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Abstract We screened across the taxonomic diversity of
order Scorpiones (22 species belonging to 21 genera and
10 families) for the presence of seven different clades of
non-LTR retrotransposons in their genomes using PCR
with newly designed clade-specific consensus-degenerate
hybrid oligonucleotide primers. Scorpion genomes were
found to contain four known non-LTR retrotransposon
clades: R1, I, Jockey, and CR1. In total, 35 fragments of
reverse transcriptase genes of new elements from 22
scorpion species were obtained and analyzed for three
clades, Jockey, I, and CRI1. Phylogenies of different
clades of elements were built using amino acid sequences
inferred from 33 non-LTR retrotransposon clones.
Distinct evolutionary lineages, with several major
groups of the non-LTR retroelements were identified,
showing significant variation. Four lincages were re-
vealed in Jockey clade. The phylogeny of I clade showed
strong support for the monophyletic origin of such
group of elements in scorpions. Three separate linecages
can be distingiushed in the phylogenetic tree of CRI
clade. The large fraction of the isolated elements ap-
peared to be defective.
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Introduction

Non-LTR retrotransposons are mobile genetic elements
that propagate themselves by reverse transcription of an
RNA intermediate. The elements of this class have no
long terminal repeats and utilize a simpler target-primed
reverse transcription (TPRT) mechanism for their ret-
rotransposition (Luan et al. 1993). Non-LTR retro-
transposons presumably evolved from group II introns
(Malik et al. 1999) that also make use of TPRT in their
mobilization (Zimmerly et al. 1995).

Non-LTR retrotransposons have been found in many
eukaryotes investigated up to date. The copy number of
these elements may vary from just several copies per
genome (some elements in Drosophila melanogaster;
Berezikov et al. 2000) to over 800,000 copies (~20% of
the genome) for L1 elements in human (International
Human Genome Sequencing Consortium 2001). Several
enzymatic activities can be distinguished in proteins
encoded by non-LTR retrotransposons (Malik et al.
1999). The key component is reverse transcriptase that is
present in all non-LTR elements. The second component
is endonuclease, which is provided by restriction-en-
zyme-like endonuclease (REL-endo) domain in some
elements and by apurinic/apyrimidinic (AP) endonucle-
ase in other elements. The first ORF, if present, encodes
a gag-like protein with the function of a nucleic acid
chaperone (Martin and Bushman 2001). Finally, some
elements also contain ribonuclease H (RNase H)
domains.

Phylogenetic analysis of non-LTR retrotransposons
based on the reverse transcriptase domains allowed
distinguishing 15 phylogenetic clades (Malik et al. 1999;
Malik and Eickbush 2000; Volff et al. 2000; Lovsin et al.
2001; Arkhipova and Morrison 2001; Burke et al. 2002).
Based on structural and phylogenetic features of differ-
ent elements, Malik et al. (1999) developed a scenario for
the evolution of non-LTR retrotransposons and dem-
onstrated that non-LTR elements are inherited strictly



by vertical transmission. According to this scenario, the
most ancient clades of non-LTR retrotransposons
(GENIE, CRE, R2, NeSL-1, and R4) contain only one
ORF and show site-specific distribution in the genomes
(Malik et al. 1999; Malik and Eickbush 2000), which is
provided by REL-endo encoded by these elements.
During further evolution of mobile elements, the REL-
endo domain was substituted with an apurinic/apyri-
midinic (AP) endonuclease domain acquired from the
host cells. All younger clades (L1, RTE, Tad, R1, LOA,
I, Jockey, CR1, Rexl, and L2) possess this AP endo-
nuclease domain. The acquisition of the AP endonucle-
ase resulted in losing target site specificity for all the
elements (except for the R1 clade and some elements
from the L1 clade), and coincided with the origin of a
second ORF in front of the RT-encoding ORF. Finally,
elements of some clades obtained one more enzymatic
domain in the second ORF, the RNase H domain.

Mobile elements, particularly non-LTR retrotrans-
posons, are the powerful tools for phylogenetic analysis.
The integration of a non-LTR retrotransposon to a new
place is an irreversible event. Non-LTR retrotranspo-
sons, once inserted in chromosomal DNA, appear to be
fixed. On the other hand, insertions are insignificantly
trifling into the same independent locus in unrelated
lineages. One more phenomenon, horizontal transfer of
non-LTR retrotransposons, is believed to be very rare;
therefore, the distribution of non-LTR retrotransposons
among species generally reflects their phylogenetic rela-
tionships. The most popular transposon-based marker
method is the sequence-specific amplification polymor-
phism approach (S-SAP), also called ‘“‘transposon dis-
play” (Casa et al. 2000). The S-SAP markers were
developed for a wide range of taxa, in particular in
plants (Casa et al. 2000; Kentner et al. 2003; Vershinin
et al. 2003), insects (Zampicinini et al. 2004), and fungi
(Taylor et al. 2004; Keiper et al. 2003).

Scorpions (Arachnida: Scorpiones) have been a sub-
ject of intensive, systematic, and evolutionary investi-
gation in recent decades (Kjellesvig-Waering 1986; Polis
1990; Gantenbein et al. 1999; Fet et al. 2000; Brownell
and Polis 2001; Fet and Selden 2001; Froy and Gurevitz
2003; Soleglad and Fet 2003; Coddington et al. 2004).
This fact is due to many unique features of this ancient
arachnid group as well as high toxicity for mammals
known in some of its taxa, namely in the family Buthi-
dae. The first comprehensive morphology-based analysis
of extant scorpion relationships at the high systematic
level has been published recently (Soleglad and Fet
2003). A number of molecular markers applied to
scorpion phylogeny included mostly mitochondrial
genes at species and genus levels (Soleglad and Fet
2003). One of our objectives was to select a new set of
molecular markers for the ongoing phylogenetic analysis
of various scorpion groups.

No transposable elements from scorpions have been
previously identified. The main objective of this study
was to screen a number of scorpion species across the
taxonomic diversity of this arachnid order for the pres-
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ence of non-LTR retrotransposon families, which can be
used in the clarification of phylogenetic relationships.
Distinct evolutionary lineages of the non-LTR retroel-
ement sequence were identified, showing significant
variation. Some of the identified groups can be useful for
resolving the relationships not only among families or
genera but also at species level.

Materials and methods
Species collecting and total DNA isolation

Table 1 lists all the taxa of scorpions used in the present
study and their geographic origin. Taxonomy is given
after Soleglad and Fet (2003), with further amendments
from Soleglad et al. (2005). Live scorpions were collected
in nature and preserved in 96% ethyl alcohol. Detailed
label data are available from the authors. Total DNA
extraction and PCR amplification have been done
according to the standard techniques as described pre-
viously (Gantenbein et al. 1999; Guryev et al. 2001;
Soleglad and Fet 2003).

PCR amplification

Degenerate oligonucleotides for seven selected clades of
non-LTR retrotransposons were newly designed by
inspection of conserved amino acid sequences in the RT
domains of different published non-LTR retroelements.
In total, four sense and six antisense degenerate primers
were selected. Seven combinations of these primers were
unique to seven selected clades of non-LTR retrotrans-
posons: R2 clade (R2-S=TATCTTCTTCTCCnggnceng
aygg and R2-A =CAATAGGCGATAAnggrtcnce ytg);
R4 clade (R4-S=GTTTACATAATTGgaarkcncengg
and R4-A=TAAGCGGCGACAAnswrtcnceytg); Joc-
key clade (Jockey-S=AGCTCAAGCCAAAramrkence
ngg and Jockey-A=CAAAAACACTGCCytgnggnacn
cc); CRI1 clade (R2-S and Jockey-A); R1 clade (R2-S
and RI1-A=CAGAGATCGATCCytgngkrencc); LOA
clade (LOA-S=CACTTAAAGGTTCngcncenggnyt and
LOA-A =AGGGAGATAAAGGnswnceytrngg AAGG
CGATAAAACncynccytgngg); and I clade (R2-S and I-
A =AAGGCGATAAAACncynceytgngg), where Y =
C+T,R=A+G,K=G+T,W=A+T,S=G+C, and
N=A+G+C+T.

PCR amplification was performed using 0.1 pg of
genomic DNA in 10-pl volume of 10 mM Tris—HCI (pH
8.9), 1 mM (NH,4)»,SOy4, 1.5 mM MgCl,, 200 uM each of
four dNTPs, 0.5 uM primers, and 2.5 units of Tag
polymerase. After an initial denaturation step for 3 min
at 94°C, the PCR reactions were subjected to 30 cycles of
amplification consisting of 30 s denaturation at 94°C,
42 s annealing at 52°C, and 1 min extension at 72°C.
PCR results were assayed by agarose gel electrophoresis.
PCR fragments of expected size were cloned into
pBlueScript (KS+) vector using standard procedures.
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DNA sequencing

Clones were amplified by PCR with M13 primers, and
40 ng of the product was used in a 10 ul cycle
sequencing reaction with the ABI BigDye Terminator
Kit on an ABI 377 DNA sequencer. Sequences were
deposited to GenBank under accession numbers
AY894757-AY894789 and DQO084212, DQO084213
(Table 1).

Phylogenetic analysis

The amino acid sequences of newly identified RT and
RT from GenBank database were aligned using Clu-
stalW software (Thompson et al. 1994) and edited
manually. Phylogenetic trees were generated by Neigh-
bor-Joining (NJ) method using MEGA2 software
package (Kumar et al. 2001). RT domains of R2 and
CRE clements were employed for rooting the trees.
Statistical support for the trees was evaluated by boot-
strapping (100 replications) (Felsenstein 1985).

Results and discussion
Detection of retroelement-like sequences

Our aim was to screen a large set (22 species) of scor-
pions from various systematic groups in order to identify
the non-LTR retrotransposons. The known distribution
and phylogenetic analysis of non-LTR retrotransposons
based on the reverse transcriptase domains allowed
expecting the presence of at least seven clades of non-
LTR retrotransposons in scorpions: R2, R1, R4, LOA,
Jockey, CR1, and I. All these clades contain elements
known from the arthropods. However, three of those
clades consist of site-specific elements, which are not
useful as molecular markers in sequence-specific ampli-
fication polymorphism analysis. Elements from R2 and
R1 clades are site-specific for the rRNA genes, while
members of the R4 clades are site-specific for either the
rRNA genes or simple repeats (Jakubczak et al. 1991;
Burke et al. 1995). In addition, elements from CR1 clade
are known from a wide range of animal taxa in com-
parison with R2, R1, LOA, Jockey, and I clades,
members of which were detected mainly in insects. Thus,
the possibility to discover CR1-like elements in scorpi-
ons was higher than for other groups. The degenerate
oligonucleotide primers for all seven clades were de-
signed and several species were screened. In total, we
designed four sense and six antisense primers based on
the sequences of known elements. Seven combinations
of these primers were unique to seven selected groups of
non-LTR retrotransposons from arthropods (see Mate-
rials and methods).

Twenty-two scorpion species were screened by PCR.
Consistent with the spacing of the amino acid sequence
domains, the primers amplified PCR product of ca.
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500 bp. None of the investigated species showed the
positive PCR results with primer combinations for R2,
R4, and LOA groups of elements (Fig. 1). It is possible
that these groups can be altogether absent from scorpion
genomes, or they can be highly divergent from known
elements so that our primers were not appropriate for
detection.

The products with expected size were obtained for the
R1, Jockey, CR1, and I groups (Fig. 1). In total, 155
clones were isolated for Jockey, CR1, and I groups; 75
of them were obtained for CR1 group, 51 for I, and 29
for Jockey. More than half of the clones were homolo-
gous to the RT. Some products were found to have the
same primer at both ends but showed the presence of RT
domain: they can represent rearranged copies or frag-
ments inserted into each other.

Jockey group of elements

The primers designed for Jockey group isolation
proved effective at amplifying fragments of expected
size in 19 out of 22 species investigated. We selected
eight species belonging to the two different parvorders
and five families (Soleglad and Fet 2003): parvorder
Buthida: Liobuthus kessleri and Mesobuthus gibbosus
(Buthidae); parvorder Turida: Hadrurus hirsutus
(Caraboctonidae), Anuroctonus pococki, Chactas retic-
ulatus, and Brotheas granulatus (Chactidae), Pseudou-
roctonus apacheanus (Vaejovidae), and Hadogenes
bicolor (Hemiscorpiidae). The amplicons obtained using
Jockey primers were cloned and sequenced for these
species. In total, 29 nucleotide sequences were isolated,
which generally included two to three clones for the
each eight species investigated. After preliminary iden-
tification of reverse transcriptase fragments by com-
parison with sequences in the GenBank databases, it
was found that two and three clones which were iso-
lated from M. gibbosus and H. hirsutus displayed no
presence of reverse transcriptase. The majority of other
obtained Jockey clones contained an interrupted re-
verse transcriptase. However, four clones isolated from
four different species held intact reverse transcriptase
(Table 1). Additionally, translated products of two
clones were interrupted by single stop codons and no
frameshifts were detected. The BLAST search demon-
strated a strong similarity of all these six sequences
to the known elements from Jockey clade. Therefore,
the designed Jockey primers proved to be suitable
for isolation of the appropriate RT domain from
scorpions.

Pairwise comparisons of the 24 Jockey-like retro-
transposon fragments showed nucleotide similarity of
88.1-93.9% within species and a wide range of 50.3—
72.7% between species. Pairwise comparisons of the
amino acid sequences were implemented only for six
Jockey-like retroelements, which were either intact or
contained single stop codon as in the case of PapJockey
from P. apacheanus and CreJockey from C. reticulatus.
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Fig. 1 Electrophoretic analysis
of PCR product of seven non-
LTR retrotransposons clades
from two scorpion
species—Hadogenes bicolor and
Grosphus madagascariensis. The
third line in each set is the
negative control. Size marker
(100 bp DNA Ladder,
Medigen) is indicated in the
rightmost lane of gel. The
arrowhead indicates the position
of band 500 bp in length

«—500bp

Amino acid similarity ranged from 83.1% between
BgrJockey and CreJockey to 39.4% between HbiJockey
and LkeJockey.

More detailed analysis of the elements was performed
by NJ analysis of six new amino acid Jockey-like se-
quences (see Table 1) and the non-scorpion sequences
from the GenBank database (accession numbers shown
on the tree) as shown in Fig. 2. Elements R2 from D.
melanogaster and CRE] from Crithidia fasciculata were
used as the outgroup. NJ phylogeny demonstrated 59%
bootstrap support for the monophyletic origin of the
Jockey-like elements from the arthropods including
newly isolated elements but showed high diversity
among the scorpion elements. Two major clusters of
Jockey-like scorpion elements can be distinguished with
relatively high bootstrap supports at 85 and 69%.

One well-supported cluster consists of three elements
with more than 80% similarity isolated from scorpion
species belonging to the same family, Chactidae (Apo-
Jockey from A. pococki, CreJockey from C. reticulatus,
and BgrJockey from B. granulatus) and one element
from Bombyx mori, which displayed more than 70%

Fig. 2 Phylogenetic tree based
on the RT domain of Jockey-
like retrotransposons showing

similarity with ApoJockey, CreJockey, and BgrJockey
elements (71.5, 73.6, and 76.5%, respectively).

The second group included the remaining three ele-
ments from scorpions (LkeJockey, HbiJockey, and
PapJockey) and known elements from invertebrates. It
was not expected that elements from different scorpion
species would show higher similarity with known ele-
ments from different insects rather than with other
scorpion elements. However, the similarity between
LkeJockey and retroelement from B. mori was 62.6%
while its similarities with HbiJockey and PapJockey were
only 39.4 and 42.3%, respectively. The same situation
was observed with HbiJockey and PapJockey: the simi-
larity between HbiJockey and element from the tick
Amblyomma americanum is 52%, and between Pap-
Jockey and element from the mosquito Anopheles ara-
biensis is 54.5%, whereas similarity between HbiJockey
and PapJockey was only 43.4%. The relationships
among these three different lineages of elements remain
unresolved.

Thus, we for the first time identified diverse Jockey-
like elements from various groups of scorpions. The

94— ApoJockey

93 CreJockey

the position of the newly
identified elements from 85
scorpions: ApoJockey;

BgrJockey

CreJockey; BgrJockey;

HbiJockey; PapJockey; and
LkeJockey. Percentages of 59
bootstrap support, from 100

Bombyx mori AAQ57129
g4 — Hbidockey

replications, are indicated for

branches with >50% support.
The accession numbers of RT
protein sequences of known 69

——— Amblyomma americanum AAD39461

81 PapJockey

elements are given following the
species names

Anopheles arabiensis CAB53559
Chironomus tentans AAB04627

89 Bombyx mori AAA17752

92

LkeJockey

R2 Drosophila melanogaster CAA36225
CRE1 Crithidia fasciculata AAA75435




similarity and phylogenetic analyses revealed a high
divergence in the Jockey-like retroelements among
scorpion families, with at least four divergent lineages.
Scorpions are the most ancient arthropod lineage in
which the representatives of Jockey-like elements are
found. In addition, the Jockey clade includes subclades
of elements common for both scorpions and insects ra-
ther than being specific for these arthropod groups. We
could assume therefore that the origin not only of
Jockey clade but also of its subclades predates the evo-
lution of insects, and was present already in the common
arthropod ancestor of insects and chelicerates. Earlier
we studied Jockey clade elements in detail in Chiro-
nomidae (Insecta: Diptera). These data, in addition to
the results of the present study, indicate that the Jockey
clade has a relatively recent origin compared to other
retroposons since it contains not only a large number of
groups but also a large number of intact elements.

I group of elements

Following the PCR analysis, in which the product of
expected 500 bp in length was obtained for 20 species,
amplicons were cloned and sequenced from 9 scorpion
species belonging to the 2 parvorders and 7 families:
parvorder Buthida: Centruroides exilicauda, Lychas
mucronatus, and Mesobuthus gibbosus (Buthidae); parv-
order lurida: Iurus dufoureius (Iuridae), Brotheas gran-
ulatus (Chactidae), FEuscorpius carpathicus
(Euscorpiidae), Heterometrus spinifer (Scorpionidae),
Paruroctonus stahnkei (Vaejovidae), and Bothriurus
flavidus (Bothriuridae). Altogether, 51 clones were iso-
lated as potentially containing reverse transcriptase gene
sequence, from 3 to 7 clones for the each of 9 species
analyzed. After sequencing and comparison with Gen-
Bank database, only 31 of the sequences were found to
be homologous to the RT domain of non-LTR retroel-
ements. None from three clones isolated from I. dufo-
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ureius, five clones from E. carpathicus, and four clones
from H. spinifer contained reverse transcriptase. Among
the clones obtained from B. granulatus and P. stahnkei,
some did not carry any sequences similar to RT (four
clones from each species), and some showed clear simi-
larity to RT (two and three clones, correspondingly).
Unfortunately, the translation products of the RT-
inclusive clones from B. granulatus and P. stahnkei
contained frameshifts and many stop mutations. They
were obtained from defective elements and could not be
included into the phylogenetic analysis. Most of RT-
containing clones from the remaining 4 species were also
interrupted, in total 19 clones. However, several isolated
clones were intact: three clones Mgil-2, Mgil-3, and
Mgil-4 from M. gibbosus, two clones Bfll-1 and BflI-2
from B. flavidus, and CexI from C. exilicauda showed
non-defective translation product (Table 1). Addition-
ally, translation of clones Lmul from L. mucronatus and
Mgil-1 each carried only one stop codon and no
frameshifts.

For the scorpion I-like elements analyzed, intraspe-
cific nucleotide similarity ranged from 42.5 to 95.4% in
26 sequences, while interspecific similarity ranged from
34.2 to 51.6%. Pairwise comparisons of the amino acid
sequences within species showed an average similarity of
84.3% among Mgil-1, Mgil-2, Mgil-3, and Mgil-4 ele-
ments, and 76% between elements Bfil-] and Bfil-2.
Interspecific similarity ranged from 44.8% between
Mgil-2 and Lmul to 63.1% between Mgil-2 and BflI-2.

The phylogenetic tree resulting from the NJ analysis
of I-like elements sequences from scorpions and known
elements from GenBank database showed strong sup-
port for a monophyletic origin of lineage I-like elements
from scorpions, with bootstrap value 84% (Fig. 3). Two
clusters could be recognized within isolated elements.
The first included the elements from scorpions which
belong to the parvorder Buthida: Mgil-2, Mgil-3, and
Mgil-4 elements isolated from M. gibbosus, and CexI
elements from C. exilicauda. The bootstrap support for

Fig. 3 Phylogenetic tree based 98— Bfll-2

on the RT domain of I-like

retrotransposons showing the —— Bfll-1

position of the newly identified

elements from scorpions: BflI-1, 81 100 Mgil-3

2; Mgil-2, 3, 4; CexI; and Lmul.

Percentages of bootstrap 100 —— Mgil-2

support, from 100 replications, 4 )

are indicated for branches with 8 Mgil-4

>50% support. The accession 73

numbers of RT protein Cexl

sequences of known elements 81

are given following the species Lmul

fames Anopheles gambiae EAL41575
88 —— BMC1 Bombyx mori BAA76304

100 Lymantria dispar AAC72921

R2 Drosophila melanogaster CAA36225
CRE1 Crithidia fasciculata AAA75435
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separation of this cluster was 73%. The second cluster
consisted of elements BflI-1 and Bfll-2 from B. flavidus
which belongs to another parvorder, Iurida. This ex-
pected result reflects the basic dichotomy between these
two parvorders and the relatively ancient (possibly
Permian-Triassic) event of clear separation between
these two major scorpion parvorders. Independent
evolution of Buthida and Iurida agrees firmly with all
earlier morphological and molecular studies (Soleglad
and Fet 2003). Finally, Lmul element was placed by the
NJ analysis not into the first or second cluster but rep-
resented a separate clade. This element could belong to a
different lineage of I-like retrotransposons from scorpi-
ons. On the other hand, the divergence of Lmul element
most likely is a result of the inactivation and degrada-
tion of this element. As opposed to Jockey clade, I-like
elements from scorpions did group along the phylogeny
of their host organisms, so we can suggest that only one
group of elements exists within this clade. This evolu-
tionary lineage of retrotransposons most likely is near-
ing the end of its existence, which is confirmed by the
absence of intact elements in it, and by our unsuccessful
attempts to find these elements in many tested scorpion
species.

CR1 group of elements

Originally, we expected the presence of the CR1 group in
scorpions more than for other groups of elements.
Therefore, we implemented the broadest analysis for this
group.

The band of expected size was obtained for all species
investigated during the PCR analysis with primers de-
signed for CR1 group. Products were cloned and se-
quenced for 22 species. The total number of potentially
sequenced RT-carrying clones was 75, from 2 to 5 clones
for each species. In total, 35 of the isolated clones
showed clear similarity with RT sequences from Gen-
Bank. As for the Jockey- and I-like RT-containing
clones, the majority of CRI1-like isolated elements re-
vealed defective translated products (24 clones). Never-
theless, several intact RT sequences were obtained and
analyzed from 11 species. Moreover, some of the RT
sequences were found to contain only one stop codon
and no frameshifts. Such sequences were included in
further analysis together with intact RTs (Table 1).

The pairwise comparative analysis of nucleotide se-
quences showed both high heterogeneity within and
between species, the average interspecific similarity of
37.4%, and the similarity within species ranging from
92.7 to 42.6%.

In phylogenetic analysis, we used 16 amino acid CR1-
like RT sequences isolated from scorpions and known
elements from GenBank. The preliminary NJ analysis
showed strong support of monophyletic origin of the
scorpion CRI-like elements (bootstrap 93%) and the
presence of three separate clusters (data not shown). We
added known CR1 clade members to the phylogenetic

analysis. In the resulting tree (Fig. 4), two out of three
clusters of scorpion CRI1-like elements grouped with the
elements from other organisms.

It was unexpected to detect a common group of CR1
retrotransposons from scorpions and vertebrates (Gallus
gallus and Platemys spixii; Haas et al. 1997; Kajikawa
et al. 1997). Eight scorpion elements from four families
of Turida belonged to this first cluster: NalCRI,
VpuCRI, IduCRI-1 and IduCRI-2, SmeCRI, HhiCRI-1
and HhiCRI-2, and PapCRI (Table 1; Fig. 3b). The
relationships among these elements remain unresolved
because of low bootstrap values for nodes within cluster
I. It is interesting that three scorpion species (V. purit-
anus, S. mesaensis, and P. apacheanus) belonged to the
same family, Vaejovidae; however, the divergence
among the elements from these three species was higher
than that between V. puritanus and I. dufoureius (Iuri-
dae). The similarity among elements from Vaejovidae
ranged from 61.2 to 65.7%, while similarity between
VpuCRI1 and IduCRI-2 was 68.4%. The retroelements
from cluster 1 could not be subdivided into the sub-
groups or families because of very high degree of
divergence.

The more expected was the cluster III of newly
identified scorpion elements CreCRI-1, CreCRI-2,
CreCRI-3, PstCRI, EcaCRI, and SdoCRI. Among the
known retrotransposons, the closest elements were 77
and Q from Anopheles gambiae and Sam3 from Ca-
enorhabditis elegans (Besansky 1990; Besansky et al.
1994; Marin et al. 1998). The elements from cluster 111
showed a high level of divergence as did the elements
from cluster I. At the same time, we can separate two
subgroups: CreCRI-1, CreCRI-2, CreCRI-3, and
PstCRI1 (bootstrap support 98%; similarity 63.1%);
EcaCRI and SdoCRI (bootstrap support 92%; similar-
ity 69.2%). Four species, from which retroelements of
the cluster III were isolated, are members of different
families of scorpions: Chactidae, Euscorpiidae, Vaejo-
vidae, and Superstitioniidae, representing all four fami-
lies of superfamily Chactoidea (Soleglad and Fet 2003).

An additional cluster of isolated CR1-like elements
consisted of four sequences from three species: VspCRI,
HspCRI, HbiCRI-1, and HbiCRI-2 (cluster II on the
phylogenetic tree, Fig. 4). NJ analysis puts cluster 11
together with the cluster III with a weak bootstrap
support (only 52%). Nevertheless, we can suggest that
cluster II of elements is more closely related to the
cluster III than to the cluster I.

The elements isolated with the CR1 clade primers
demonstrated a high degree of divergence; it is likely that
several different lineages of CR1-like retroelements are
present in the scorpion genomes. At least three major
groups of elements can be distinguished by the NJ
analysis. The elements from the scorpions which be-
longed to the same family or genus could be found in
different clusters. For example, elements VpuCRI and
VspCRI from two species belonging to the genus Vae-
jovis were found in the clusters I and II (Fig. 4). It is
interesting to note that none of the RT-like sequences



Fig. 4 Phylogenetic tree based
on the RT domain of CR1-like
retrotransposons showing the
position of the newly identified
elements from scorpions.
Percentages of bootstrap
support, from 100 replications,
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from CRI clade were isolated from scorpions belonging
to the parvorder Buthida. It is possible therefore that
these elements were independently lost in Buthida after
its divergence from the common scorpion ancestor.

Conclusions

We analyzed three divergent clades of non-LTR retro-
transposon elements isolated from scorpions. The
screening procedure was efficient and more than 50% of
the cloned sequences included retrotransposons. The
large fraction of the elements appeared to be defective
(68 clones) which is in accordance with known correla-
tion of active and inactive elements from other organ-
isms (Penzkofer et al. 2005; Sassaman et al. 1997). In
total, we isolated 35 relatively intact RT sequences.
The similarity and phylogenetic analyses demon-
strated the presence of highly divergent lineages of

retrotransposons in scorpions. In each examined clade,
several lineages could be distinguished with the excep-
tion of I clade in which all isolated elements are
monophyletic and compose a single group. It is
intriguing that one group of isolated elements from
scorpions turned out to be closer to the elements from
vertebrates than to the elements from arthropods
(cluster I of CRI1-like elements; Fig. 4). The non-LTR
retrotransposon elements should be further investigated
as a potential rich system of phylogenetic markers.
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