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ABSTRACT

Short interspersed elements (SINEs) are ubiquitous in
mammalian genomes. Remarkable variety of these
repeats among placental orders indicates that most of
them amplified in each lineage independently, follow-
ing mammalian radiation. Here, we present an ancient
family of repeats, whose sequence divergence and
common occurrence among placental mammals,
marsupials and monotremes indicate their amplifica-
tion during the Mesozoic era. They are called MIRs for
abundant Mammalian-wide Interspersed Repeats.
With approximately 120,000 copies still detectable in
the human genome (0.2-0.3% DNA), MIRs represent a
‘fossilized’ record of a major genetic event preceding
the radiation of placental orders.

INTRODUCTION

Rapid anatomical and behavioral evolution of mammals has long
been associated with emergence of new patterns of gene
regulation, promoted by an increase in genomic variability [1].
Studies documenting direct implication of interspersed repetitive
elements in DNA rearrangements [2-9] suggest that promiscuous
proliferation of such repeats could have been a major force in the
evolution of mammals. Indeed, dispersal of distinct, lineage-
specific families of SINEs accompanied the evolution of
mammalian orders [10-12]. In contrast, repetitive elements
involved in the radiation of mammals should have amplified
earlier and be therefore common to different lineages. We found
that a 70-nucleotide repeat, which was first reported in the human
prothrombin gene [13] and then described in a variety of genomic
loci [14-16], had the expected characteristics. We have identified
455 such elements in the GenBank and, because of their
ubiquitous distribution in mammals, named them MIRs, for
Mammalian-wide Interspersed Repeats.

These genomic repeats were used to derive the putative MIR
sequence that spread in mammalian lineages during the Mesozoic
era. Abundant genomic fossil record was earlier used to
reconstruct active sequences of Alu subfamilies retroposing in the
past during primate evolution (for the most recent review see
[17]). This approach characterizes a discipline that can be called

paleogenomics; ancestral sequences that do not exist in an active
form any more are here inferred from bits and pieces of their
mutated copies still found in the genome. This differs from the
usual phylogenetic reconstruction, where ancestral states are
deduced by comparing homologous sequences that are active in
contemporary genomes. Recently presented example of a pa-
leogenomic reconstruction, including proof of a function of the
deduced ancient sequence, illustrates an even greater potential of
this approach [18].

MATERIALS AND METHODS

GenBank search and derivation of the consensus
sequence

Preliminary consensus sequence was compared with all the
mammalian sequences from GenBank release 69.0 using Dasher2
program (D.V. Faulkner, 1986, unpublished). The search was
followed by a pairwise alignment of all identified MIR elements
with the consensus sequence using LOCAL program [19]. All
sequences matching the MIR consensus with an arbitrarily
chosen LOCAL score of 20.0 or more were selected. Using this
criterion 455 MIR sequence segments were extracted from all the
available mammalian sequences. The pairwise alignments have
been integrated into a multiply aligned set of MIR sequences
using BLOWUP program (A. Milosavljevic and J. Jurka, 1989,
unpublished). The new consensus sequence was created and the
pairwise alignment was repeated several times until the consen-
sus remained unchanged. The detailed analyses of the multiply
aligned set have been done using the sequence editor MASE [20].

Inter-MIR PCR

DNA samples were either isolated from peripheral blood or tissue
samples as described [21] or were generously provided by
different individuals. The PCR was carried out in 10 mM
Tris-HCI, pH 9.0, 50 mM KClI, 1.5 mM MgCl, 0.01% gelatin,
0.01% Triton X-100, 2% formamide, 200 uM dNTPs (each), 1
uM primer (5’-end labeled), with 25 ng of genomic DNA per
reaction (20 ul). After an initial denaturation of 7 min at 94°C and
the addition of 1 U Taq DNA polymerase at 4°C, 27 cycles of
amplification (each consisting of 30 s at 94°C, 45 s at 56°C and
120 s at 72°C) were followed by a final extension at 72°C.
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Sequences of MIR-specific primers (mirl7, omirl7, mill7,
omill7 and 3’mir19) are given in Figure 1; that of the randomized
sequence primer nicmirl7 (synthesized based on the same
nucleotide composition as mirl7) was 5-TCTGAGATGG-
CATTCGA-3'. PCR products were analyzed by electrophoresis
in 6% non-denaturating polyacrylamide gel (acrylamide to
N-N’-methylene-bisacrylamide ratio of 29:1 in 90 mM Tris—bor-
ate, pH 8.3, 2 mM EDTA).

RESULTS AND DISCUSSION

A general consensus resulting from the alignment of 455
identified MIR elements is presented in Figure 1. It consists of a
67 nucleotide-long ‘core’ sequence (positions 30 through 96),
defined by the most frequent base at each position (upper part of
the histogram). This consensus can be extended by 33 nucleotides
if the positions where gaps appear to be the most frequent (lower
histogram) are taken into account. However, because of the very
prevalence of the gaps and of a large contribution of nucleotides
from the sites of cutoff during the ‘extraction’ by the LOCAL
program, the proposed sequence at these positions should be
considered only tentative. Among MIR elements that contribute
to the consensus, 381 represent primate (mostly human) and 55
rodent sequences. The remaining are from other mammalian
groups, such as artiodactyls (twelve elements), lagomorphs
(three), carnivores (three) and pinnipedia (one). Two marsupial
(oppossum) sequences were identified later. Since the GenBank
release 69.0 contained approximately 0.3% of the primate
genome (i.e. discounting the duplicates [22]), the density of MIR
elements can be estimated at about 120,000 copies per haploid
genome. This may be compared with an approximatively 5-fold
higher genomic abundance of Alu sequences, experimentally
determined at half million to a million copies [23-25] and
represented by about 1800 copies in the same GenBank release
[22]. The estimated genomic density of MIR elements in rodents
appears to be at least 5-fold lower than in primates, whereas the
sequence information is too fragmentary to consider other groups
of mammals. Hence, we examined the distribution of MIR
elements in a variety of genomic DNAs utilizing polymerase
chain reaction (PCR).

Based on the consensus sequence we have designed five
MIR-specific primers that are shown in Figure 1. These primers
can be used one at a time to amplify DNA segments between
adjacent repeats occuring in an amplifiable distance (inter-MIR
PCR, Fig. 2A; see also refs. [26-28]). Primers mirl7, omill7 and
3’mir19 direct the amplification from DNA loci flanked by these
repeats in a head to head orientation, while primers mill7 and
omirl7 when MIR elements are in a tail to tail orientation. Typical
results of an inter-MIR PCR experiment, using mill7 primer, are
shown in Figure 2B, where a variety of DNA samples have been
examined. Multiple bands were revealed, varying in size between
0.2-2.0 kb; their distribution was more similar among related
species than between divergent taxa. The number of bands also
differed significantly: 3040 were scored in five rodent species,
rabbit (lagomorphs), shrew (insectivores) and tree-shrew (Scan-
dentia), and between 55 and 75 in other mammals such as
primates, artiodactyls, perissodactyls and carnivores, whereas
about 115 discernible PCR-products were obtained from three
marsupial DNA samples. Few bands were also seen in birds and
reptiles. These results are diagrammed in Figure 2C which also
summarizes those obtained with three other MIR-specific primers
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(data not shown). Although platypus DNA was not included in
the main analysis, its inter-MIR PCRs (as far as bands density is
concerned) were comparable with those of marsupials (not
shown). PCR carried with a randomized sequence primer
nicmirl7 was negative except for two solitary bands seen in
orangutan and gibbon DNAs, presumably fortuitously amplified
by random priming. The primer omill7, which was the most
efficient in all mammalian species, also led to DNA amplification
in non-mammalian samples: the origin of this relaxed specificity
may be related to this primer’s G-rich 3’-end. In contrast, a
relatively high number of amplified products seen in fishes while
using the primer omirl7, can be explained by a perfect,
presumably fortuitous complementarity between this primer
3’-end and repeated sequence occuring in salmon and related fish
genomes [29].

PCR analysis (Fig. 2C) confirmed earlier conclusions from
GenBank searches. Significant amplification with all four
primers occurred only in mammalian DNAs, and rodent DNA
was consistently a poorer template in inter-MIR PCR than the
primate DNA. This effect can be accounted for by higher
substitution rate in rodents than in primates [30], causing thus a
faster decay of non selected genomic segments in these species.
The apparently lower abundance of MIR elements in insec-
tivores, lagomorphs, scandentia could be explained on the same
ground [31]. In contrast, the highest density of bands was
documented in marsupials and platypus. Few amplification
products observed in birds and reptiles could be either fortuitous
or might reflect a very rare occurence of MIR elements in these
genomes. Since amplification products were observed using four
different primers, the latter seems to be the case; however, given
a very low level of the amplification, PCR products probably did
not represent inter-MIR segments but resulted from the ampli-
fication primed within MIR element at one side and within
randomly matching genomic sequence at the other.

The presence of MIR elements in different taxa was further
examined by PCR using primer pairs amplifying DNA within the
repeat. The use of the omill7/omirl7 primer pair (Fig.1) resulted
in a single product of the expected length in the majority of
placental mammals (data not shown). Likewise, DNA fragment
of about 60 bp, predicted while using the primer pair
5’mir19/mirl7, was observed in all mammalian species. We also
observed an amplification in three avian species. This would be
consistent with a rare occurence of a similar sequence element in
birds, as suggested by fingerprinting data (Fig. 2).

Fig. 3A presents a pairwise comparison of 9 orthologous loci
between human and non-rodent mammals aligned with the MIR
consensus (six shared loci between human and rodents were
reported earlier [14-16]). The average pairwise nucleotide
divergence (K, see Fig. 3B) between the MIR elements in humans
and other mammals (including both MIR and flanking segments)
is 0.30 or 30%. If we assume that the eutherian radiation occured
65 million years ago, then these elements have been diverging
from their common ancestral sequence at about 0.23% per million
years [i.e. (30%/2)/65 million years]. This rate of nucleotide
substitution falls within the range estimated for primates and
rodents [32]. All genomic repeats appear to have accumulated
mutations randomly with respect to the consensus, except for the
shared substitutions among orthologous repeats confirming their
common history prior to mammalian radiation. The average
pairwise divergence between the MIR consensus and either the
human elements or the other, non-human MIRs is 0.29 or 0.33,
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Figure 1. Alignment of 455 MIR elements and derivation of the consensus sequence. Upper histogram shows the observed number of the most frequent base at each
sequence position, while the lower one the number of gaps, i.e. ‘empty” positions reflecting frequent truncation of the genomic MIR elements at both termini. The consensus
and the sequences of oligonucleotides used as MIR-specific PCR-primers are indicated below. The most abundant nucleotides at each position are indicated by upper case
letters and define a core consensus sequence, delimited by arrows. Lower case letters at both ends of the core sequence (positions 1-29 and 97-100) represent preponderant
nucleotides in the non-core fragments, where truncation based on the arbitrarily chosen LOCAL [19] cutoff value was introduced in a majority of sequences (see Materials
and Methods). Lower case letters inside the core region (a and g at positions 92 and 95, respectively) show nucleotides which were the second most abundant to alignment

gaps at these positions.

respectively (Fig. 3B). If we assume that the consensus MIR is a
reasonable approximation of the original MIR sequence and that
the elements in modern genomes have been diverging from it at
about 0.23% per year, then we estimate that the original MIR
element existed about 130 million years ago [i.e. 29% (or
33%)/(0.23%/million years)]. In other words, the average time
elapsed between MIR amplification and the present can be
estimated at about 130 Myr, ie. twice that separating contempor-
ary orders of mammals. This value can be possibly extended back
in time, since the detection of MIRs in both GenBank searches
and PCR-experiments may preferentially target the youngest
and/or less mutated sequences.

Our data raise the possibility of MIRs originating from
sequences common to mammals and birds. The first MIR
elements could have appeared at the beginning of the Mesozoic

era, contemporarily to early mammals [33]. Their subsequent
amplification presumably occured independently in placental and
non-placental lineages, consistent with a higher abundance of
MIR elements in marsupials (Fig. 2) and monotremes, and with
the results shown in Figure 3. There is no evidence of recent MIR
amplification, at least in placental orders such as primates and/or
rodents. It is likely that MIR amplification ceased in ancestors of
placental mammals giving place to dispersal of other short
sequence families that are order-specific (such as primate Alu or
rodent B1 and B2).

Most of mammalian SINEs [ 10—12] dispersed by retroposition,
i.e. using as intermediates their RN As transcribed by polymerase
II1. In the presented MIR consensus we did not find any Pol III
recognition signals nor other sequence features typical for
retroposable elements, such as direct repeats and A-rich tails.
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Figure 2. PRC-amplification of genomic segments flanked by MIR-elements. (A) Scheme of the inter-MIR PCR. (B) The autoradiogram of PCR products obtained
using the primer mil17. The origin of DNA samples is indicated at the top; M- molecular weight marker (100 bp ladder Pharmacia, 1 kb ladder, BRL). (C) The estimated
number of distinct PCR products in 0.2-2 kb size range obtained with MIR-specific primers, mirl7, omir17, omill7 and mill7 (shown in Fig. 2B). Related species
are grouped together whereas mammalian orders marked with an asterisk are only represented by a single species.
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Figure 3. Proposed timing of MIR elements. (A) Alignment of the 9 pairs of MIR-elements found in orthologous positions in human and non-primate mammalian
DNA. Identity with the MIR consensus is indicated by dots; flanking regions that show only pairwise similarity are shown to the left and right. (B) Distance tree between
the MIR consensus, human MIR elements and their mammalian orthologs. Pairwise distances were corrected according to [36]. Assuming molecular clock and 65
Myr ago as time period of eutherian radiation, the average age of MIR elements can be estimated at about 130 Myr.

However, statistical analysis (not shown) detected a non-random-
ness in the flanking regions extending at least 30 nucleotides in
both directions from the MIR consensus; this raised a possibility
that MIRs could have amplified as a part of longer sequences [34].
Recent data by Smit and Riggs [35] indicate that the MIR core
sequence corresponds to a segment of a longer retroposable SINE
element. Analysis of MIR elements from distant genomes, and
especially those from non-eutherian species, will certainly shed
light on the origin of these elements that have marked mammalian
evolution during the Mesozoic.
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