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Summary. All modern mammals contain a dis-
tinctive, highly repeated (=50,000 members) family
of long interspersed repeated DNA called the L1
(LINE 1) family. While the modern L1 families
were derived from a common ancestor that pre-
dated the mammalian radiation ~80 million years
ago, most of the members of these families were
generated within the last 5 million years. However,
recently we demonstrated that modern murine (Old
World rats and mice) genomes share an older long
interspersed repeated DNA family that we called
Lx. Here we report our analysis of the DNA se-
quence of Lx family members and the relationship
of this family to the modern L1 families in mouse
and rat. The extent of DNA sequence divergence
between Lx members indicates that the Lx ampli-
fication occurred about 12 million years ago, around
the time of the murine radiation. Parsimony analy-
sis revealed that L.x elements were ancestral to both
the modern rat and mouse L1 families. However,
we found that few if any of the evolutionary inter-
mediates between the Lx and the modern L1 fami-
lies were extensively amplified. Because the mod-
ern L1 families have evolved under selective
pressure, the evolutionary intermediates must have
been capable of replication. Therefore, replication-
competent L1 elements can reside in genomes with-
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out undergoing extensive amplification. We discuss
the bearing of our findings on the evolution of L1
DNA eclements and the mammalian genome.
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Introduction

As much as 10% of the genomes of all mammalian
genera studied to date consists of 50,000-100,000
dispersed copies of long interspersed repeated
DNA (L1, LINE 1) elements (Rogers 1985; Burton
et al. 1986; Weiner et al. 1986). Unlike other highly
repeated mammalian DNA elements, L1 is appar-
ently self-replicating. The element contains both a
transcriptional regulatory sequence and two protein
encoding sequences, ORF 1 and ORF II, that have
evolved under strong selective pressure, indicating
that the putative ORF I and ORF 1I products are
required for L1 activity (Martin et al. 1984; Hattori
et al. 1985; D’Ambrosio et al. 1986; Hardies et al.
1986; Loeb et al. 1986; Scott et al. 1987; Nur et al.
1988; Swergold 1990; Severynse et al. 1992).
Although the structure of ORF 1 does not suggest
its possible function, ORF Il encodes a protein that
is homologous to known reverse transcriptases
(Hattori et al. 1986; Loeb et al. 1986; Xiong and
Eickbush 1988), and the human ORF II product has
been shown to function as one (Mathias et al. 1991).
Therefore, it is quite likely that L1 replicates via an
RNA intermediate as was first suggested by Fan-
ning (1983) and Voliva et al. (1983). These and other
studies since then have shown that the highly am-
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Fig. 1. Diagram of an L1Rn- and LxRn-containing rat genomic
clone, yB7. The solid lines and boxes indicate the regions that
were sequenced. The structure of the stippled region was deter-
mined by blot hybridization of restriction endonucleolytic frag-
ments of the clone with various L1Rn probes. Pr designates the
tandem repeated regulatory regions of LIRnB7. ORF I or ORF II
and 3’ UTR indicate the open reading frames and the untrans-
lated region 3’ of ORF II, respectively. The two Hs demarcate a
HindIll fragment, the sequence of which was previously pub-
lished [GENBANK locus RatLLb7, accession number, X07687
(Furano et al. 1988)] ID indicates a member of the rat ID SINE
(short interspersed repeated DNA) family (Sutcliffe et al. 1982).

plified modern L1 families consist mostly of trun-
cated or otherwise defective members (i.e.,
pseudogenes) and presumably just a few functional,
or active, members (Martin et al. 1985; Hardies et
al. 1986; Scott et al. 1987; Casavant et al. 1988).
Therefore, as is the case with other elements that
replicate using an RNA intermediate (Pathak and
Temin 1990, for example, and references therein),
L1 replication is apparently quite error prone. In
addition to generating large numbers of defective
L1 members, this process could also produce a rel-
atively rapid rate of evolutionary change in L1 ele-
ments (Hardies et al. 1986).

The evolution of L.1 families presents an appar-
ent enigma. Although L1 DNA existed in the mam-
malian lineage before the mammalian radiation ~80
million years ago (Burton et al. 1986), the L1 fam-
ilies in modern mammals appear to be of very re-
cent origin. Each is now quite distinct and seems to
consist mainly of members which were inserted in
the genome within just the last 5 million years (Mar-
tin et al. 1985; Hardies et al. 1986; Scott et al. 1987;
Casavant et al. 1988). Two ideas were proposed to
account for these results: One was that as new func-
tional L1 variants evolved and amplified them-
selves, the members of the older L1 families were
lost from the genome (Martin et al. 1985; Hardies et
al. 1986; Scott et al. 1987). The second was that the
extensive amplification that typifies the replicative
process of modern L1 families is a relatively recent
and singular event in L1 evolution (Deininger and
Daniels 1986; Weiner et al. 1986).

However, we recently showed that an extensive
amplification of an ancient L1 family, which we call
Lx, occurred in the progenitor of modern murine
rodents [e.g., rats (Rattus), mice (Mus), etc.] and
that relics of this amplification have persisted in

The sequence between the 3' end of LxRnl and the 5’ end of
L1RnB7a (crosshatched region) is not highly repeated (results
not shown). Hybridization of this sequence to nitrocellulose
blots of genomic DNA that had been digested with various re-
striction endonucleases indicated that the tandem repeated L.1Rn
elements (L1RnB7 and L1RnB7a) are not part of an extensive
tandem array (results not shown). Most of the DNA sequence at
the left end of the diagram (includes LxRnla and part of the Pr
region of L1RnB7, see bent arrow) is almost identical to that at
the right end of the clone (see bent arrow). The region of L1 or
Lx DNA corresponding to the PCR I and PCR 2 probes is shown
by the open rectangles below the diagram.

these species (Pascale et al. 1990). Here we deter-
mined and compared the DNA sequence of a num-
ber of Lx elements. The extent of nucleotide sub-
stitutions between them indicates that the
amplification of Lx occurred ~12 million years ago,
which is about the time of the murine radiation
(Catzeflis et al. 1987). Parsimony analysis showed
that both the modern rat L1 family in R. norvegicus
(L1Rn) and the modern mouse L1 family in M. do-
mesticus (LL1Md) originated from the Lx family.
However, few if any of the evolutionary intermedi-
ates between the Lx and either the rat or mouse L1
family were extensively amplified. The implications
of these results for the evolution of these elements
and mammalian genomes are discussed.

Materials and Methods

Nomenclature. Analogous to the use of L1, 1.2, . . . etc., for the
naming of the modern long interspersed repeated DNA families
(Voliva et al. 1983), we propose the use of Lx, Ly, . . . etc., for
naming ancestral or ancient long interspersed repeated DNA
families. Therefore, just as L1Rn, L1Md, and L1AF refer to the
long interspersed repeated DNA families in R. norvegicus, M.
domesticus, and Apodemus flavicollis, respectively, LxRn,
LxMd, and LxAf would refer to Lx family members in these
species. An important point here is that although the L1 families
in different murine genera are now distinct, the Lx family is not.
In addition, L. alone (or LINE alone) could be used when not
distinguishing between modern and ancestral families.

Isolation of the AB7 Genomic Clone. The AB7 clone shown in
Fig. 1 was isolated from a rat genomic library [prepared by Dr. T.
Sargent (N.I.H.) from a partial Haelll digest of rat DNA] by
sequentially hybridizing nitrocellulose blots of phage plagues
with oligonucleotide probes specific for the right or left ends of
L1Rn. This particular clone contains both a full-length element



(L1RnB7) and the 5’ region of another L.1 (L1IRnB7a). Various
restriction fragments of this clone were then subcloned into plas-
mid or M13 vectors using standard techniques (Ausubel et al.
1989). DNA sequence determination (see below and Resulits)
showed that this clone contained Lx DNA in addition to L1
sequences.

Hybridization Probes. Figure 1 shows the location of the hy-
bridization probes PCR1 and PCR2. These probes contained
only DNA from the 3’ untranslated region (3’ UTR) since pre-
liminary experiments showed that only 3' UTR DNA was spe-
cific for L1 or Lx. The appropriate region of L1 DNA was am-
plified from the previously described L1Rn4 clone, LINE 4
(D’Ambrosio et al. 1986), and the corresponding region of Lx
DNA was amplified from LxRn1 by use of the polymerase chain
reaction (PCR) (Saiki et al. 1985). The oligonucleotides used
were as follows: L1 PCR1, AACAGAGACTGAAGGAA and
AGTCTAGTTCACTGGGG; L1 PCR2, ATAGGATCCGC-
CCCACAGGTGGCCCAT and ATAGGATCCAGTGGCT-
TAGTCCCTGGA; Lx PCR1, AACAGAGACTGAAGGAA and
TGCAATTCCCTACACTG; Lxl PCR2 ATAGGATCCCATC-
CAGAGACTACCTCACCT and ATAGGATCCTCT-
TCCTATGGGGTTGAAAAC. The appropriate region of mouse
L1 DNA was amplified by PCR from mouse genomic DNA using
the following oligonucleotides: ATAGGATTCATACACTAG-
CAAGATTTT and ATAGGATTCGTCAAGAGCTC-
CGGGGTA. The product amplified with these primers is about
the same length and represents the same region of the mouse L1
family as the L1 PCR2 probe. (See Fig. 1.) The first nine nucle-
otides of the PCR2 and the mouse L1 primers are not comple-
mentary to either L1 or L.x and contain the bases ATA followed
by a BamHI site.

PCR reactions were carried out for 25 or 30 cycles using Taq
DNA polymerase (Perkin Elmer Cetus) in 100-pl reactions using
the conditions suggested by supplier. The PCR-amplified DNA
was then purified and radiolabeled by the random priming
method with [*?P]dCTP. (See below.)

Preparation of Genomic Libraries. Genomic clones of M do-
mesticus and R. norvegicus were prepared by ligating a partially
filled (using dGTP and dATP only) Sau3 A partial digest of mouse
or rat DNA to partially filled (using dTTP and dCTP only) Xhol
sites of a A cloning vector (Zabarovsky and Allikmets 1986). The
vector, lambdaGEM™-11, and A packaging mixture were pur-
chased from Promega and the recombinant phages were propa-
gated in E. coli MB406, which is an mcrAl, mcrBl1 strain and
therefore does not discriminate against methylated mammalian
DNA (Woodcock et al. 1988).

Preparation of Lx Clones from Various Murine Species.
Since we wished to clone and determine the DNA sequence of
the same discrete region of Lx from several murine species, we
elected to use the PCR to amplify the desired region of Lx from
genomic DNA. However, this method could produce chimeric
sequences from a divergent repeated DNA family in either of two
ways: First, incompletely extended products synthesized from
one family member could prime DNA synthesis on a different
family member in a subsequent round of DNA synthesis. This
has been found to occur at a frequency of about 1% (Jansen and
Ledley 1990). Therefore, we did not think that this would be a
serious problem, and our control experiment (see below) sup-
ported this supposition. A second and far more likely source of
chimeras would result from the cloning of hybrid DNA duplexes
(Jansen and Ledley 1990). This would occur if the amplified
products of different family members annealed to each other
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rather than serving as templates for primer extension. To elimi-
nate this problem we decided to clone single strands of the am-
plified Lx DNA by first transcribing the PCR products and then
making cDNA clones of the transcripts. To do this we modified
the L.x1 PCR2 primers as follows: The first nine bases of the first
PCR2 primer were replaced with a strong T7 promoter followed
by an EcoRI site to give CGAAATTAATACGACTCACTAT-
AGGGAGAATTCCATCCAGAGACTACCTCACCT (transcrip-
tion starts at base 24). The first nine bases of the second PCR2
primer were replaced with nine bases containing a Sall site to
give ATAGTCGACTCTTCCTATGGGGTTGAAAAC.

After the final round of the PCR reaction the products were
purified and used for RNA synthesis using the T7 RNA poly-
merase and 1 unit RNAse-Block II (Stratagene) in a 25-pl reac-
tion using the conditions suggested by the supplier. The DNA
template was destroyed by DNAse and the RNA product was
purified and copied into DNA using the above-mentioned ver-
sion of the second PCR2 primer with an RNAse H™ Moloney
murine virus reverse transcriptase (M-MLV H~ RT [Super-
script]™, GIBCO BRL) using the conditions suggested by the
supplier. The RNA template was destroyed by alkali (20 mM
NaEDTA, 50 mM NaOH, 60 min at 70°C) and the complemen-
tary strand of DNA was synthesized using Sequenase 2.0
(United States Biochemicals) (Tabor and Richardson 1989) and
the primer GGAGAATTCCATCCAGAGACT. The DNA was di-
gested with EcoRl and Sall, purified, and ligated to the EcoRI
and Sall sites of pUCI9. Isolation of plasmid clones was carried
out using standard techniques (Ausubel et al. 1989).

To test the efficacy of this method we determined the DNA
sequence of seven clones that were derived from the amplifica-
tion of a 1:1 mixture of two rat Lx sequences, LxRnl and
LxRn3. (See Results.) LxRnl and LxRn3 differ by about 20%;
the DNA sequence of four of the clones was identical to LxRn3
and the sequences of the other three were identical to LxRnl
(results not shown).

DNA Sequence Determination and Analysis. The DNA se-
quences (both strands) were determined by the dideoxy chain
termination method (Sanger et al. 1977), using the modified T7
DNA polymerase (Tabor and Richardson 1987, 1989) supplied as
Sequenase™ 1.0 and 2.0, respectively, by United States Bio-
chemicals. General DNA sequence manipulation and database
searches were performed using the programs of the Genetic
Computer Group (GCGQG) originally developed at the University
of Wisconsin (Devereux et al. 1984). We are indebted to the
National Cancer Institute for computing resources and staff sup-
port at the Advanced Scientific Computing Laboratory of the
Frederick Cancer Research and Development Center. The mul-
tiple sequence alignments used to generate the data in Table 2
and Fig. 4 are available from the authors. Parsimony analysis
was carried out using the PAUP program of Swofford (1990). We
used a step matrix to differentially weight transitions and trans-
versions based on the nucleotide substitution data of Gojobori et
al. (1982) and Li et ai. (1984). We employed the heuristic search
method and used the suggested (Swofford 1990) two-step proce-
dure to generate trees: First, the sequences were added in the
order in which they appeared in the alignment (simple addition).
Then we carried out ten trials of tree building using random
addition, saving only those trees of length no greater than one
plus the length of the shortest tree obtained using simple addi-
tion. Finally, a strict consensus tree was produced from the total
of 36 equally parsimonious trees that were generated.

Miscellaneous Procedures. Restriction enzyme digestions,
gel electrophoresis, nitrocellulose blots, preparation of
[*?PIDNA hybridization probes, nucleic acid purification, and
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Fig. 2. Hybridization of Lx and L1 sequences. Lx or L1 se-
quences were amplified from rat (R) or mouse (M) genomic
DNA, or from an L1Rn clone (lane c¢/) by the PCR using the
cognate PCR2 primers. (See Fig. 1.) A portion of the products
was subjected to electrophoresis on an agarose gel, blotted to
nitrocellulose, and hybridized at 65°C as described in Materials

the various steps in the RNA mad cDNA snythesis described
above were carried out using standard techniques (Ausubel et al.
1989). Hybridization reactions were incubated at 55°C or 65°C in
a solution containing 0.2 M sodium phosphate buffer, pH 6.8;
0.125% (w/v) sodium dodecylsulfate; 0.5 mM NaEDTA; 50 mg/
ml Ficoll 400 (Pharmacia); 50 mg/ml polyvinylpyrrolidone; 50
ng/ml denatured salmon sperm DNA. The filters were washed at
room temperature twice in 0.3 m NaCl, 0.03 M Na citrate (pH
7.4) , 0.1% sodium dodecylsulfate, followed by two washes with
3 mM Tris base.

GENBANK Accession Numbers. All of the DNA sequences
have been deposited in GENBANK and they have the following
accession numbers: LB7 LF (contains the DNA sequence, in-
cluding LxRnla, that flanks the left end of L1RnB7, see Fig. 1),
M60810; LB7 RF (contains the DNA sequence including LxRnl
but not L1RnB7a, that flanks the right end of L.1IRnB7, see Fig.
1), M60811; R3, M60824 (contains LxRn3); LxRn5a, M60821;
LxRnx2, M60822; LxRnx3, M60825; LxMdx3, M60814;
LxMdx4, M60815; LxMsx1, M60819; LxMsx3, M60820;
LxMpx!l, M60817; LxMpx4, M60818; LxMmx1, M60823;
LxMmx3, M60816; LxCpx2, M60812; and LxCpx3, M60813.

Results

Discovery of Lx

We discovered Lx by chance while examining the
DNA sequence between two closely spaced L1Rn
elements. The DNA sequence analysis showed that
L1RnB7 had inserted directly into an L1-like se-
quence which we call LxRnl (Fig. 1). LxRnl also
contains two other insertions. The first is a member
of the highly repeated rat ID short interspersed re-
peated DNA (SINE) family (Sutcliffe et al. 1982),
and the second is a sequence of unknown origin.

b -

and Methods to the PCR1 Lx probe or the PCR1 rat L1 probe.
(See Fig. 1.) The mouse L1 probe is from a region of L1Md that
corresponds to the L1 or Lx PCR2 probes. (See Fig. 1 and Ma-
terials and Methods.) The panel labeled eth shows the ethidium-
bromide-stained gel.

Preparation of Lx- or L1-Specific
Hybridization Probes

To further examine the Lx family against the back-
ground of the modern L1 families we prepared Lx-
or Ll-specific hybridization probes. These were
generated by the polymerase chain reaction (PCR)
from the 3" UTR of Lx or L1 DNA since only this
region is sufficiently divergent to be distinguished
by hybridization. (See Materials and Methods.) Fig-
ure 2 shows that the Lx and L1 hybridization
probes were specific for the families from which
they were derived: Panel 2 (second from left) shows
that the Lx probe did not hybridize with either rat
(R) or mouse (M) genomic L1 sequences but hybrid-
ized equally well to rat or mouse genomic Lx se-
quences. Panel 3 shown that the rat L1 probe did
not hybridize to either rat or mouse genomic Lx
sequences or to genomic L1Md sequences. Panel 4
shows that the mouse L1 probe, which was a mix-
ture of L1Md sequences amplified from mouse
DNA by the PCR, did not hybridize to Lx or rat L.1
sequences. In an experiment not shown here we
found that a similarly prepared L1Rn probe did not
hybridize to genomic Lx sequences.

The results in Fig. 2 also reveal that neither the
rat nor mouse Lx or L1 family contains a large num-
ber of sequences that are intermediate between Lx
and either modern L1 sequence. The 3" UTR of Lx
DNA is about 65% similar to either modern L1 se-
quence (Pascale et al. 1990, and results not shown)
and since DNA sequences that are about 80% sim-
ilar will hybridize (e.g., between Lx sequences, see
Table 2), sequences intermediate between Lx and
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Fig. 3. Hybridization of Lx or L1 sequences to genomic librar- probe, the rat L.1 PCR1 probe, or the mouse L1 probe (see Fig.

ies of rat or mouse DNA. Nitrocellulose blots of A phage plaques
of rat or mouse genomic libraries, prepared as described in Ma-
terials and Methods, were hybridized at 65°C with the Lx PCR1

1 and the Materials and Methods). The number in the upper
right-hand corner of each panel is the total number of plaques on
the plate.

Table 1. The number of L1- or Lx-positive recombinant clones in rat or mouse genomic libraries
Positive clones

Total Observed (expected)®
Animal L1 Lx L1 only Lx only L1 + Lx
Rat
Number 180 139 98 (136) 57 (92) 82 (46)
% Of total clones 33 25
Genomic copies® x 1073 74 57
Mouse
Number 97 69 58 (68) 30 (42) 39 (28)
% Of total clones 40 29
Genomic copies® x 1073 91 65

2 The values expected are given in the parentheses and were calculated from the percentage of L1- or Lx-positive plaques assuming
that the distribution of L.1 or Lx sequences in the genome were independent of each other
b This value equals (% positive clones) (2,700,000 kb/haploid genome + 12 kb/clone)

either of the modern L1 DNA sequences would
have been detected by the experiment shown in Fig.
2. These putative sequence intermediates should
have been amplified by the PCR since target se-

quences with only 50% complementarity to a primer
will be efficiently amplified providing there is no
mismatch with the three 3’ nucleotides of the primer
{(Sommer and Tautz 1989).
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Table 2. Pairwise comparison between the 3’ untranslated region of Lx members®
1 2 3 4 5 6 7 8 9

1. LxMmx3 ook 24.5 18.1 19.1 19.6 20.6 21.7 24.1 15.4
2. LxMpx4 30.2 Hokx 25.0 27.0 255 25.3 26.1 29.6 21.5
3. LxRn3 20.9 30.9 rkdx 15.0 15.5 10.9 18.4 15.5 13.8
4. LxRnt 22.1 33.5 16.7 ok 19.8 15.9 223 22.3 16.7
5. Musonctlm 23.2 31.9 17.5 23.3 Ak 15.9 19.4 19.9 14.3
6. Ratilégl 24.7 31.6 11.9 18.0 18.5 k% 18.9 16.9 16.1
7. Musigkfi2 25.9 32.8 21.3 26.6 23.0 22.1 k% 20.4 18.3
8. Ratcyp2al 29.4 38.0 17.4 26.5 23.3 19.2 24.1 ok 18.8
9. LxMsxl 17.4 25.7 15.3 19.0 16.1 18.4 21.2 21.7 Fokkk
10. LxMdx3 25.7 31.2 25.3 27.4 30.1 29.2 324 35.2 23.0
11. LxCpx2 26.3 35.6 20.9 21.0 324 26.5 30.6 30.9 24.8
12. LxRnSa 28.7 36.2 26.0 28.7 26.3 29.5 25.5 32.7 23.1
13. LxMdx4 27.7 36.1 25.0 25.0 27.0 28.0 28.4 33.9 26.2
14. Rattran 25.3 38.9 22.6 18.6 24.3 27.2 30.3 32.1 23.3
15. LxMsx3 25.3 32,6 20.7 22.1 24.4 25.5 30.8 29.0 21.2
16. LxMpx1 22.0 31.0 17.5 18.8 21.9 20.0 25.4 28.7 18.5
17. LxCpx3 24.2 34.3 20.7 22.0 25.2 235 28.0 30.6 17.7
18. LxRnx2 32.0 424 28.3 26.7 33.7 28.6 36.6 36.0 30.1
19. LxRnx3 43.6 56.8 38.5 36.9 40.7 37.6 44.4 40.4 43.4
20. LxMmx1 34.5 49.8 36.0 37.2 38.8 37.5 37.7 42.8 39.5
21. Consensus 11.7 20.9 8.2 10.4 12.9 114 15.2 17.5 7.8

2 The values above the diagonal are the percent difference between the indicated sequences and the values below the diagonal are the
percent nucleotide substitution calculated from them (Gojobori et al. 1990). The average percent difference and percent nucleotide
substitution between sequences 1 and 18 are 21.6 = 4.1 and 26.5 = 5.6, respectively. Sequences 19 and 20 were excluded from this

The Relationship Between Lx and LI Sequences
in the Genome

To learn if L1 was invariably physically associated
with Lx in the genome, as was the case for LxRnl
(Fig. 1), we determined the percentage of rat or
mouse genomic DNA clones that hybridized to L1
or Lx (or both). Figure 3 shows the results of hy-
bridizing replicate nitrocellulose blots of genomic
libraries of rat or mouse DNA with the Lx or either
L1 PCR probe. Table 1 shows that both genomes
contain about the same number of Lx elements and
somewhat higher copies of L1 sequences, and that
L1 and Lx sequences are physically associated to a
somewhat greater extent than would occur by
chance given their respective copy numbers. The
relative amounts of Lx and L1 sequences agree with
what we found earlier using blot hybridization of
genomic DNA (Pascale et al. 1990) and the copy
number of L1 in the two genera is similar to earlier
estimates using probes from comparable regions of
these L1 elements (Gebhard et al. 1982; Fanning
1983; D’ Ambrosio et al. 1986).

In addition, Fig. 3 shows that each library con-
tained a few clones that hybridized to the heterolo-
gous L1 probe. Since the rat and mouse L1 probes
are only 58% similar and do not hybridize to each
other or to Lx (Fig. 2), these results indicate that
each genome contains members of other L1 families
in addition to Lx and its own L1 family. We are now
investigating the nature of these families.

Since the L1RnB7 element was inserted directly

into LxRnl DNA (Fig. 1) we wondered whether this
was a typical arrangement. To examine this possi-
bility we isolated 10 more Lx-containing clones
from the rat library. By restriction enzyme analysis
and blot hybridization seven proved to contain L1
DNA (results not shown). From the results of Table
1 we would have expected that six of the Lx-
containing clones would also contain L1 DNA; i.e.,
82, or ~60% of the 139 Lx-containing clones, also
contain L.1. Four of the clones that contained both
Lx and L1 were examined at the DNA sequence
level and in only one case was the L1 element in-
serted directly into what was probably a rearranged
Lx element (results not shown). Therefore, .1 and
Lx sequences are not necessarily physically contig-
uous, as is the case for LxRnl.

Lx DNA Sequences from Different Murine
Genera Are Diverged Members of the
Same Family

The melting temperature of reannealed Lx family
members in different modern murine genomes was
similar (Pascale et al. 1990) and indicated that in
each case the Lx family was about 22% divergent. If
the Lx members are relics of an amplification event
that occurred at about the same time, then we
would expect that any pair of Lx DNA sequences
should be similarly divergent irrespective of their
source. To test this prediction we determined the
DNA sequence of more Lx members including two
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Table 2. Extended

10 11 12 13 14 15 16 17 18 19 20 21
21.7 21.9 23.6 23.0 21.1 21.2 18.8 20.5 25.4 32.8 27.4 10.8
25.2 28.0 28.6 28.5 29.6 26.2 25.0 27.1 31.5 39.4 35.3 18.1
21.5 18.2 21.8 21.2 19.3 18.0 15.6 17.9 23.1 30.0 28.4 7.8
229 18.2 23.8 21.2 16.3 19.0 16.6 18.9 22.1 29.0 28.9 9.7
24.4 25.6 21.8 222 20.3 20.5 18.6 20.9 26.1 31.0 29.9 11.7
24.0 22.1 24.0 23.1 22.3 214 17.4 19.9 23.3 29.4 29.3 10.5
26.0 24.8 21.5 23.4 24.4 24.9 21.2 23.0 28.3 332 29.6 13.7
27.9 25.2 26.3 27.1 25.9 23.9 23.7 25.0 28.3 31.2 32.5 15.6
19.7 20.9 19.8 22.0 19.7 18.3 16.2 15.7 24.1 32.7 30.3 7.4
*kkk 24.3 27.0 26.5 25.0 23.5 20.2 24.0 27.4 35.7 36.1 14.6
29.4 Fkkk 26.2 25.1 19.2 19.3 18.8 217 23.1 29.6 29.9 13.3
33.7 33.0 kkokk 234 24.4 24.0 23.7 23.0 28.3 35.2 36.0 16.1
32.8 311 28.1 kK 22.7 229 20.2 24.5 29.3 34.4 321 14.2
30.7 22.5 29.9 27.8 FRAK 18.5 17.0 17.9 21.1 30.8 30.2 11.9
28.5 22.4 29,2 27.6 21.7 kK 19.6 22.0 20.6 332 30.2 12.7
23.6 21.8 29.0 23.9 19.7 23.1 Hkk 16.9 23.0 30.9 28.1 9.1
29.2 26.1 27.8 30.3 21.1 26.8 19.6 o 26.4 35.4 30.0 12.4
34.6 28.1 36.6 38.7 25.8 24.5 28.6 344 HEKK 30.8 30.8 17.4
48.7 37.9 48.1 47.3 40.3 44.2 40.2 49.6 40.1 *kokok 40.5 26.4
50.0 38.7 49.5 42.8 40.0 39.7 35.8 38.9 41.1 59.9 HEAK 23.8
16.3 14.8 18.2 15.8 13.2 14.0 9.7 13.6 20.3 327 28.9 Fodokk

calculation because the mean differences between them and the others were 31.3 = 3.3 and 32.9 * 3.2, respectively, which is almost

three standard deviations from the mean of all the others

additional rat genomic clones (.xRn3, and LxRn5a)
and 14 Lx members cloned by the cDNA method
(Materials and Methods) from several murine gen-
era. The cDNA clones contained the region of the 3’
UTR corresponding to the PCR2 probe. (See Fig.
1.) We used this region of the LxRnl clone to
screen the GENBANK nucleic acid database for
additional Lx sequences.

An initial pairwise comparison of the cloned Lx
sequences and the output of the database search
was carried out using the PILEUP program. (See
Materials and Methods.) This program generates a
dendrogram (Fig. 4) in which the grouping of the
sequences is based on the similarity found during
the initial pairwise comparison. As Fig. 4 shows, we
distinguished three major clusters of sequences:
LI1Rn, LIMd, and Lx. Since the database search
yielded sequences as distant from Lx as the modern
rat and mouse L1 families, we feel that the list of
sequences in Fig. 4 is quite comprehensive for Lx
and related sequences.

The sequences included in the L1Rn or L1Md
clusters are ~90% or more similar to the canonical
members of these modern L1 families (L1Rn3 and
L1MdA2, respectively). We included in the Lx
cluster all of the sequences that were grouped with
the cloned Lx members by the PILEUP program.
(See Fig. 4.) The pairwise comparison of all of the
Lx sequences is shown in Table 2. Because the
length of the branches in the dendrogram (Fig. 4)
includes a gap penalty, the distance of particular
pairs from their node will not necessarily corre-

spond to the percent divergence in Table 2. With
the exception of L.xRnx3 and LxMmx1, the L.x se-
quences from different murine species are, on av-
erage, 21.6 = 4.1% divergent, which agrees with the
DNA melting data (Pascale et al. 1990, and addi-
tional unpublished results).

The results in Table 2 can also be used to esti-
mate when the Lx members were generated. Since
any pair of Lx sequences has accumulated 26.6% =+
5.6 nucleotide substitutions, each has accumulated
26.6% + 2 or 13.3% nucleotide substitutions since
the time of their divergence. If the Lx amplification
was similar to the amplification of modern L1 fam-
ilies, then most of the members were defective and
have been diverging from each other at the
pseudogene or neutral rate since their generation.
The ratio of replacement to synonymous substitu-
tions in the ORF 1I region of various Lx members
indicates that this is so (data not shown). Using
1.1% substitutions per site per million years as the
neutral nucleotide substitution rate estimated for
rodents (Li et al. 1987), we calculate that the Lx
family was amplified ~12.1 million years ago
(13.3% — 1.1%/million years).

Interestingly, LxRn3 and Ratil6gl differ by only
11.9% nucleotide substitutions per site, which is far
lower than the difference between these sequences
and the other Lx members. Therefore, LxRn3 and
Ratil6égl apparently have been diverging for only
about 5.4 million years, well after the wave of Lx
amplification supposedly ceased. Since the non-Lx
sequence flanking the LxRn3 or the Ratilégl Lx



16

el

hﬁﬁﬁﬁ i

sequence are not homologous (results not shown),
gene duplication of one of these sequences about
5.5 million years ago does not account for their low
rate of divergence.

Ratsmp2b
Ratsmp2a
Ratiléeg2
Ratmhcg
Ratcyp4a2
Ratllalb
Ratllafp

Ratcypd
Ratm3a (L1Rn3)

Ratvaox
Ratlin4a
Ratp450pb
Ratrs2l
Ratrll4
Ratmlvi2r

Ratprlsd4
Musrsllimd
Musbgcxd2
Musecdc
Musmlc3p
Musbfcgrl
Musrslima
Muslinsaa
Musmdrxx
Musbgcxd3
ﬁusbgcxg9
us; Lo}
Musgfge14
Musbgcxd4
Musllr
M23707
Musactgps
Musigkwnf
Musbgcxd
Musigkvjl
Musbgcxd8
Muslifte
Musltagbsa
Musliml2
X14510
X14514
Musprota
Muslirll
Musll17244b
Musll7244a
Musmig
Musmhciiab
MusigkfiZla

(L1Md3)

(L1MdAZ)

(L1Md4)
(L1Md17)

(L1Md6)

(L1Md1)

Musbgcxd? (L1Md16)

Musigkijc4
Musiléa
Musigl.(vi'Z
Musrsialb
LxMmx 3
LxMpx4
LxRn3
LxRnl
Musonctlm
Ratil6gl
Musigkfi2
Ratcyp2al
LxMsx1l
LxMdx 3

Rattran
LxMsx3
LxMpx1l
LxCpx3
LxRnx2
LxRnx3
LxMmx1

> L1Rn

r L1Md

> Lx

J

MusbgcexdS (L1Md15)
Musbgcexd6 (L1Md14)

Musmhl2

Fig. 4. Dendrogram of Lx and
L1 sequences. This dendrogram
was generated by the GCG
multiple sequence alignment
program, PILEUP, and
represents the initial alignment
of the sequences based on their
similarity to each other. The
sequences labeled M23707,
X14510, and X14514 and all
those beginning with Mus or Rat
were obtained from GENBANK
using the region of the LxRnl
sequence that corresponds to the
PCR 2 probe (see Fig. 1) as a
query sequence for the GCG
program WORDSEARCH. We
named these L1 sequences by
their GENBANK locus name.
The Lz85 and Lz65 sequences
are about 85% and 65%
homologous, respectively, to
L.1Rn sequences and were taken
from Zullo et al. (1991). All of
the others were either selected
from a A rat genomic library
using the LxRnl PCR 1 probe
(LxRn3, LxRn5a) or represent
cDNA clones of the
PCR-amplified Lx families in
various murine genomes
prepared as described in
Materials and Methods. The
curly brackets labeled LIRn and
LIMd indicate sequences that
were about 90%, or more,
similar to the canonical rat and
L1 family members L1Rn3 and
L1MdA2, respectively. The
curly bracket labeled Lx includes
all of the sequences that
clustered with cloned Lx
sequences. The sequences
named in boldface type were
used for the parsimony analysis
shown in Fig. 5. The other
names in parentheses (L1Mdl1,
L1iMd3, .. .)indicate L1 or
L1-like sequences located in the
mouse B-globin complex (Shehee
et al, 1989).

LxRnx3 and LxMmzx1 are only about 60% similar
to each other or to either L1Rn or L1Md, and there-
fore each represents distinct L1-like families. We

have not studied these sequences further.
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Humf81l1lb (outgroup)

Fig. 5. Parsimony analysis of Lx and L1 elements. Parsimony
analysis using the last 312 bp of ORF II was performed with the
PAUP program (Swofford 1990) as described in Materials and
Methods. We used all of the sequences shown in bold type in
Fig. 4. These include representative members of the modern L1
families (i.e., those that are included in the L1Rn or L.1Md brack-
ets shown in Fig. 4) and all of the other sequences listed in Fig.
4 that contained this region of ORF II. We also included any
other nonmodern rodent L1 sequences that were found in GEN-
BANK using the last 312 bp of the ORF Il of the LxRnl se-
quence as a query sequence. The human L1Hs sequence,
Humf8l1b, was used to root the tree. Branch lengths are the
number of nucleotide changes between a terminus and a node or
between nodes. The sequence names are either GENBANK lo-
cus names or the names of sequences determined in the present
work.

Phylogenetic Relationship Between Lx and
LI Sequences

We determined the phylogenetic relationship be-
tween Lx and the modern L1 families in rat and
mouse using parsimony analysis as described in the
Materials and Methods (Swofford 1990). To ensure
the best possible sequence alignment we used the
protein-encoding region of the sequences, and in
particular, the last 312 bp of ORF II, which was
previously used for the phylogenetic analysis of the
Mus L1 families (Martin et al. 1985; Hardies et al.
1986).

Figure 5 shows the results of the PAUP analysis,
which are consistent with the previously estab-
lished phylogenetic relationships between the
mouse L1 sequences. For example, the ancestral
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relationship between the families in M. pahari,
(Muslimp), M. caroli Musllmc), and M. domesti-
cus (Muslimd) as well as the fact that the F-type
L1Md family (Musllfte) is of earlier vintage than
the A-type L1IMd family (e.g., Musrslima or
L1MdA?2) (Adey et al. 1991) is evident in Fig. 5.

Both modern L1 rodent families were derived
from the node shared by all but one of the se-
quences present in the Lx cluster indicated in Fig.
4, Therefore, the parsimony analysis supports our
earlier suggestion based on the degree of sequence
similarity between Lx and either L1Rn or L1Md
(Pascale et al. 1990) that Lx is ancestral to the mod-
ern rat and mouse L1 families. One of the se-
quences, Ratsmp2b, that also shared the Lx node
was not clustered with the Lx sequences in Fig. 4.
Pairwise comparisons of the 3’ UTR of this se-
quence with the corresponding region of members
of the Lx and rodent L1 members indicated in Fig.
4 showed that Ratsmp2b was considerably more
similar to rat L1 then to mouse L1 (data not shown).
Thus, while Ratsmp2b may be an evolutionary in-
termediate between L.x and the modern rat L1 se-
quences, it apparently diverged from the evolution-
ary pathway that gave rise to the modern L1 family
exemplified by the L1Rn3-type sequences.

The parsimony analysis could not establish a lin-
eage for most of the Lx sequences as well as some
of the modern L1 sequences. These results would
be expected if the sequences in question are the
diverged progeny of the same (or a group of mini-
mally differentiated) sequence(s). This idea was
also proposed to account for the phylogenetic rela-
tionship between some Mus L.1 sequences (Hardies
et al. 1986).

Discussion

The extent of DNA sequence divergence between
Lx family members (Table 2) shows that this family
contains the relics of an ancient L1 family that was
extensively amplified around the time of the murine
radiation, ~12 million years ago. The confinement
of Lx sequences to murine rodents (Pascale et al.
1990, and additional unpublished results now ex-
tending our analysis to a total of 20 murine and 16
nonmurine species) supports this conclusion. Parsi-
mony analysis showed that the modern L1 families,
L1Rn and L1Md, were derived from functional L1
elements related to Lx. However, the lack of cross-
hybridization between the Lx family and either of
the modern 1.1 families (Fig. 2) indicates that none
of these families contains significant numbers of
DNA clements that are intermediate in sequence
between the 1.x and modern families. The latter re-
sults are consistent with our DNA melting experi-
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ments of reannealed L1Rn, L1Md, or various mu-
rine Lx family members which showed that each of
these families consists of a discrete, though diver-
gent in the case of Lx, cohort of sequences (Pascale
et al. 1990).

Our interpretation of the cross-hybridization re-
sults of Fig. 2 depends on the assumption that the
PCR amplification would not discriminate against
the putative evolutionary intermediates between
the Lx and either modern L1 family. Although these
intermediates would be 10-15% more divergent
from the canonical members of these respective
families than their typical members, it would be
very surprising if they were not amplified. As men-
tioned earlier, Sommer and Tautz (1989) showed
that amplification by the PCR requires no more than
50% homology between the primer and the target
DNA provided there is no mismatch with the three
3’ bases of the primer. This result is borne out by
the resuits given in Table 2 which show that se-
quences ranging from 15% to as much as 40% di-
vergent from each other were amplified from geno-
mic DNA by our single set of Lx PCR primers.

The fact that the Lx and either the modern rat or
mouse L1 families are not loci on a continuum of L1
DNA sequences but rather represent discrete epi-
sodes of L.1 DNA amplification indicates that the
functional evolutionary intermediates between Lx
and L1Rn or L1Md were not extensively amplified.
Figure 5 shows that the modern rat L1 family [e.g.,
Ratlin3a (L1Rn3)] and the modern mouse family
[e.g., Musrslima (L1MdA?2)] are separated from the
Lx node by several intermediate elements. How-
ever, none of these is sufficiently divergent from
either modern L1 family or the Lx family to be dis-
tinguished from them by hybridization, and so their
genomic copy number could not be unambiguously
determined. For example, pairwise comparisons
between the 3’ UTR of the Ratprlhrd or Musigkjc4
elements showed them to be about 80% homolo-
gous to modern rat or mouse L1 elements, respec-
tively (results not shown). The Musprol sequence
lacked a 3' UTR and the Musonctlm sequence is
about 80% similar to L.x sequences (Table 2).

Studies on the amplification of modern L1 fami-
lies support our contention that replication-
competent L1 elements can reside in genomes with-
out undergoing extensive amplification. For
example, the large-scale amplification of both L1Rn
and L1IMd began only about 5 million years ago
(Martin et al. 1985; Hardies et al. 1986; Casavant et
al. 1988; and unpublished pairwise comparisons of
L1Rn members carried out in this laboratory) even
though the rat and mice lineages have been separate
for at least 12 million years (Catzeflis et al. 1987).
Second, in studies to be reported elsewhere, we

found that whereas the Ratmlvi2r subfamily (Fig. 5)
of rat L1 is present in both R. norvegicus and R.
rattus, it was extensively amplified in R. norvegicus
but in only one of nine isolates of R. rattus (defined
morphologically) collected from around the world.
This suggests that although the Ratmlvi2r subfamily
is functional in R. rattus, by and large, it has re-
mained quiescent. And finally, a recently identified
functional human L1 element which has apparently
generated a copy of itself within the past 20 years
has resided in the same position in the primate ge-
nome since before gorillas, chimps, and humans di-
verged 6 million years ago, but appears to have gen-
erated only about 10 copies of itself (Dombroski et
al. 1991).

If the integrity of L1 elements depends solely on
selection for self-replication, then it is apparent that
the extensive amplification that typifies the Lx and
modern L1 families is not an inevitable by-product
of L1 amplification. This may mean that replication
and extensive amplification occur by different
mechanisms, or that factors other than the function-
ality of the L.1-encoded products determine whether
large-scale amplification will occur. One possibility
is that residence in some genomic locations may be
more conducive to large-scale amplification than
others.

Together, Lx and L1 sequences make up 10-20%
of the rat and mouse genomes. Relics of L1 DNA
amplifications that occurred more than 30 million
years ago would now be 65% divergent and difficult
to distinguish from random DNA sequence even by
DNA sequence determination. Therefore, the frac-
tion of murine genomes that is derived from L1
DNA may even be >20% and, in the absence of
compensatory deletions, the repeated amplification
of L1 would have increased the size of murine ge-
nomes. In addition, recurrent episodes of L1 ampli-
fication could have provided, in some cases, the
reverse transcriptase that catalyzed the retroposi-
tion of distinctive SINE families (and subfamilies)
into mammalian genomes (Deininger and Daniels
1986; Weiner et al. 1986; Willard et al. 1987; Britten
et al. 1988; Jurka and Smith 1988). For example, the
rat ID family (Sutcliffe et al. 1982) became highly
repeated only in rat and was amplified at about the
same time as the LIRn family (Deininger and
Daniels 1986).

Since modern mammalian L1 elements are ap-
parently still undergoing evolutionary change, we
would assume that extensive amplification of L1
DNA could occur again. Besides causing insertion
mutations (Kazazian et al 1988; Morse et al. 1988)
we have shown in other studies that L1 DNA can
effect the structural and regulatory properties of the
DNA into which it inserts (Usdin and Furano 1989;



and unpublished results). Therefore, 1.1 elements
have had and most likely will continue to have a
major effect on the structure and function of the
mammalian genome.
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Hayward, of this laboratory, for suggesting the use of a tran-
scription and cDNA step to ensure the faithful cloning of indi-
vidual family members from a mixture of a multigene family that
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