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Abstract. In these postgenomic times where aspects of func-
tional genetics and character evolution form a focal point of
human-mouse comparative research, primate phylogenetic re-
search gained a widespread interest in evolutionary biology.
Nevertheless, it also remains a controversial subject. Despite
the surge in available primate sequences and corresponding
phylogenetic interpretations, primate origins as well as several
branching events in primate divergence are far from settled.
The analysis of SINEs – short interspersed elements – as molec-
ular cladistic markers represents a particularly interesting com-

plement to sequence data. The following summarizes and dis-
cusses potential applications of this new approach in molecular
phylogeny and outlines main results obtained with SINEs in the
context of primate evolutionary research. Another molecular
cladistic marker linking the tarsier with the anthropoid pri-
mates is also presented. This eliminates any possibility of con-
founding phylogenetic interpretations through lineage sorting
phenomena and makes use of a new point of view in settling the
phylogenetic relationships of the primate infraorders.

Copyright © 2005 S. Karger AG, Basel

Primates, our own eutherian order, constitute a remarkably
diverse taxon. With at least 230 species recognized at present
(Rowe, 1996), primates appear to be one of the most successful
eutherian orders, surpassed in species number only by rodents,
chiropterans, insectivores and carnivores. Due to ongoing and
intensified field-work, the continuous generation of primate
sequence data and the application of genetic data in primate
taxonomy, evidence is mounting that the species diversity of
extant primates is actually greatly underestimated. Indeed, sev-
eral authorities in primate research propose an extension of the
primate species list to over 350 (see e.g. Groves, 2001; Geiss-
mann, 2002), leading to an anticipated increase in primate

biodiversity in the short term. This however should not detract
from the fact that many primate taxa are of considerable con-
servation concern or on the fringe of extinction due to habitat
destruction and hunting.

Recent compilations of extended molecular data sets – both
mitogenomic and nuclear types – suggest that extant eutherians
can be partitioned into four major groups, the Laurasiatheria,
Xenarthra, Afrotheria and the Euarchontoglires (Madsen et al.,
2001; Murphy et al., 2001a, b). Together with the orders of
rodents, lagomorphs, scandentians and dermopterans, pri-
mates are members of the latter.

Most experts consider rodents and lagomorphs to represent
monophyletic sister groups. The phylogenetic affiliations
among the remaining members of the Euarchontoglires, the pri-
mates, flying lemurs (Dermoptera) and tree shrews (Scanden-
tia) however remain highly disputed. This is all the more sur-
prising since complete genome sequences from humans and the
mouse as the prime mammalian model are now at hand, mark-
ing the beginning of the postgenomic era and setting the stage
for a central role of human-mouse comparisons in biomedical
science. In this context, the effect of human-mouse sequence
differences on transcriptomes and proteomes, the increase in
transcriptome and proteome complexity on the lineage to
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humans through alternative splicing, RNA editing, epigenetic
and posttranslational modifications for example are just a few
likely candidates for future biomedical research. Knowledge of
the phenomena that shape the spatio-temporal pattern of tran-
scriptomes and proteomes during the development of organ-
isms is hoped to contribute to our understanding of what makes
us human.

Any analysis of character evolution, whether focusing on
morphological, molecular, physiological or behavioral charac-
ters, requires a solid phylogenetic framework in order to dis-
criminate between homology and analogy. Since non-human
primates are the closest relatives of Homo sapiens, it is obvious
that the phylogenetic history of primates and their closest
eutherian relatives provides a link to the mouse as a model
organism. Their phylogenetic history thus forms part of our
own evolutionary history.

A prime objective of retroposon research in primates and
their closest relatives is to unravel their phylogenetic relation-
ships. This is all the more important since a closer look at pri-
mate evolutionary research reveals several discrepancies be-
tween interpretations based on neontological and palaeontolog-
ical morphological data. Discrepancies are also apparent on a
molecular level between mitochondrial (mt) DNA- and nuclear
(nuc) DNA-based data. Due to their entirely different ap-
proach, retropositional analyses allow alternative topology pro-
posals to be tested, providing a fresh approach to gridlocked
phylogenetic problems that seem to resist all available sequence
data.

At the same time, phylogenetic research on the “pattern”
clearly represents only one aspect of retroposon research in pri-
mates and primate-related taxa. Considering the sheer number
of retroposons already transpositionally quiet or still showing
evidence of mobility, it is possible that these sequences and
their steady emergence have considerably influenced genome
function, plasticity and architecture over evolutionary time
and continue to do so at present (for review see Brosius, 1999).

Retroposons

As typical eutherian genomes primate genomes are pep-
pered with a variety of repetitive sequences that form a major
part of the respective genome but display no global function
(Smit and Riggs, 1995). The bulk of these discernible se-
quences, constituting more than 40% of the human genome
(Nekrutenko and Li, 2001), represents remnants of transposi-
tional activity of mobile molecules that were major factors in
shaping the genomes of extant taxa during their evolution.
Mobile sequences can move from their parent genomic location
to their target either by a cut and paste mechanism involving a
DNA intermediate, or they transpose replicatively by a copy
and paste mechanism via an RNA-intermediate (retroele-
ments). The former are usually designated as class II elements.
Class I or retroelements can be further partitioned into major
groups, for instance elements that code for their own reverse
transcriptase, thus allowing autonomous transposition. This
group includes the non-LTR (long terminal repeat) elements
such as LINEs (long interspersed elements) and LTR elements

as well as the true retroviruses. Short interspersed elements
(SINEs) form another type of elements in this group with non-
autonomous transposition, exploiting instead the enzymatic
retropositionary machinery of other elements such as LINEs.
During their retroposition, the RNA intermediate is reverse
transcribed by a process called target primed reverse transcrip-
tion (TPRT). The complete reverse transcription and reintegra-
tion process is apparently mediated by factors provided by the
LINEs which encode both proteins with reverse transcriptase
and endonuclease activity (Luan et al., 1993; Feng et al., 1996;
Jurka, 1997; Kazazian and Moran, 1998; Kajikawa and Okada,
2002).

Repetitive elements and all types of transposition clearly
contributed to the configuration and plasticity of the eutherian
genomes. Investigations of retropositions as phylogenetic
markers must therefore bear in mind that all above phenomena
might have had functional implications during the process of
genome construction, for instance by generating novel protein-
coding domains or modulating genes and their spatio-temporal
expression (reviewed in Brosius, 1999).

In this review, we will limit ourselves to the “pattern” prob-
lems of evolutionary research and the question of how SINEs
can be used to test phylogenetic hypotheses. The sole focus on
SINEs as transposable markers is simply due to the fact that
these are most commonly used in phylogenetic studies. Theo-
retically, other elements that transpose replicatively and are
excluded from horizontal transfer could equally serve as phylo-
genetic marker systems, for instance non-LTR elements (shown
in Malik et al., 1999). Another reason for favoring SINEs in
phylogenetic examinations is that short SINE sequences can
easily be checked for presence/absence at orthologous loci. In
addition, the high copy number of SINEs generally available in
a typical eutherian represents an almost inexhaustible source of
information on the evolutionary history of a certain genome.

To date, LINE-based phylogenetic analyses mostly draw on
presence/absence analyses of complete LINE-families or the
use of LINE-based sequence information in certain taxa (Ver-
neau et al., 1998). Comparative analyses of orthologous endog-
enous retroviruses, integrated retroviral sequences or their
remnants were mostly used to show the evolutionary history of
the viral sequence. Rarely were they employed as a phylogenet-
ic marker system for their hosts (Sverdlov, 2000).

SINEs appear to be the most abundant class I sequence to be
traced in eutherian genomes. They typically range between 75
and 500 bases in size and may be amplified to a copy number
well beyond 1104 total copies per genome. The majority of the
eukaryotic SINE families described so far can be traced back to
a tRNA ancestor, with a minority apparently derived from 7SL
RNA. A common feature of both types of SINEs are their inter-
nal promoter sequences which are specific for RNA polymerase
III (Okada, 1991a, b).

Primates and some primate-related taxa harbor both types
of SINEs in their genomes (see below). However, the most suc-
cessful primate-specific SINE in terms of broad taxonomic dis-
tribution and copy number per genome is the so-called Alu
SINE with an approximate full length of 300 bp. Over one mil-
lion Alu sequences have been identified in the human genome,
comprising about 10% of its overall sequence (Li et al., 2001).
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Alu copy number estimates for other primate species are rare,
however great apes and strepsirrhine representatives are esti-
mated to harbor several hundred thousands of Alu copies in
their genomes as well. The typical dimeric Alu repeats are pri-
mate specific. After dimerization from so-called free mono-
mers, they expanded in number in a wave-like fashion during
primate divergence. Alu sequences are frequently found in
introns, untranslated regions of genes and intergenic genomic
regions (Deininger and Batzer, 1993; Makalowski et al., 1994).

Available data on the taxonomic distribution of all eukary-
otic SINE families described to date suggests that specific SINE
families originated and amplified in particular taxonomic
groups. These families can be further divided into subfamilies
on the basis of diagnostic substitutions. Like all other mam-
mals, primates for instance harbor so-called MIR sequences,
which are assumed to have spread through the genome of a
common ancestor that predated the current mammalian diver-
gence.

After reintegration into the host genome, SINE sequences
are assumed to evolve neutrally. Paralogous MIR sequences in
the human genome are therefore highly divergent, suggesting
coalescence on an element that was active early in mammalian
evolution. On the other hand, primates also harbor the Alu
sequences mentioned above, whose greater similarity suggests a
more recent origin of the primate Alu element. Indeed, the ori-
gin of the typical primate Alu sequence is correlated with the
emergence of the primate order. Although Alu sequences close-
ly resemble one another, they can be further subdivided into
different subfamilies based on diagnostic mutations. This
might be explained by the possibility that only a small subset of
Alu elements is retropositionally active for a certain period,
thus serving as an Alu source or “master” gene (Deininger et al.,
1992). Two different models of SINE evolution were proposed,
both referring to the retropositional activity of offspring SINEs.
On the one side the master gene hypothesis predicts that a few
active “master” SINEs are capable of retropositional amplifica-
tion (Deininger et al., 1992), whereas the “multiple source gene
model” forecasts that the progeny SINE copies can potentially
propagate at the same extent as the parent SINEs they are
derived from (Schmid and Maraia, 1992). Different models
apparently apply to different SINEs, with primate Alu-se-
quences being discussed to follow the source gene model (re-
viewed in Shedlock and Okada, 2000). We speculate that cer-
tain SINEs can also follow a mode of dispersal that is interme-
diate between these two extreme assumptions. Alu-source
genes accumulate diagnostic new mutations over time and
establish a set of Alu subfamilies that retroposed in chronologi-
cal order, starting with the oldest (Alu-J), leading on through
the intermediate (Alu-S) and ending with the youngest (Alu-Y)
(Batzer et al., 1996). Although some older Alu families might
still be active at a very low level (Johanning et al., 2003), the
majority of Alu elements sticks to this chronological order of
transpositional activity. Some of the young Alu elements de-
scribed for humans have been integrated at their genomic loca-
tion so recently that they have not become fixed and are absent
at the respective orthologous sites in great apes (Batzer and
Deininger, 1991; Perna et al., 1992; Batzer et al., 1994).

SINEs as cladistic markers

Much research has been directed at the biology, genetics and
genome shaping as well as functional implications of retropos-
able elements. As temporal landmarks of evolution, SINEs
have also gained widespread application in evolutionary biolo-
gy. The reason for this is that SINEs are assumed to represent
powerful noise-free Hennigian synapomorphies as formulated
by Shedlock and Okada (2000).

Considering the relatively unspecified targets and the size
of a typical primate nuclear genome, the chance of SINE
sequence integrations independently involving the same tar-
gets is negligible even over evolutionary time scales. Moreover,
SINE integrations are assumed to be irreversible events since
no biological mechanisms have yet been described for the pre-
cise re-excision of class I transposons. A clear differentiation
between ancestral and derived character state at the respective
locus thus becomes possible. Both features – the virtual lack of
homoplasies combined with a clear character polarity – render
SINE integration markers ideal tools for determining the com-
mon ancestry of two taxa by a shared derived transpositional
event (Hamdi et al., 1999; Shedlock and Okada, 2000). Since
both features of SINE integrations are relevant for the applica-
tion of SINE markers in evolutionary research, a few more
details concerning these properties will be exemplified for the
most abundant primate SINE, the Alu sequence, in greater
detail. Although Alu repeats may preferentially integrate into
locally AT-rich regions in chromosome R bands (Korenberg
and Rykowski, 1988; Matera et al., 1990) or might have a ten-
dency to prefer integration into DNA regions that can adopt
alternative structures, for instance kinks, no unambiguous tar-
get sequence or hotspot has yet been reported for Alu integra-
tions based on comparing the integration flanking-repeats re-
presenting the target sites of integration (Jurka et al., 1998)
(see below).

Although an increase in available comparative data might
lead to the definition of some rare hotspot sites, as was the case
in completely unrelated SINE-LINE combinations in rodents
(Cantrell et al., 2001), it is reasonably safe to assume that SINE
markers will still display far lower convergence frequencies and
parallelisms than sequence data and complex morphological
characters. Alu insertions, present at the orthologous positions
in different genomes, can thus be reliably considered identical
by descent.

Another major factor pointing to a true orthology of Alu ele-
ments are their flanking direct repeats. The presence of short
direct repeats flanking the SINE suggests integration in the tar-
get genome via staggered end breaks. These might result from
endonucleolytic enzyme activity that can be attributed to a
LINE-encoded endonuclease mediating the reintegration into
the nuclear genome (Feng et al., 1996; Jurka, 1997). The undu-
plicated repeat sequence can thus be considered a target of the
integration, which means that even minute differences in the
integration sites can theoretically be pinpointed (Salem et al.,
2003a, b). As a last point, the sequence information of the
repeat unit itself might be sufficient to clearly assign the Alu
element to a certain subfamily. Identity of the Alu subfamily is
a further sign of true orthology, although rare gene conversion
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Fig. 1. Schematic representation of the experi-
mental strategy used to analyze the presence/
absence pattern of intronic Alu sequences at or-
thologous loci. Primers are placed in conserved
exonic regions to check for intronic Alu elements
that are characterized by a fragment size increase
of about 300 bp (in A and B). Note, that the
absence of an orthologous Alu-element is charac-
terized by a fragment size shift of the respective
PCR product of about 300 bp (C). Sequencing of
the products should reveal Alu-flanking direct
repeats (DR) and the respective sequence in un-
duplicated form represents the unoccupied inser-
tion target sequence (open box for species C). The
most parsimonious scenario of the Alu integration
is displayed as well. St denotes the size standard.

events might act to confound interpretations based on subfami-
ly diagnoses (Salem et al., 2003a, b).

A further huge advantage of Alu integrations compared to
sequence data for instance is the complete absence of homo-
plasies resulting from character reversals. Since it is virtually
impossible to precisely re-excise an Alu element, discriminat-
ing between the presence of an Alu insertion (reflecting the
derived character state) and an unoccupied target site (reflect-
ing the ancestral state) is just a matter of technique. The latter
state is hallmarked by the presence of the target site which is
the repeat sequence next to the SINE integration in undupli-
cated form. In technical terms, PCR primers need to be
placed well away from the Alu element and some single-copy
flank. A shorter fragment thus signals the absence of an Alu
element, while a fragment ca. 300 bp longer signals presence
(Fig. 1).

Naturally, SINE-based molecular cladistic analyses also
have some limitations. One problem is that most SINEs are
located in non-coding regions, regions which usually display
considerable genetic distances in the context of analyzing deep-
er splits in primate divergence. As a consequence, PCR primers
might not possess targets sufficiently conserved to allow effi-
cient amplification across highly divergent taxa. To counter
this, Schmitz et al. (2001) used intronic SINEs as markers that
allow the placement of primers in conserved exonic regions,
thus amplifying the encompassed intron together with the
SINE. Successful amplification at least can be obtained for
probably all members of an order, with cross-order amplifica-
tion as an extended possibility.

One major disadvantage compared to conventional se-
quence analyses is that presence/absence analyses of Alu ele-

ments are purely cladistic, meaning they do not inform on the
timing of splitting events. However, this entirely different
approach renders molecular cladistic analyses an ideal comple-
ment to classic sequence analyses for example. The purely cla-
distic nature of Alu transposition does not mean that temporal
correlations are altogether lacking. As outlined above, most Alu
elements can be classed into subfamilies – categorized by diag-
nostic mutations – each of which has its own time frame of
retropositional activity. After being transposed, SINEs stay in
place and decay according to a neutral mode of sequence evolu-
tion. This means that Alu elements active millions of years ago
should be able to resolve phylogenetic splittings that took place
during that same period of time. Alus transposed very recently
can thus be used to reconstruct human infraspecific phyloge-
nies, whilst older Alu-subfamilies are suitable for investigating
the deep splits in primate phylogeny, e.g. the affiliation of tar-
siers to other primate groups.

Another problem affecting every polymorphic marker sys-
tem is the uneven distribution of ancestral polymorphisms into
progeny lineages, a phenomenon termed incomplete lineage
sorting. This affects very recent splits as well as deeper, consec-
utive splitting events that took place within a short period of
time. Since the effective population sizes accompanying a split-
ting event are mostly unknown, it is difficult to determine
whether a SINE marker was fixed in the ancestral progenitor
population at the base of the consecutive split. It is therefore
advisable to collect split-specific SINE information at multiple
independent loci in order to test for any inconsistencies in
marker interpretations that might have been caused by lineage
sorting (Takahashi et al., 2001). Complete human sequence
information and huge data sets from other primates now allow
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the characterization of sufficient numbers of SINE markers to
avoid errors in this respect.

Murata and coworkers (1993) first demonstrated the poten-
tial of retroposons as phylogenetic markers to uncover salmo-
nid phylogenetic relationships. Primate SINE analysis in the
context of primate evolutionary biology was first suggested by
Ryan and Dugaiczyk (1989). Since then, the seminal work of
the Okada group mainly working on Cetacea and salmonids has
contributed much in other taxonomic groups to this field. A
short description of the current state of research within and
around primates is given below. For the sake of clarity the
remaining phylogenetic questions in primate and primate-
related taxa will be summarized in more or less “chronological”
order, using one possible splitting pattern of primates and their
closest relatives as a guide.

Primate origins and affiliation to other eutherians

Primates are characterized by a long list of common mor-
phological features (Napier and Napier, 1967) such as primi-
tive pentadactyly, enhanced mobility of the digits, nail devel-
opment and the evolution of full stereoscopic vision. The defi-
nition of what actually constitutes a primate and separates it
from other eutherians however is a problematic and complex
issue. No unique morphological, physiological or behavioral
character appears to exist that can be regarded as an undis-
puted synapomorphy, thus defining a clade to comprise all pri-
mate taxa. Many of the “typical primate” morphological char-
acteristics represent retentions of ancestral features, and many
“typical primate” features are behavioral or depend on soft tis-
sue anatomy. Identifying a fossil and assigning it to the pri-
mates is thus a delicate task. Earliest primates are only margin-
ally different from the representatives of other eutherian or-
ders. Based on fossil evidence, the origin of extant primates is
currently traced back to two species of the archaic primate
genus Purgatorius which lived in North America and Eurasia at
least 65 MYA during the late Cretaceous and early Paleocene
(Shoshani et al., 1996).

A major concern with fossil evidence and primate origins
and early evolution is the low sampling level. Tavaré and co-
workers (2002) suggest that the fossil record only shows 7% of
all primate species that ever existed. Taking this into account
and applying a new statistical method that uses diversification
patterns to estimate species preservation, they estimate that the
most recent common ancestor (MRCA) of all primates existed
about 81.5 million years ago (MYA). This is considerably older
than previous estimates based on Purgatorius fossils for in-
stance.

Evidence is also mounting that the archaic primates or Ple-
siadapiformes are much more diverse than previously as-
sumed. Various phylogenetic constellations have been pro-
posed and are still being discussed for the different plesiadapi-
form families, including the Micromomyidae, Saxonellidae,
Carpolestidae, Plesiadapidae, Picrodontidae and Paromomyi-
dae and extant members of the Archonta superorder, i.e. the
euarchontan orders Primates, Dermoptera, Scandentia and
Chiroptera (reviewed in Martin, 1993). Molecular data ob-

tained from extant taxa provides valuable assistance in forming
theories on the phylogenetic affiliations between primate and
non-primate crown groups and can help to direct the develop-
ment of evolutionary hypotheses on the archaic primates.

Currently, the two eutherian orders of Dermoptera (flying
lemurs) and Scandentia (tree shrews) are being discussed as
potential extant sister groups to the primates. Molecular evi-
dence – both nuclear and mitogenomic – supporting an exclu-
sion of bats from a close alliance to primates is now strong
(Pumo et al., 1998; Teeling et al., 2000). The supposed close
phylogenetic relationship between Dermoptera and Chiroptera
is probably based on convergences that emerged with the evolu-
tion of gliding or flight.

Indeed, Beard (1990, 1993) observed similarities in post-
cranial features and phalangeal morphology of paromomyids
and extant taxa, suggesting that some genera of the Plesiadapi-
formes might be more directly linked to Dermoptera. He also
suggests that the former possessed a gliding membrane (patagi-
um) similar to extant flying lemurs (for an alternative discus-
sion see Kay et al., 1990).

Sequence data from flying lemurs are at hand, but the phylo-
genetic results obtained from these are contradictory. This
remains the case even when different taxonomic samplings are
taken into account.

Most unexpected to primatologists was the close affiliation
of dermopterans to anthropoid primates, which was proposed
from a composed mtDNA and nuclear data set (Murphy et al.,
2001a) and through complete mtDNA information alone (Ar-
nason et al., 2002). The term “Dermosimii” was introduced to
denote the close phylogenetic relationship between anthropoid
primates and the dermopterans. This effectively rendered the
primates a paraphyletic group.

This complex problem is a prime example for how SINE
evidence can help to test conflicting phylogenetic hypotheses.
Indeed, the above constellation is not corroborated by SINE
data. On a multi-locus level, Schmitz and co-workers (2002b)
were able to show that dermopterans have no or at least an
enormously reduced copy number of Alu sequences compared
with primates.

Naturally, the mono-locus presence/absence analysis of
SINEs at orthologous loci has all the benefits of a clear underly-
ing formal genetic model. However, the multi-locus approach
with its simultaneous analysis of virtually all paralogous Alu
sequences of a taxon’s genome is a quick and simple experi-
mental procedure that does not require any additional se-
quence information other than the SINE sequence itself. Hy-
bridization with a specific SINE probe allows a relatively pre-
cise assessment of the presence of the respective SINE in a taxo-
nomic group, permitting even a rough estimate of the respec-
tive SINE copy number.

In the topology proposed by Arnason et al. (2002) this would
stipulate a simultaneous elimination of hundreds of thousands
of Alu copies from the genome of dermopterans once they split
off from the lineage leading to the ancestor of anthropoid pri-
mates. Alu hybridization data therefore agree with the long-
held perception that the spreading of dimeric Alu elements is
restricted to primates. On the other hand, single loci bearing
Alu elements observable in tarsiers could not be traced in der-
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Fig. 2. The “Dermosimii” problematics revis-
ited. Both multilocus (Alu-SINEs) as well as single
locus evidence point towards a clear monophyly
of primates thus excluding the postulated close
phylogenetic relationship of the Dermoptera to
anthropoid primates based on mitogenomic infor-
mation. Strepsirrhini and Tarsioidea designate
the representatives of the two deepest splits in pri-
mate divergence.

mopterans, whose orthologous loci instead display the ancestral
character state of an unoccupied target (Schmitz et al., 2002a).
Moreover a set of three monolocus markers that are shown
by representatives of all primate infraorders to the exclusion
of other, non-primate eutherians including dermopterans
(Schmitz et al., 2002b; Schmitz and Zischler, 2003) could be
defined thus corroborating primate monophyly from a retropo-
sitional site (summarized in Fig. 2).

Accordingly, dermopterans still need to be considered a pos-
sible sister group of primates, although they do not share pri-
mate variability. This raises the question why mitochondrial
DNA data for instance yield such an interpretation. Rather
than reflecting true phylogenetic relationships, the unexpected
positioning of the dermopterans is considered the result of a
similar mtDNA base composition. This effect is assumed to be
so strong that even combined mtDNA and nuclear data sets
might be affected (Schmitz et al., 2002a, b).

Apart from the dermopterans, the members of the eutherian
order Scandentia form another candidate sister group of pri-
mates. Living representatives of this order are generally subdi-
vided into two subfamilies, the Tupaiinae and Ptilocercinae.
Tupaiinae, or tree shrews, are actually a misnomer since they
are not unvaryingly arboreal. They represent a small radiation

of eutherians with 18 extant species currently recognized and a
geographical range restricted to southern and south-east Asia
(Martin, 1990). Varying phylogenetic affiliations attributed to
this taxon indicate the uncertainty that continues to be associ-
ated with scandentian evolution. Taxa currently assigned to the
Scandentia have previously been included in the insectivore
subgroup Menotyphla or were recognized as the deepest pri-
mate split before constituting their own mammalian order of
Scandentia (Martin, 1990).

Tupaias display a complex mixture of plesiomorphic and
apomorphic morphological characters (Starck, 1978; Martin,
1990), hampering the definition of a clear phylogenetic posi-
tion. The scarcity of fossils pertaining to the early primate
emergence and divergence, the problem of “early primate defi-
nition” and the scanty fossil record accompanying tupaian evo-
lution render the development of consistent hypotheses on
euarchontan evolutionary history all the more difficult.

SINE information is expected to be a main factor in solving
this question and verifying the different hypotheses on euar-
chontan affiliations.

With the exception of xenarthran species, different SINE
families and subfamilies have been described in many lineages
of the four major eutherian clades proposed e.g. in Murphy et
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Fig. 3. Summary of the presently discussed evolutionary history of 7SL-
derived SINEs in the Euarchontoglires group of eutherians. The dotted arrow
indicates a possible close phylogenetic affiliation of rodents and the Scanden-
tia, an issue that requires more data for a concluding appraisal.

al. (2001a, b) (see Shimamura et al., 1997, 1999; Nikaido et al.,
2003). Current research therefore focuses on defining SINEs in
those Euarchontoglires that constitute a phylogenetic link be-
tween the different orders. Interestingly, several Euarchonto-
glires harbor SINEs that are apparently derived from 7SL
RNA, including the rodent B1, the primate Alu, and the scan-
dentian Tu type I and II SINE families (Nishihara et al., 2002)
(see also Fig. 3).

No 7SL RNA derived SINE family has yet been detected in
rabbits or flying lemurs. The lagomorph genome harbors the C
repeat SINE family (Cheng et al., 1984) which appears to be
derived from tRNA genes (Sakamoto and Okada, 1985).

Recently, Schmitz and Zischler (2003) characterized tRNA-
derived elements in the flying lemur genome, results which
were corroborated by Piskurek et al. (2003). These tRNA-
derived elements display different degrees of tandem reitera-
tion and deceptively constitute the major class of SINEs in
these genomes. Similar elements could not be traced in primate
genomes for example. This is corroborated by the fact that
family members display only little divergence among each oth-
er, which is indicative for their coalescence into a recent ances-
tor. Of the 7SL-derived SINEs, all recognized Alu SINE sub-
families are exclusively distributed throughout the primate
genomes (Britten et al., 1988; Schmid, 1996). Primate Alu ele-
ments represent a dimer that originated by a fusion of the left
and right monomer (FLAM and FRAM). An even more ancient
monomer unit that forms part of the Alu family was named
FAM (Quentin, 1992a, b, 1994). Because of the similarity of
the FLAM sequence to a precursor sequence of the rodent B1
family, it is reasonable to assume that the precursors of primate
Alus, rodent B1 and scandentian Tu elements, the FLAMs and

FAMs, might have been created in a common Euarchontoglires
ancestor, implying that these monomers were transpositionally
active during these times. However, direct evidence for the
existence of these monomer sequences in the genomes of tree
shrews or flying lemurs is still lacking, which might also be
explained by sequence divergence that took place in the long
and independent evolutionary history of the euarchontan or-
ders. A substantially different initial copy number and/or activ-
ity state of these elements after speciation is another explana-
tion. Interestingly, both tupaias and some strepsirrhine taxa –
the loriforms (see below) – harbor a compound 7SL and tRNA-
derived SINE in their genomes (Tu type I and II and the galago
type II element). These not only resemble each other in terms of
compound make-up, but also in terms of the secondary struc-
tures of the respective tRNA-derived regions (Nishihara et al.,
2002). These sequences were speculated to have emerged from
monomer-building blocks present in a common Euarchonto-
glires ancestor. However, the challenge remains of setting
appropriate criteria of parsimony for the several scenarios
charting the origin and history of these elements. The same goes
for other mutually exclusive evolutionary scenarios of 7SL-
derived SINEs of Euarchontoglires that mainly hinge on the
phylogenetic position of tupaias (Fig. 3).

Mono-locus data for the presence/absence of these elements
in different orders are unlikely to be obtained, although the
sequence divergence among the members of this group is con-
siderable. This suggests a deep coalescence of the elements into
an active progenitor sequence. The limited copy number (ca.
102) will probably not be sufficient for establishing informative
mono-locus data able to elucidate the relationships between the
different euarchontan orders. This is due to the fact that PCR
strategies are required based on conserved primer targets, e.g.
in exonic regions, in order to enable cross-order amplifications
of integration targets which usually evolve rapidly without any
selective pressure.

A picture thus emerges that although we learn a lot about
their evolution, 7SL-derived SINEs can probably not be used
for establishing sister group relationships among the different
Euarchontoglires on the mono-locus level.

Alternative scenarios however could be verified by exploit-
ing other SINEs abundantly represented in our genomes. Se-
quence comparisons among family members reveal that differ-
ent SINE families coalesce into common ancestors which were
active during different periods of eutherian or primate evolu-
tion. In this respect MIR sequences in the human genome for
instance show a far more pronounced mutual substitution lev-
el, suggesting that the vast majority of active MIR sequences
existed prior to primate divergence. It appears that MIRs are
slowly numerically superseded by the Alu SINEs during pri-
mate divergence with the latter even establishing a different
mode of retrotransposition (Kajikawa and Okada, 2002).
Whilst these are highly informative for our recent history, the
former should yield information on eutherian evolution pre-
ceding the most recent common ancestor of primates. Consid-
ering the copy number of these sequences and the availability
of complete genomic sequences of mouse and humans, retropo-
sitional evidence for euarchontan affiliations is likely to be-
come available in the near future.



Cytogenet Genome Res 108:26–37 (2005) 33

SINEs and primate phylogeny

Less disagreement exists about the phylogenetic affiliations
between and within the major primate groups. Probably, the
most challenging problem involving the different primate in-
fraorders is the positioning of the Tarsiiformes, primates with a
current geographical distribution in Southeast Asia.

In line with the order of branching events though, the review
will first consider the deepest primate split which gave rise to
strepsirrhine primates.

This group is commonly divided into two or three infraor-
ders, the Lemuriformes and the Chiromyiformes, geographical-
ly exclusively restricted to Madagascar, and the Lorisiformes
found on the two continents Africa and Asia. Strepsirrhines
form a remarkably diverse group of primates constituting ca.
20% of all living primate species. Current species distribution
and accepted palaeocontinental reconstructions suggest an
African origin of strepsirrhines with two subsequent migrations
to Madagascar and Asia. The colonization of Madagascar was
accompanied by a remarkable adaptive radiation resulting in
the broad diversification of extant Lemuriformes. At least 33
extant lemuriform species are currently known to inhabit Mad-
agascar, classified into the Lemuridae, Lepilemuridae, Indrii-
dae, Cheirogaleidae and Daubentoniidae families. This is all
the more surprising considering the small area lemurs inhabit
on the Malagasy island. A long-standing, ongoing question is
how often Madagascar was colonized by lemuriform ancestors.
Apart from the subfossil lemurs, strepsirrhine ancestors are
poorly documented in the fossil record. Also, both the timing
and the physical crossing of the Mozambique channel from
Africa to Madagascar remain much disputed. A significant
oceanic barrier separated Madagascar from Africa and the
Indian subcontinent at least 165 and 88 MYA respectively.
Even those estimates that interpret the fossil record in favor of
an earlier primate MRCA and an earlier diversification of
extant clades (Tavaré et al., 2002) would still need to deal with
this problem. Hard to imagine at any rate, the crossing of such a
huge water barrier is difficult to conceive as a repetitive event
occurring several times in the history of Malagasy primates.

Phylogenetic reconstructions based on morphological evi-
dence however do not yield unequivocal proof of monophyly of
Malagasy lemurs and therefore fail to specify a single coloniza-
tion event. Some morphological features, related to the intra-
cranial blood supply for instance are shared by both the Mala-
gasy cheirogaleids and the African galagids. This has repeatedly
led to suggestions for a closer phylogenetic affiliation between
the Cheirogaleidae and the galagids (reviewed in Martin, 1990),
a tree topology that would support at least two independent
colonizations of Madagascar. Molecular data firmly place the
cheirogaleids with the lemuriforms, a conclusion further cor-
roborated by SINE evidence.

In terms of SINE evidence, the cheirogaleid-galagid prob-
lem mirrors the issue of the Dermoptera-Primate affiliation.
The lorisiform genome, including that of the galagids, harbors a
composite tRNA-7SL-derived SINE that cannot be traced in
any other strepsirrhine outside the lorisiform group (Roos et
al., 2004). This multi-locus SINE evidence rules out an affilia-
tion of Malagasy cheirogaleids and African galagids: Hundreds

of thousands of copies of the respective SINE would need to be
eliminated from the genome of the cheirogaleid ancestors,
clearly rendering this phylogenetic association virtually impos-
sible.

Another problem regarding the monophyly of Malagasy
lemurs is far more complicated and concerns the position of the
aye-aye (Daubentonia madagascariensis). On a morphological
and molecular level, conclusive evidence for the aye-aye’s posi-
tion and its relation to other Malagasy lemurs is still lacking.
Alternative topologies have been proposed showing the aye-aye
at the base of all strepsirrhines, joined with the Indriidae or not
fully resolved with respect to other strepsirrhines (e.g. Arnason
et al., 1998).

A conclusive SINE analysis could assist in settling the ongo-
ing debate about the phylogenetic affiliations of the classical
Malagasy lemur families, the Cheirogaleidae, Indriidae, Lemu-
ridae and Lepilemuridae. For this however, a presumed radia-
tion-like branching pattern must be taken into account which
took place shortly after the lemur ancestors colonized Madagas-
car, most likely after Daubentonia split off. In such a scenario,
lineage sorting, the unequal distribution of ancestral polymor-
phisms into progeny lineages, is a likely obstacle for the genera-
tion of consistent interpretations based on presence/absence
data of SINEs at orthologous loci. To solve this problem of the
retropositional marker site, several SINE markers informative
for a certain branch will be required.

On the intraordinal taxonomic level, the most striking cla-
distic problem in evolutionary primatology concerns the phylo-
genetic affiliations of Tarsius to other extant primates. Differ-
ing taxonomic categorizations reflect the uncertainty concern-
ing the tarsier position in the primate phylogenetic tree. One
model separates Tarsius from the simians and assigns it to the
prosimian group together with lemurs and lorises. A second
taxonomic grouping places Tarsius with the New World and
Old World monkeys in a group called Haplorrhini, which is
separate from the strepsirrhines, the lorisiform, lemuriform
and chiromyiform primates. In classical terms, the problem is
mostly due to a conflict between neontological and palaeonto-
logical morphological data. As far as the molecular site is con-
cerned, strong discrepancies exist between interpretations
based on mitochondrial or nuclear data sets. At first, deviations
from a purely neutral mode of mtDNA-evolution were invoked
to explain this apparent misplacing (Andrews et al., 1998).
However, the unexpected positioning of Tarsius in an mtDNA-
derived phylogenetic tree could be explained by the same phe-
nomenon of base composition plasticity of mitochondrial
DNA that was outlined above for the Dermoptera-Anthropoi-
dea (Schmitz et al., 2002a, b). Most nuclear DNA data sets
firmly place Tarsius as a sister to the anthropoid primates
(“omomyid theory”), thus supporting the haplorrhine group-
ing. Analyses of fossil records favor alternative evolutionary
tree topologies which either place Tarsius as a sister group to
the Strepsirrhini (“adapid theory”), show Tarsius to branch off
before the Anthropoidea-Strepsirrhini split or give rise to a
polytomy involving all three taxa. The Tarsius position is a very
delicate problem since Tarsius is the only surviving genus of a
formerly diverse group of Eocene Tarsiiformes. A major obsta-
cle in solving it is the long independent history of Tarsius and
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Fig. 4. (A) Alu sequences located in intronic regions were determined in
database searches. Markers were chosen applying the criteria of available
mouse sequences and manageable PCR fragment size. The SINE marker pre-
sented here is located in the serine palmitoyl transferase, subunit II gene on
human chromosome 14 (AF111168) and defined as a FLAM A sequence
(free left Alu monomer). Exonic primers (5) CTG GTG GAA GAT GTG
GAC AC and 5) TRT CTA CCT TAC TCC TGT ATG C) were applied in
standard hot start PCRs with 30 cycles, each consisting of 30 s at 94 °C, 30 s
at 57 ° C, and 60 s at 72 °C. The PCR fragments obtained from Tbe: Tupaia
belangeri, Cv: Cynocephalus variegatus, Lt: Loris tardigradus, Lc: Lemur cat-
ta, Ts: Tarsius syrichta, Tb: Tarsius bancanus, Sf: Saguinus fuscicollis, Aa:
Aotus azarae, Cg: Colobus guereza, Mm: Macaca mulatta and Hs: Homo
sapiens (from right to left) were electrophoresed, ethidium bromide stained
and are displayed with markers on both adjacent lanes. The taxa belonging to
the anthropoid primates, tarsiers and the strepsirrhines (strep) are marked.
Sequences were obtained from all taxa shown here, with the following respec-
tive accession numbers: AY388632-41. (B) Schematic drawing of the phylo-
genetic affiliations of the main primate groups. Alu-C7, Alu-C9 and Alu-C12

designate the most parsimonious integration time span for 3 Alu elements
previously described (Schmitz et al., 2001). Alu-C14 designates the marker
presented here. Altogether 4 different SINE markers clearly unite tarsiers
and anthropoid primates in a monophylum of haplorrhines to the exclusion
of the strepsirrhines and non-primate outgroups (not shown).

its high likelihood of acquiring autapomorphies, compounded
by the fact that this one genus cannot properly reflect the com-
plete tarsiiform diversity that once existed.

SINE evidence for the Tarsius position has so far been
obtained using two very different approaches. The first was
based on sequence comparisons of primate Alus, including Alu
sequences from Tarsius. This approach resulted in a position-
ing of Tarsius as a sister to the anthropoid primates (Zietkie-
wicz et al., 1999). In another SINE analysis, Schmitz et al.
(2001) analyzed the presence/absence pattern of 118 human
loci containing intronic Alu sequences. Figure 1 displays the
basic methodology of this approach.

Three Alu SINEs were found to be present at orthologous
sites in Tarsius and all anthropoids. The respective unoccupied
integration target sites were found in all strepsirrhine represen-
tatives and the non-primate outgroups. A degree of mutual
dependence was considered for these analyses (Yoder, 2003),
alleviating the phylogenetic information on this SINE-based
approaches. However, these two analyses may not be compara-
ble since the first relies on a multi-locus approach and analyzes
paralogous sequences at the same time. Presence/absence infor-
mation however is a single-locus approach that makes use of all
the advantages provided by a well-defined formal genetic mod-
el. Further retropositional evidence for a close affiliation of
anthropoids and Tarsius was also provided by Kuryshev et al.
(2001). All data on retrotransposons support the haplorrhine
scenario, with only lineage sorting phenomena constituting a
possible interference. We therefore went on to characterize
more human loci for the presence of intronic SINEs, focusing
on those that could be checked for their presence/absence pat-
tern throughout primate divergence. In this way we were able to
define an intronic SINE in the serine palmitoyl transferase,
subunit II gene on human chromosome 14, represented by a
FLAM A sequence. Figure 4A displays the banding pattern
obtained after electrophoresing the respective PCR products
applying exonic primers that encompass the SINE-containing
intronic region. While shorter fragments were observed for the
non-primate (Cv: Cynocephalus variegatus and Tbe: Tupaia
belangeri) and strepsirrhine representatives (Lc: Lemur catta,
Lt: Loris tardigradus), the tarsiers (Tb: Tarsius bancanus, Ts:
Tarsius syrichta) and all anthropoid primates (Hs: Homo
sapiens, Mm: Macaca mulatta, Cg: Colobus guereza, Aa: Aotus
azarae and Sf: Saguinus fuscicollis) exhibit fragments that are
about 150 bp larger in size. The most parsimonious explanation
is represented in Fig. 4B and schematically displays the integra-
tion of the FLAM (designated Alu C14) in the lineage to the
most recent common ancestor of tarsiers and anthropoid pri-
mates after the strepsirrhine split-off.
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Together with the SINE integrations previously described
(Alu C7, C9 and C12; Schmitz et al., 2001) this represents four
strong molecular cladistic arguments in favor of a sister group
relationship of tarsiers and anthropoid primates. Interestingly,
the very SINE is identified as a FLAM A sequence supposed to
constitute the fusion partner of the primate specific dimeric
Alu that was retropositionally active before the primate diver-
gence. Two explanations are possible. Firstly, a deletion could
have taken place eliminating exactly one half of the transposed
Alu after its integration. This would have to have taken place
before the tarsiers split off from the lineage leading to the
anthropoids. It is proposed that Alu SINEs or their constituting
monomers become completely transpositionally inactive after
reintegration into the genome. However, there is growing evi-
dence that this “dead on arrival” mechanism is not unvaryingly
applicable for each SINE (see for example Skryabin et al.,
1998).

The likelihood of lineage sorting confounding the interpre-
tations based on four SINE integrations is exceedingly low.
Taken together, mono-locus evidence described here and in
Schmitz et al. (2001) as well as multi-locus evidence from dif-
ferent SINEs (Zietkiewicz et al., 1999; Kuryshev et al., 2001),
the monophyly of haplorrhine primates (Anthropoidea and
Tarsiiformes) is strengthened by an entirely new perspective.

For the catarrhines (Cercopithecidae and Hominoidea) and
platyrrhines (New World monkeys), together constituting the
group of higher or anthropoid primates, other phylogenetic
questions remain a focal point of debate.

Platyrrhines, though inhabiting only one landmass, are
enormously diverse in terms of anatomy, behavior, mating
strategies, social systems, locomotion and feeding adaptations.
Altogether, 16 New World monkey genera exist. The number of
species united in these genera however fluctuates since the
accepted taxonomy is now considered overly split or too strong-
ly lumped.

New World monkey phylogeny research is hampered by the
fact that the extant platyrrhine diversity probably results from a
radiation that took place after the platyrrhine ancestors entered
South-central America. In addition, the scant fossil record ren-
ders it extremely difficult to define primitive features as a pre-
requisite for the determination of synapomorphies. Morpholo-
gy-based phylogenetic research on platyrrhines is therefore
partly contradictory and the subject of controversy.

The most basic issue is that of New World monkey origin
and the question of how the platyrrhine ancestors colonized
their present geographic range. Several scenarios exist for plat-
yrrhine origins and transocean migration events. Although all
of these require a crossing of water barriers or lowering of sea
levels, several features such as skin histology, hair follicle
arrangement, immunological and cytogenetic findings appear
to reject a common origin of extant platyrrhine taxa. This
would postulate repeated transocean migration.

SINE data from three independent loci strongly point to a
monophyletic origin of extant New World monkeys (Singer et
al., 2003) corroborating SINE evidence in the Major Histocom-
patibility Complex (Kriener et al., 2001) and other molecular
data based on sequence comparisons.

Retropositional data are also at hand for the claw-bearing
Callithrichids, the “dwarfs” among the simian primates that
with the exception of Callimico regularly give birth to twins.
The phylogenetic affiliations among the callitrichine genera
Callithrix, Saguinus, Leontopithecus and Callimico and their
relation to the other New World monkeys have therefore long
been the subject of debate.

A first SINE analysis with several platyrrhine genera gener-
ated retropositional indications supporting a monophyly of all
callithrichines including Callimico. Findings also seemed to
support a close phylogenetic association of callitrichines with
Cebus, Saimiri and Aotus (Singer et al., 2003). No retroposi-
tional evidence has yet been gained for other sister group rela-
tionships among platyrrhines. From a SINE-based perspective
at least, platyrrhine phylogenetic relationships have therefore
not been satisfactorily resolved. More data are urgently re-
quired to eliminate the notorious lineage sorting problem since
platyrrhine history, characterized by radiation like evolution, is
predestinated to cause problems in this respect.

Catarrhines, the cercopithecoid monkeys and hominoids,
represent the youngest group of primates. The main difference
to the arboreal New World monkeys is that these mainly
ground-dwelling animals were able to invade the grasslands,
thus adapting to an entirely new ecological situation. Extant
catarrhines include the Cercopithecoidea (Cercopithecinae and
Colobinae) and the hominoids including the gibbons, orang-
utans, gorillas, chimpanzees and bonobos. With the exception
of humans, their geographic distribution is restricted to Africa
and Asia. Fossil records however can be interpreted to place
apes and monkeys in Eurasia at 5 to 17 MYA. A synthetic view
on catarrhine evolution combining neontological – including
molecular – and palaeontological data is at hand (Stewart and
Disotell, 1998). All types of evidence are remarkably con-
gruent. In contrast to the relatively clear phylogenetic relation-
ships among the Papionini, a group of catarrhines consisting of
the genera Macaca, Papio, Theropithecus, Lophocebus, Man-
drillus, Cercocebus (Page and Goodman, 2001), the affiliations
among the Cercopithecini (comprising Cercopithecus, Chloro-
cebus, Erythrocebus, Allenopithecus, Miopithecus) is probably
in greater dispute. However, many of the splitting events dis-
cussed – see e.g. the macaque radiation – will not be suitable for
SINE-based analysis since the splits are usually recent or
assumed to be radiation-like, increasing the likelihood for poly-
morphic SINEs to be encountered. One question apparently
well suited to SINE-based investigation is that of monophyly of
Asian and African colobines. How often colobines colonized
the Asian landmass is still a matter of dispute. Molecular cladis-
tic approaches could help to approach this problem from a new
perspective. However, the unavailability of material suitable
for molecular analyses renders thorough taxonomic sampling
nearly impossible. SINE examinations require a certain
amount of relatively undegraded DNA, which is a clear draw-
back compared to the fecal sample-based mtDNA analyses for
instance. Sample availability is also a problem for the gibbons,
a group of “small” apes. Molecular sequence data (e.g. Roos
and Geissmann, 2001) and chromosomal analyses allow the
gibbons to be classed into four different genera Nomascus,
Symphalangus, Bunopithecus and Hylobates. Corroboration of
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the exact branching pattern by SINEs however is hampered by
the fact that genetic material from animals not crossbred with
other members of the same genus – a problem usually encoun-
tered in zoo populations – is difficult to access. Recently, SINE
evidence for the major hominoid splits was created giving
retropositional evidence e.g. for a clear sister group relationship
between chimpanzees and humans while clearly distinguishing
both lineages (Salem et al., 2003b).

For all recent splits, SINEs will be of great value as a popula-
tion genetic marker system (Batzer and Deininger, 2002).
Recently transposing Alus, as is the case for the human Ya, Yb,
Yc, and Yd sequences (Carroll et al., 2001; Roy-Engel et al.,
2001), are likely to be encountered in other species, too. Grow-
ing data sets will lead to a situation where the real impact of
SINEs on the architecture of primate genomes can finally be
estimated, as already discernible in recent human evolution.
Large data sets will allow the characterization of new insertion
polymorphisms, lineage specific deletions and gene conver-
sions for those Alu integrations (Salem et al., 2003a, b). Apart
from small changes in regulatory regions or major chromosom-
al rearrangements by breakage, religation or segmental duplica-
tion, the position of interspersed repeat sequences constitute
additional important forces possibly altering gene function and

regulation, potentially resulting in major phenotypic changes
(Samonte and Eichler, 2002).

Incoming primate sequence data will provide first indica-
tions of a possible regulatory function of at least several SINE
sequences in the genomes of the different primates or other
taxa.

Thus, retroposon analyses are worthwhile experimental ap-
proaches for both pattern and process in primate evolutionary
research. Our recording and understanding of the molecular
differences between the single primate taxa are still limited.
Also, we are only just beginning to appreciate the fascinating
uniqueness of individual primate taxa, quite apart from their
mutual phylogenetic affiliations and affiliation to humans.
Given the threatened status of a considerable number of the
animals discussed above, we would do well to remember our
responsibility for preserving this uniqueness and variability.
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