavy concentration of
(GT), sequences on the X Chr. However, Pardue and
associates (1987) found (GT), sequences to be con-
spicuously absent from regions of centromeric B-het-
erochromatin and on the dot chromosome of all Droso-
phila species examined except D. virilis. Moyzis and
coworkers (1989) found (GT), repetitive elements to
comprise approximately 0.09% of 29 human DNA se-
quences analyzed from GenBank; these authors esti-
mated that (GT), sequences averaged 40 bp in length
and occurred, on average, every 54 kb in human DNA.

'(GT), repetitive sequences are more prevalent in those

rodents that have been examined. Stallings and asso-
ciates (1991) found that 77.8% of cosmid clones con-
structed from Mus genomic DNA contained at least
one (GT), sequence, as compared with 63% of human
cosmid clones. Analysis of GenBank sequences also
allowed Stallings and coworkers (1991) to estimate
that (GT),, repetitive sequences (n > 6) occurred every
18 kb in Mus and every 21 kb in Rartus, corroborating
earlier studies (Hamada et al. 1982) that found (GT),
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sequences to be more prevalent in rodent than in hu-
man genomic DNA.

Hybridization of the P. leucopus cosmid genomic
library to a (GT),, probe resulted in positive hybridiza-
tion to 87% of the clones (Table 1); 76% of these clones
were scored as maximally hybridizing (score = 3).
Assuming that 2.35% of the genome was examined, we
estimate that the P. leucopus haploid genome contains
at least 75,000 (GT), repetitive sequences. This esti-
mate agrees well with that of Stallings and colleagues
(1991) that mammalian genomes contain 50,000-
100,000 copies of (GT), sequences and that (GT), se-
quences are more prevalent in rodent than in human
DNA.

Although there have been many studies of the
(GC),, repetitive sequence because this dinucleotide
repeat has been documented to have Z-DNA-forming
potential, few studies have examined the distribution
in genomes of the (GC), microsatellite. Hamada and
associates (1982) looked at the distribution of (GC),
sequences in DNA from several eukaryotes. Their re-
sults suggested that (GC), sequences were moderately
repetitive in the genomes of human, Mus, and salmon,
but were not documented in the genomes of cow or
yeast. In contrast, Stallings (1992) surveyed more than
27 Mb of GenBank sequence and found the frequency
of (GC), was about 20% lower than expected and was
the rarest dinucleotide repeat in vertebrate genomes.
Although a few (GC), repeats were found in GenBank
sequences, all were short (n < 12); all other dinucle-
otide repetitive sequences could be found where the
length of the repeat exceeded n = 35 (Stallings 1992).
Our survey of the P. leucopus cosmid library identified
a single clone that hybridized moderately (score = 2)
to (GC),, providing a tentative estimate of 40 copies in
the P. leucopus genome. Our results and those of Stall-
ings (1992) suggest that, unlike (GT),, (GC),, repetitive
regions are rare in vertebrate genomes.

The (CT),, dinucleotide repeat was the second most
common microsatellite present in the clones screened,
and we estimated (CT), to be represented by 50,000
copies in the P. leucopus haploid genome. In contrast,
only about 40 (AT), sequences and about 6,800 (TCC),,
sequences were estimated to be present. The relative
abundance of (AT), and (CT), repetitive sequences in
the P. leucopus library agrees well with the frequency
of these microsatellites in GenBank sequences. Stall-
ings (1992) found (CT), sequences to be second in fre-
quency to (GT), in mammals in general and in rodents
in particular. (AT), was the third most common dinu-
cleotide repeat in rodent DNA, being two to three
times less frequent than (CT), and about 25 times more
common than (GC), sequences.

Previous studies that examined human DNA se-
quences from GenBank (Stallings et al. 1991) and in
situ hybridization of Drosophila chromosomes (Par-
due et al. 1987) found (GT),, repetitive sequences to be
under-represented in centromeric regions of chromo-
somes. Although we did not use in situ hybridization
to examine directly the location of (GT), sequences on
the chromosomes of P. leucopus, comparisons of the
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pairwise occurrence of probes in specific cosmid
clones (Table 2) led to the conclusion that (GT), se-
quences also are under-represented in centromeric re-
gions of P. leucopus. The centromeric tandem repeat
N4, which hybridized to 9% of the P. leucopus clones
(Table 1), occurred significantly less often than ex-
pected in combination with the repetitive sequences
(GT),,, (CT),,, and (TCC),, (Table 2). The N4 repeat is
localized to all centromeric regions and a few hetero-
chromatic short arms, including their telomeric re-
gions (Hamilton et al. 1992). The conspicuous lack in
P. leucopus of (GT),, (CT),, and (TCC), sequences in
combination with N4 suggests that these microsatellite
sequences are under-represented in centromeric re-
gions and possibly the telomeric regions as well. The
observation that over 87% of the cosmid clones hy-
bridized positively to (GT), suggests that (GT), se-
quences may be fairly evenly distributed over euchro-
matic regions in P. leucopus, just as they appear to be
in human (Stallings et al. 1991) and Drosophila (Pardue
et al. 1987). However, more specific conclusions con-
cerning the distribution of microsatellite repeats on the
chromosomes of P. leucopus await future in situ hy-
bridization studies.

Transposable elements

The two mobile DNA elements used as probes in this
study varied significantly in their representation in the
P. leucopus cosmid library. Mys is a retrotransposon
originally isolated from P. leucopus by phylogenetic
screening (Wichman et al. 1985). Sequences comple-
mentary to mys are present in the genomes of all spe-
cies of Peromyscus and related cricetid rodents exam-
ined to date, but are absent from Mus and other mam-
mals (Baker and Wichman 1990). It has been estimated
that there are 500-1000 2.8-kb copies of mys with
EcoRY sites in both LTRs in the genome of P. leuco-
pus and an unknown number of other elements which
cross-hybridize (Wichman et al. 1985). Mys-1 (Wich-
man et al. 1985) hybridized to 111 cosmid clones from
the P. leucopus library (Table 1), permitting us to es-
timate that there are about 4700 mys-1 related ele-
ments in the haploid genome of P. leucopus. This fre-
quency of mys in the P. leucopus genome is higher
than the 500-1000 copies previously estimated by
Wichman and coworkers (1985), suggesting that a
large number of mys-related sequences such as M-9
and lone LTRs (Wichman et al. 1985) occur in the
genome. We currently are characterizing the cosmid
clones positive for mys-1 to determine the nature of
mys-related sequences that exist in the genome of P.
leucopus.

In contrast, the repetitive LINEs (L1) exist at a
frequency of 10,000-100,000 copies per haploid ge-
nome in all mammals (Burton et al. 1986) and are
found in human DNA once every 30-60 kb (Moyzis et
al. 1989). Full-length LINEs may be 6-7 kb long, but
approximately 95% of them are heterogeneously trun-
cated from their 5’ end. Many LINEs are rearranged
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and individual LINEs within a species may share
greater than 80% sequence identity (Belmaaza et al.
1990; Kass et al. 1992). LINE L1PmS5S hybridized to
over 47% of the cosmid clones and was estimated to be
present at about 41,000 copies per haploid genome in
P. leucopus. However, only 1% of the positive clones
hybridized maximally to LINE L1PmS55, which may
indicate that only about 400 full-length copies of LINE
L1PmS5S5 are present in the P. leucopus genome, if one
assumes that maximal hybridization can be equated to
the detection of full-length LINEs in the genomic li-
brary. Kass and colleagues (1992) estimated that
LINE L1PmS5S exists in about 100 copies in the Pero-
myscus genome, but these authors also documented
that LINE LIPmS5S cross-hybridizes with another
LINE (L1Pm62) that exists as about 500 copies in Pe-
romyscus. Thus, the 1% of the cosmid clones that hy-
bridized maximally to the LINE L1Pm55 probe may
contain full-length LINEs that are homologous to both
LINE L1PmS55 and LINE L1Pmé62. Alternatively,
some of these maximally hybridizing clones may con-
tain multiple copies of LINEs, or the maximally hy-
bridizing clones may be those for which the nucleotide
sequence identity of the probe and the LINE in the
genome was greatest. The majority of the clones pos-
itive for LINE L1PmS55 hybridized faintly, which may
indicate that repetitive elements that share only mini-
mal sequence identity with LINE L1Pm55 exist in the
genome of P. leucopus.

Both mys-1 and LINE L1Pm55 occurred together
in cosmid clones significantly more often than ex-
pected on the basis of their individual frequencies (Ta-
ble 2). This association was not unexpected, given that
both repetitive elements have been documented to oc-
cur predominantly in A + T-rich regions that are char-
acteristic of chromosomal G/Q bands (Wichman et al.
1985, 1992; Korenberg and Rykowski 1988; Pine et al.
1988).

Tandem repeats

A large portion of the mammalian genome may consist
of blocks of tandemly repeated DNA sequences (re-
viewed by Singer 1982). We examined the frequency
of three tandemly repeated sequences: the 28S riboso-
mal subunit, which exists in mammalian genomes as a
few hundred copies usually located in nucleolus-
organizer regions of several chromosomes (Wellauer
and Dawid 1979; Gerbi 1985), the (TTAGGG), se-
quence characteristic of vertebrate telomeres (Moyzis
et al. 1988), and the N4 tandem repeat characteristic of
all centromeric and some telomeric regions of Pero-
myscus chromosomes (Hamilton et al. 1992).

The 28S and telomeric sequences did not hybridize
to any of the 2013 clones examined from the P. leuco-
pus library. The cosmid library was constructed from
a Sau3Al partial digest of P. leucopus genomic DNA,
and because the (TTAGGG), telomeric sequence is
distributed in P. leucopus only on telomeres and not
intrachromosomally (Meyne et al. 1990), we did not
expect this probe to hybridize to any of the library
clones.
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The 288 ribosomal tandem repeats are located on
two pairs of chromosomes at centromeric sites and on
three pairs of chromosomes at telomeric sites in the
diploid karyotype of P. leucopus (unpublished data,
R.J. Baker and M.J. Hamilton). Given the restricted
chromosomal distribution of this tandem repeat, we
expected our screening of the P. leucopus genomic
library to produce at most one or two positive clones.
Therefore, the fact that none of the 2013 clones hy-
bridized to the 28S probe was not surprising.

The N4 tandem repeat was isolated originally from
P. leucopus by phylogenetic screening of a genomic
library (Wichman et al. 1985, 1990) to identify rapidly
evolving repetitive DNA sequences. N4 is about 7.3
kb long and consists of a tandem arrangement of four
restriction fragments of similar, but not identical, size
(Hamilton et al. 1992). In situ hybridization of N4 to
the chromosomes of P. leucopus resulted in strong
hybridization of the probe to all centromeric regions as
well as to the short arms of six pairs of chromosomes
(Hamilton et al. 1992). The N4 probe hybridized to 9%
of the P. leucopus cosmid clones screened (Table 1),
with about 90% of the positive clones hybridizing max-
imally (score = 3). This pattern of hybridization to the
cosmid clones is exactly what is expected for a large
cluster tandem repeat: the clone either contains the
repeat and hybridizes maximally, or the repetitive el-
ement is absent from the clone and no detectable hy-
bridization occurs. N4 has been in situ hybridized ex-
tensively to a large number of individuals of P. leuco-
pus as part of ongoing studies in our laboratory, and
the hybridization frequency of 9% to the cosmid li-
brary is compatible with the extent of hybridization of
N4 to the karyotype of P. leucopus.

Comparisons of hybridization patterns of N4 in
combination with other probes used in this study indi-
cate that P. leucopus cosmid clones that hybridized to
N4 also hybridized significantly less often to probes
made from a closely related genus, Reithrodontomys
(Carleton 1980, 1989; Baker et al. 1983a), or more dis-
tantly related taxa such as Mus or human genomic
DNA (Table 2). This is expected given that the N4
tandem repeat has been shown to be specific for the
genus Peromyscus (Hamilton et al. 1992). The few
clones that did cross-react with N4 and non-Peromys-
cus genomic DNA probes (Table 2) hybridized sub-
maximally (score = 1 or 2) with the genomic DNA
probes.

Extent of sequences shared between genomes

The extent to which repetitive sequences of various
types are shared between mammalian genomes was
examined by probing the P. leucopus cosmid library
with genomic DNAs from other rodents and human.
Under these conditions, only clones containing repet-
itive sequences common to both species are expected
to be detected because each single or low-copy se-
quence makes up such a small proportion of ecach
probe. As expected, the greatest hybridization to the
P. leucopus library was observed with the P. leucopus
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genomic DNA probe, with 94% of all clones hybridiz-
ing to some degree (Table 1). Some library clones did
not hybridize to the P. leucopus DNA probe, indicat-
ing that unique DNA sequences were not detected un-
der these hybridization conditions (Crampton et al.
1981). The intensity of hybridization of library clones
to these genomic DN A probes made from Reithrodon-
tomys, Mus, and human also showed a phylogenetic
pattern, with hybridization intensity decreasing as the
phylogenetic distance increased between P. leucopus
and the three other species used as probes.

Which types of repetitive sequences account for
hybridization between the genomic DNA of one spe-
cies and the P. leucopus library? Almost the entire
difference between P. leucopus and Reithrodontomys
can be accounted for by the failure of Reithrodonto-
mys genomic DNA to detect the major Peromyscus
satellite DNA (N4). Thus, the majority of the inter-
spersed sequences appear to be very similar between
these two species, within the limits of this technique.
Further insight into this pattern can be gained by ex-
amining the nature of the clones that hybridized to
genomic DNA. The greatest proportion of probes that
hybridized to genomic DNA were positive for one of
the four dinucleotides or the trinucleotide (TCC),. As
the phylogenetic distance increased, the percentage
accounted for by dinucleotides increased, and most of
the hybridization observed between P. leucopus and
human may be accounted for by microsatellites. With
the exception of 25 clones [one (TCC), positive, seven
(CT), positive, and 17 (GT),, positivel, all clones iden-
tified as positive for dinucleotides or (TCC), also hy-
bridized to genomic DNA from P. leucopus. For the
LINE L1PmSS probe, only nine clones hybridized
weakly to LINE and did not hybridize to genomic
DNA from P. leucopus. The most probable explana-
tion for clones being positive for a specific probe but
not hybridizing to genomic DNA is that the probe was
underrepresented in the genome. However, this expla-
nation is inadequate to explain all observed variation.
Only two probes hybridized to P. leucopus genomic
DNA that did not hybridize to one or more of the other
probes used.

With greater phylogenetic distance between P. leu-
copus and the taxon used as a source of genomic
DNA, the presence of microsatellites accounts for a
greater percentage of sequences that hybridize to a
specific genomic DNA. As the level of hybridization of
clones decreases for the entire library, the percentage
of positive clones that are also microsatellite positive
increases. With genomic DNA from more divergent
taxa, such as human, used as a probe, the microsatel-
lite component of the genome probably accounts for a
disproportionately high number of positive clones
identified in the P. leucopus library.

Another correlation was found more often than ex-
pected between P. leucopus clones positive for LINE
1L 1Pm55 and human genomic DNA (Table 2). Because
genomic DNAs from taxa more closely related to P.
leucopus did not hybridize significantly more often
with the LINE probe, there may simply be more se-
quences homologous to LINEs in the human genome
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than in the genomes of Reithrodontomys or Mus. Al-
ternatively, there may exist in the human genome a
repetitive sequence that cross-hybridizes with some as
yet unidentified sequence that is located near LINEs
in the genome.

DNA-DNA hybridization of single-copy DNA has
been exploited extensively for the construction of phy-
logenetic trees. That work attempts to remove all of
the repetitive sequences and to use only single-copy
DNA (Sibley and Ahlquist 1990). However, data re-
sulting from DNA-DNA hybridization also has come
under considerable criticism (Marks et al. 1989; Sarich
et al. 1989). Although the methods used here focus on
repetitive DNA, there is, at least from a broad per-
spective, some phylogenetic information available. Of
the taxa used in this study, the greatest evidence of
hybridization was demonstrated between P. leucopus
and Reithrodontomys, which are phylogenetically the
most closely related taxa. The least hybridization was
observed between P. leucopus and human, which are
the most distantly related taxa. However, the micro-
satellites that exist in mammalian genomes may con-
fuse these results because blocks of simple nucleotide
repeats such as (GT), and (CT),, may obscure phylo-
genetic relationships.

P. leucopus is an evolutionarily successful species
that occupies an extensive geographic range and a
wide variety of habitats. Investigations into the orga-
nization of repetitive elements within the genome of
the white-footed mouse will complement studies that
are examining similar phenomena in laboratory spe-
cies and humans. Studies of this type will permit com-
parison of the distributions, types, and frequencies of
repetitive elements in a variety of mammalian taxa and
ultimately broaden our knowledge of the structural
and functional constraints affecting organization of the
mammalian genome.
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