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Abstract—The review is dedicated to one of the most common classes of repetitive elements in eukaryotic
genomes: short interspersed elements. Their structure, origin, and functioning in the genome are discussed. The
variation and abundance of these neutral genomic markers make them a convenient and reliable tool for phylogenetic analysis. The main methods of such analysis are outlined, and the potential and limitations of this
approach are illustrated by examples.
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SHORT INTERSPERSED REPETITIVE
SEQUENCES
Repetitive sequences are scattered in abundance
over eukaryotic genomes. They can constitute up to
one-half of a genome. The overwhelming majority of
interspersed repetitive sequences are mobile genetic
elements (MGEs). They are divided into two major
groups: DNA transposons and retrotransposons.
DNA transposons encode the enzyme transposase. New DNA transposon copies emerge in the
genome by the cut and paste process. Transposase
excises a transposon from the genome and induces its
insertion to a new site.
Retrotransposons are inserted in a different way.
Their old copies are not removed, but new ones
emerge in other regions by means of reverse transcription; that is, by the copy and paste process. This MGE
group includes, first, the class of retrotransposons
with long (200–400 bp) terminal repeats (LTRs) [1].
Such retrotransposons are up to 8 kb long. They possess two or three open reading frames, one of which
encodes reverse transcriptase. Many LTR retrotransposons are, in essence, endogenous retroviruses that
have lost their ability to infect new cells but still can
form new provirus copies in the host genome.
Another class of retrotransposons includes long
retroposons, or long interspersed elements (LINEs).
They are 3–7 kb long and have no LTRs. A common
LINE has one or two open reading frames. They
encode reverse transcriptase and an RNA-binding protein (similar to retroviral Gag), respectively. These
proteins are essential for the reverse transcription of
their RNAs and the production of new retroposon copies. By now, tens of LINE families have been

described and classified into 15 clades [2–4]. Long
interspersed elements have been found in various
eukaryotes, from invertebrates to humans. They are
less frequently found in unicellular eukaryotes [5].
The L1 retrotransposon is the best studied LINE representative [6]. It is present in all mammalian
genomes in tens of thousands of copies. The majority
of L1 copies are truncated at their 5' ends. Such copies
cannot propagate by themselves, because they do not
encode the full-length reverse transcriptase. Their
amplification depends on reverse transcriptase
encoded by few full-length L1 copies. The full-length
copies are termed autonomous elements, whereas the
copies unable to encode functional polypeptides are
nonautonomous. The same is true for all LINE families.
Still another class is short retroposons, or short
interspersed repeats (SINEs). They are 100–500 bp
long. There are tens to hundreds of thousands of various SINE copies per genome. Individual copies usually differ from each other in substitutions of 10–30%
of nucleotides, which have arisen during the history of
a SINE in a genome. Copies that are closely similar to
each other and descend from a common ancestor form
a family. A mammalian genome typically has two to
four SINE families [7]. These repeats are abundant in
intergene regions and introns. Less often, they occur
in exons, usually, in untranslated regions. SINEs
encode no polypeptides, and their amplification
depends on reverse transcriptase produced by LINEs
(Fig. 1) [8, 9]. Thus, all SINEs are nonautonomous
mobile elements.
The first SINE families were found in the genomes
of rodents (B1 and B2) [10–13] and primates (Alu)
[14]. They form two major SINE types differing in the
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Fig. 1. Structures of SINEs: (a) murine B1 and (b) typical tRNA-derived SINE. Arrows indicate repeats; see text for other designations.

nature of ancestor nucleotide sequences. The
sequences of B1 and Alu are similar to that of 7SL
RNA, which is a component of ribonucleoprotein particles recognizing a signal peptide and participating in
the translation of secreted and membrane proteins
[15]. The B1 family was formed by the deletion of a
180-bp region from 7SL RNA, minor deletions and
duplications, and numerous nucleotide substitutions
(Fig. 1a). An A-rich region, usually termed tail, is
present at the end of B1. The primate Alu consists of
two sequences similar to B1: the left and right monomers. Thus, Alu is a dimeric SINE. There are few
SINE families that have originated from 7SL RNA.
The ancestor of the B2 element is alanine tRNA.
The head of B2 is similar to this tRNA. It is followed
by a region of unknown origin, and the 3' end bears an
A-rich tail. Most of the presently known SINEs are
organized in a similar manner (Fig. 1b), although the
tRNA ancestors and non-tRNA regions can be different. This type of SINE is the most widespread [7].
The third SINE type originates from 5S rRNAs.
Such elements were first described in the zebrafish
Danio rerio [16]. The head of this SINE is formed by
a sequence similar to 5S rRNA. It is followed by the
main body and tail. Other members of this type were
found in fishes [17] and mammals [18].
All the three RNA types that have given birth to
SINEs are transcribed by RNA polymerase III (Pol

III) rather than polymerase II (Pol II). The latter transcribes genes that code for proteins, including LINE
genes. SINEs are also transcribed by Pol III to yield
short RNAs [19, 20]. It is no mere chance that SINEs
are transcribed by this enzyme, which also transcribes
tRNA, 5S rRNA, and 7SL RNA. Unlike the Pol II promoter, the Pol III promoter is located within the transcribed sequence [7, 21]. Thus, the new genomic copy
produced by reverse transcription of a SINE RNA harbors a functional promoter, and it is ready for subsequent transcription cycles. In contrast to SINEs, retropseudogenes, which descend from protein-encoding
genes, lose their promoters. Therefore, they cannot be
transposed or propagated in the genome.
The structure of the Pol III promoter can be briefly
described as follows: In SINEs derived from tRNAs or
7SL RNAs, the promoter consists of two domains of
11 bp in length. They are termed boxes A and B and
separated by a 30–35 bp long region. The promoters of
5S rRNA-derived SINEs consist of three boxes: A, IE,
and C. The boxes are the most conservative SINE
regions.
The Pol III terminator also deserves brief mention.
It is known that Pol III-directed transcription is terminated at stretches of four or more T’s [19, 21]. Interestingly, most SINE families have no terminators of
their own. Their transcription continues beyond their
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Fig. 2. SINE replication. ORF is open reading frame (gene); see text for other designations.

boundaries and is terminated at occasional T
sequences in adjacent DNA regions.
The 3'-terminal regions of most mammalian SINEs
are A-rich sequences. All mammalian SINEs can be
divided into two subclasses according to the structures
of their A-rich tails [22]. A tail of the SINE subclass
that includes the rodent B2 sequence contains a transcription terminator and an AATAAA hexanucleotide.
Such SINEs are designated as T+, whereas SINEs
lacking the terminator and AATAAA, are T–. The transcription of B2 is terminated at the T block, and
poly(A) is synthesized at the 3' end of the resulting
small RNA [23]. The polyadenylation requires
AATAAA. This is a unique example of polyadenylation of transcripts produced by Pol III. The poly(A) at
the end of a SINE substantially prolongs its life and is
essential for its amplification.

According to current concepts [27, 28], new SINE
copies form as follows: The complex of SINE RNA
with LINE reverse transcriptase is transported into the
nucleus. The reverse transcriptase also possesses
endonuclease activity. It cleaves one strand of
genomic DNA in a region similar to the SINE tail. The
RNA tail is coupled with the corresponding DNA
strand, and the 3' end of the latter primes reverse transcription. When reverse transcription is completed,
the second DNA strand is cleaved, the second SINE
strand is filled, and gaps are repaired by host DNA
polymerases. The new SINE copy is bordered by 8–
16 bp direct repeats, termed target site duplications
(TSDs). The second TSD copy is formed by the asymmetric cleavage of genomic DNA and gap filling.
Practically, all SINEs are bordered by TSDs, which
tag the ends of SINE copies.

The tails of amphibian and fish SINEs, as well as
some mammalian ones, are shorter and differently
organized. They contain 3–5 bp long tandem repeats
(Fig. 2). Another specific feature of these SINEs is
that the tail is preceded by a 30–100 bp long region
similar to the 3' end of a LINE (Fig. 2) [24]. Examples
are Bov-B, CR-1, L2, and RSg-1. This region in SINE
RNA is recognized by the reverse transcriptase of the
corresponding LINE. Its reverse transcription gives
rise to a new SINE copy. In mammals, most SINE
families with A-rich tails have no region similar to the
counterpart LINE, namely L1. It is believed that the
poly(A) or the A-rich tail of such a SINE is recognized
by reverse transcriptase [25, 26].

While genomes bear enormous numbers of SINE
copies, few of them can propagate. Although most
SINEs are inactive, they are preserved in the genome.
They gradually degrade. On the other hand, the activities of SINE families vary with time. For example,
Ther-1 was active in mammalian ancestors, but now
human Ther-1 is inactive, whereas Alu still propagates
in the human genome [29]. Moreover, the term life
time can be applied to SINE subfamilies. The oldest
Alu subfamilies do not propagate any more. They
were active in different time periods, and SINE subfamilies in the genome differ in copy number significantly [30].
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SHORT INTERSPERSED ELEMENTS
IN PHYLOGENETIC RECONSTRUCTIONS
By the beginning of the 1990s, many phylogenetic
reconstructions based on gene sequences or corresponding protein sequences had been reported. They
concerned primarily mitochondrial DNA. These studies often led to anecdotic conclusions. For example, it
was reported in Nature that the guinea pig could not
be classified with rodents [31]. Later phylogenetic
studies, involving nuclear genes, greater numbers of
species analyzed, and mathematical methods of phylogenetic tree construction provided better agreement
with data obtained by other approaches. Nevertheless,
it should be indicated that many molecular phylogenetic conclusions disagree with morphological data.
To put it briefly, recent molecular studies revised the
classical view of the phylogeny of some taxa [32–34].
The evolutions of a gene and an organism can follow
different ways, and phylogenetic conclusions based
on gene analysis may be erroneous. This problem can
be solved by involving much more genes. However,
these data are unavailable for many species, and corresponding experimental studies are extremely laborious. In this respect, it is pertinent to use other methods, involving independent phylogenetic information.
Method of Families
In the early 1990s, we suggested the use of SINEs
as a source of phylogenetic data [35–37]. Our
approach implied that it should be determined what
species under study had a certain SINE family in their
genomes and what species had not. This information
can be obtained by dot hybridization or polymerase
chain reaction (PCR). All species having SINEs of a
particular family are considered to be closer related to
each other than to other species. In Fig. 3, species 1,
2, and 3 have SINEs of family A, whereas species 4
has not. Also, SINEs of family B are present in species
1 and 2 but not in 3 or 4. On this base, the tree depicted
in Fig. 3 is constructed.
This approach demands that certain SINEs should
have been identified in the genomes of the taxon under
study. If such SINEs are unknown, a universal method
proposed by us in 1999 [38] can be applied. At its first
step, PCR is conducted with small amounts of
genomic DNA and degenerate primers complementary to Pol III boxes A and B. The assumed SINE copies in the genome give rise to an amplificate that can
be used as a hybridization probe for screening the
genomic libraries of the species under study and
related species. New SINE families are identified by
the sequencing of the selected clones and sequence
alignment. On the base of the SINE consensus, specific primers can be designed to conduct PCR with
genomic DNA of species of interest. This analysis can

be performed in silico, if databases store sufficient
numbers of relevant nucleotide sequences.
The application of this method to rodents is shown
in Fig. 4. Several rodent SINE families are distributed
over the “classical” tree, presented by Romer in [39].
The distribution of one of them, named B1-dID, does
not match perfectly the notions of rodent phylogeny.
This repeat was found in species of three families:
squirrels (Sciuridae), mountain beavers (Aplodontidae), and dormice (Gliridae). In Romer’s tree, dormice were located in a different place, among myomorphic rodents (shown with an asterisk in Fig. 4).
According to the B1-dID distribution, we placed dormice close to squirrels and mountain beavers [40].
Later, the relation of these three families was confirmed by other scientists analyzing nuclear genes
[41].
In another example, a new mammalian superorder,
Afrotheria, was recognized by molecular phylogeny
[33]. In addition to elephants (Proboscidea), hyraxes
(Hyracoidea), and sirenians (Sirenia), it included
aardvarks (Tubulidentata), elephant shrews (Macroscelidea), and tenrecs with golden moles, formerly
considered unrelated but presently combined into
order Afrosoricida. Japanese scientists found the
AfroSINE family in the genomes of all these mammals [42]. This fact definitely proved that the recognition of the Afrotheria clade was correct, although it
aroused skepticism among morphologists.
One more new superorder is Supraprimates, or
Euarchontoglires [33]. It was independently recognized by Japanese scientists and our research team
[43, 44]. Only species of this superorder, unlike other
mammals, have SINEs derived from 7SL RNA.
Supraprimates include rodents, primates, and tupaias.
Like other authors [45], we believe that a long deletion inside 7SL RNA in the common ancestor of this
group gave rise to a retroelement, which, in turn,
begot successful SINEs: B1 in rodents and Alu in primates.
Not only SINE families but even subfamilies can
be phylogenetic markers. We cloned and sequenced
B1 copies from species of most rodent families. The
consensus B1 families for different rodent families
differ in nucleotide substitutions, deletions, and/or
duplications. The distribution of these characters
agrees with one of the modern rodent phylogenetic
trees [46].
Method of Insertions
In another SINE-based phylogenetic approach,
more elaborated and widespread, the presence of a
SINE copy is tested in a particular genomic locus
among species [47]. This test can be done by PCR
with primers complementary to nucleotide sequences
outside the SINE copy (Fig. 5). The amplicon is
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Fig. 3. SINE-based phylogenetic studies. Method of families. Probes A and B and primers A/A' and B/B' are specific to SINE families A and B, respectively. Arrows indicate times of SINE family emergence.

shorter if it contains no SINE. Phylogenetic reconstruction demands investigation of at least several
SINE-bearing loci. Species that have a SINE copy in
a certain locus are closer related than which do not
have one. If whole or partial genomic sequences are
known, this analysis can be done in silico, either
entirely or in combination with molecular experiments.
This method was first applied to the phylogeny of
human [48] and salmonid fish [49] genomes. The
presence–absence polymorphism for particular Alu
insertions was also broadly used in primate phylogeny, studies of the descent of man, and demography
(for review, see [30] and references therein). An astonishing discovery made by the insertion method was
that the order Cetacea forms a branch in the clade that
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includes even-toed ungulates (Artiodactyla). Thus,
hippopotamuses are closer related to whales than to
ruminants or pigs [50, 51]. This conclusion was later
confirmed by more conventional molecular methods
[32].
Inter-SINE PCR
In this phylogenetic method, PCR is conducted
with a genomic DNA template and labeled primers
complementary to SINE regions. The primers are
designed so that genome regions bordered by close
SINE copies should be amplified (Fig. 6). The reaction mixture is resolved into common and unique
bands. Phylogenetic trees are constructed by computer analysis of these bands. This method was first
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Fig. 4. Rodent phylogeny. Plus and minus signs indicate the presence or absence of a particular SINE in the genomes of corresponding family representatives [37, 40, 46, 72–74]. Arrows indicate times of SINE family emergence. The asterisk indicates the Gliridae
branching point according to [39].
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Fig. 5. SINE-based phylogenetic studies. Method of insertions. Arrows in the upper part indicate primers specific to the genomic
sequences of loci A and B. Arrows in the tree indicate times of SINE integration into loci A and B.

used in the analysis of Artiodactyla evolution [52].
Later it was successfully applied to the phylogeny of
Chiroptera [53], Insectivora [54–56], lizards [57], and
higher primates [58].
Comparison of the SINE-Based Phylogenetic
Method
Although some SINE copies may be important for
gene control, most of them have no functions and are
actually genomic parasites. They are neutral characters, and the only evolutionary process involving them
is slow degradation by means of random mutations.
Therefore, SINEs are convenient markers of evolution
of host species. The fact that SINEs in general and
their particular copies are functionless at the cellular
and organismal levels allows them to escape converMOLECULAR BIOLOGY
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gent evolution. This is their advantage over morphological traits and functional gene sequences.
Actually, SINE-based analysis is a special case of
phylogenetic analysis, which makes use of rare
genomic changes. Such changes include insertions
and deletions in noncoding sequences, integration of
LINEs or other mobile elements, gene reordering and
duplication, variation in the genetic code, etc. [59].
Short interspersed elements are relatively small, abundant, and readily detectable. Their families are very
diverse. They emerged as a result of many independent events, which is essential for the method of families. Owing to these features, SINEs are particularly
convenient and common among rare genomic changes
used in phylogenetic studies.
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Formally, the SINE-based methods of evolutionary
analysis rest on the following assumptions:
(1) A SINE family arises in the genome of a species and is inherited by all descendant species. A SINE
copy is inserted into a genomic locus, preserved there
for indefinite time, and inherited by all species of the
lineage.
(2) Independent emergence of identical SINE families in unrelated species is of negligible probability.
The probability of independent SINE integration into
the same site in genomes of different species is also
extremely low.
(3) SINE families cannot be transferred horizontally between phylogenetically unrelated species.
Our knowledge of SINE evolution indicates that
these assumptions are correct, with minor reservations. For example, although SINEs are generally
inserted into the genome in a random manner, LINE
endonucleases show certain specificity, and this fact
increases the probability of independent SINE insertions into one genomic site. Indeed, several cases of
such independent insertions practically into the same
region were reported [60], and, in one case, SINEs
were inserted precisely into the same genomic position [61]. However, such events are very rare, and
their influence on phylogenetic inferences may be
neglected.
Similarly, a SINE copy can be eliminated from the
genome. Such elimination can be nonspecific; that is,
a copy is deleted together with neighboring regions. In

this case, the elimination is readily detectable, and it
does not influence phylogenetic results. Specific elimination appears to result from recombination between
TSDs. It is estimated that 0.5–1% of all primate loci
differing in the presence of Alu are related to such
elimination rather than SINE integration [62]. These
problems apply only to the insertion method, and even
in this case, they can be coped with by examining
greater numbers of loci.
SINEs originate from cellular RNA pseudogenes,
most often, 3'-terminal regions of LINEs, whose
reverse transcriptase is exploited by corresponding
SINEs. Their emergence induces many other rearrangements: internal deletions and duplications. Specific nucleotide sequences of unknown origin in most
SINE families, located between the tRNA-like region
and the tail, deserve special attention. All these facts
indicate that the emergence of two identical or closely
similar SINEs is hardly probable, except so-called
simple SINEs, which consist of a sequence derived
from cellular RNA and an A-tail [63]. For example,
the following SINEs are derived from alanine tRNA,
show close similarity, but arose independently: rodent
ID, camel Vic-1, and armadillo Das-1. Thus, simple
SINEs are inappropriate for the family method but not
for the two other methods.
Horizontal transfer (HT) of retrotransposons is
constantly discussed among scientists. Horizontal
transfer of DNA transposons and LTR retrotransposons is quite common [64]. Long retroposons can
also experience HT, although it appears to be characMOLECULAR BIOLOGY
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teristic of few LINE families. An example is LINEs of
the Bov-B clade [18, 65]. Horizontal transfer of
SINEs was reported in several papers, and the very
term horizontal SINE transfer is even present in the
title of one of them [65]. Actually, most examples deal
with the transfer of nonautonomous LINEs formerly
classified with SINEs. The study of SINEs in the context of Salmonidae evolution was also interpreted in
terms of HT [66]. The SmaI SINE commonly occurs
and is very similar in the genomes of two distant
salmonid branches: Coregoninae, on the one hand,
and pink salmon and chum salmon, on the other hand.
Its copies in other species are few and less similar. On
the base of this fact, their horizontal transfer was conjectured [66]. In our opinion, this similarity has a simpler explanation. This SINE was active in the ancestor
of all salmonids but gradually lost its activity in all
non-Coregoninae fishes except for pink salmon and
chum salmon. The dissimilarity of the ancestral copies
is related to mutation accumulation, lasting since their
appearance in ancient salmonids. The same research
team also proposed another explanation, namely,
introgression [67]. The horizontal transfer of SINEs
and other DNA sequences from salmons into the
genome of the digeneous parasite Schistosoma japonicum was described in [68, 69]. The transfer of a SINE
from reptiles to the genome of their poxvirus was also
reported and not quite correctly interpreted as HT
[70]. The activity of these transferred SINE copies
was not proven, and it is hardly probable, because
SINEs are nonautonomous elements, and their amplification depends on corresponding autonomous
LINEs. Thus, the cases of SINE DNA transfer
MOLECULAR BIOLOGY
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described thus far cannot be regarded as horizontal
SINE transfer until its propagation in the recipient
genome is proven. Anyway, such cases of SINE DNA
transfer cannot distort the results of SINE-based phylogenetic analysis.
Sometimes, though, the results of SINE-based
analysis do not match the true phylogenetic tree. It
may happen in the case of incomplete lineage sorting.
In the course of very fast speciation, the initial character polymorphism, e.g., the presence of SINE copies
in certain loci, is preserved for some time after the
separation of the species, and their fixation is postponed (Fig. 7). This was the case with cichlids, fishes
of African Great Lakes, studied by Japanese scientists
[71]. The same phenomenon may be expected in interspecies crosses. Such exceptional cases are a challenge to all phylogenetic methods.
Another restriction in the application of SINEs to
phylogenetic studies is that they allow studying only
species that possess a particular SINE family. The
major function of this approach is to test controversial
evolutionary hypotheses, although their use in the
construction of phylogenetic trees of some taxa is not
ruled out.
In spite of all the restrictions, SINE analysis is a
convenient and reliable phylogenetic tool. During its
short history, it has been recognized by experts in evolutionary biology, skeptic about new methods. Moreover, its use resulted in important corrections in the
traditional mammalian phylogeny.
Intense genome sequencing increases the potential
of SINE-based phylogenetic studies. Even sequencing
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of one genome among species under study provides a
large set of SINE-bearing loci for analysis by the
insertion method. By now, this method has been used
mainly in studies on mammalian evolution, but one
might expect that it will be applied to evolution of
other vertebrates, invertebrates, and plants.
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