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Article

Of SINEs, LINEs and Leeches: Identification and
Molecular Characterization of Transposable Elements
in Leech Genomes

Christian Miiller

Animal Physiology, Zoological Institute and Museum, University of Greifswald, Felix-Hausdorff-Str. 1, D-
17489 Greifswald, Germany; christian.mueller@uni-greifswald.de; Tel.: +49-(0)3834-4204288, fax: +49-(0)3834-
4204261

Abstract: Mobile genetic elements constitute a major part of almost every eukaryotic genome, and
several types of such elements have been classified based on size, genetic structure and transposition
intermediate. The fast growing availability of whole genome sequences of species across the living
world provides almost unlimited possibilities for in depth molecular analyses of all kind, including
the search for mobile genetic elements in animal taxa that have not yet been in the focus of respective
investigations. Leeches are such a group of so far neglected organisms. However, aim of the present
study was not to provide a comprehensive survey, but to perform the first molecular description
and characterization of selected mobile genetic elements (MGEs) in leeches. Representatives of three
types of MGEs could be identified and characterized, namely short interspersed nuclear elements
(SINEs), long interspersed nuclear elements (LINEs) and long terminal repeats (LTR)-retro-
transposons. Some of the newly described elements display unique structural features compared to
archetype elements of the respective groups.
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Introduction

Mobile genetic elements (MGEs) or transposable elements (TEs) are present in almost every
complex eukaryotic genome and comprise up to 20 % of the total genome size in fungi, up to 50 % in
metazoans and up to 90 % in plants (Wicker et al. 2007). TEs hence not only shape the structure of a
genome, but may also change it due to their ability to move and replicate. As a consequence, TEs
contribute to genomic plasticity and are major drivers of genome evolution (Kazazian 2004). As such
their mobility may result in beneficial (gain or enhancement of traits) or detrimental (loss or change
of traits, disease development) outcomes for the affected cell and the whole individual.

TEs have been classified according to their transposition intermediate (RNA or DNA) as class I
elements (or retrotransposons) and class II elements (or DNA transposons) (Finnegan 1989). Later
Wicker et al. (2007) introduced an unified classification system for eukaryotic TEs that includes
subclasses, orders, superfamilies, families and subfamilies. As an example, the class I elements can
be further subdivided based on the presence or absence of long terminal repeats (LTRs) to form the
subclasses of either LTR- or Non-LTR-retrotransposons. Among the latter, respective elements may
either transpose autonomously or non-autonomously depending on whether or not they encode for
proteins that catalyze the retrotransposition event (Kazazian 2004; Finnegan 2012). Autonomous
Non-LTR-retrotransposons enclose the superfamiliy of long interspersed nuclear elements (LINEs),
whereas the superfamily of short interspersed nuclear elements (SINEs) transpose non-
autonomously and depend on the trans activity of their respective LINE counterparts for mobility
(Wells and Feschotte 2020; Bourque et al. 2018). For that SINEs have to share a 3'end sequence with
their corresponding LINE. The shared sequence can be very specific to form a stringent SINE/LINE
pair or can be an unspecific polyA tail to form a relaxed SINE/LINE pair (Okada et al. 1997; Roy-
Engel 2012). PolyA tails are usually generated during mRNA synthesis by the RNA polymerase II
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(pol II), but can also be generated by RNA polymerase III (pol III) during the transcription of
respective SINEs. The latter process requires the presence of a polyadenylation signal (pAS,
AATAAA) and a pol III terminator sequence (TCTTT) within the SINE sequence (Borodulina and
Kramerov 2008; Roy-Engel 2012). Respective SINEs belong to the T+*-class, whereas SINEs lacking
both sequence signals belong to the T--class and already contain an A-rich tail (Borodulina and
Kramerov 2001). Both T* and T-class SINEs can hence “cooperate” with various LINEs as long as
the respective LINE encodes a polyA tail by itself.

LINEs are about 3 - 6 kb in size and comprise one or more open reading frame(s) (ORF) that code
for at least two proteins that facilitate reverse transcription and transposition, a reverse transcriptase
(RT) and an endonuclease, but additional domains like for a RNAse H (RH) might be present.
Presence and arrangement of the respective domains form the basis for LINE classification (Wicker
et al. 2007). In addition to the domains several sequence motifs are frequently present in LINE-
encoded proteins including the CCHC zinc finger knuckle and a RNA-recognition motif (RRM)
(Khazina and Weichenrieder 2007; Metcalfe and Casane 2014). A full RRM motif in turn is composed
of two short motifs known as ribonucleoprotein (RNP) motifs RNP1 and RNP2 (SenGupta 2013).
SINEs in contrast are much smaller (appr. 80 - 500 bp in size) (Wicker et al. 2007; Kramerov and
Vassetzky 2011) and are composed of a head structure that contains a pol III promoter region, a
central core domain and a LINE-related segment (Gilbert and Labuda 1999). The SINE promoters can
be derived from either tRNA, 55 or 7SL genes, respectively (Kramerov and Vassetzky 2011). As a
basic rule, both LINEs and SINEs generate target site duplications (TSDs) of variable length upon
insertion that can be used to annotate and classify the respective element (Li et al. 2022; Goubert et
al. 2022), but TSDs may mutate and degrade over time (Kanhayuwa and Coutts 2016).

Leeches belong to the phylum Annelida (segmented worms) and the class Clitellata. They are
globally distributed with exception of Antarctica, and about 700 leech species have been described so
far (Sket and Trontelj 2008). However, the actual diversity of leeches might be much higher (Kvist et
al. 2022). Whereas some leeches are predators, others are hematophagous and require regular blood
meals for growth, development and reproduction (Sawyer 1986). Probably the most famous of all
leeches is Hirudo medicinalis Linnaeus, 1758, the (Middle) European medicinal leech, but leeches have
been used for medical purposes for thousands of years in many cultures worldwide (Abdualkader et
al. 2013). To ensure an undisturbed and saturating blood meal, leeches secrete a great variety of
bioactive substances into the bite, among them factors that interfere with the coagulation cascade,
inhibit inflammation or prevent pain sensation (Hildebrandt and Lemke 2011; Lemke and Vilcinskas
2020). Despite the great biopharmaceutical potential, the thrombin-inhibitor hirudin is the only leech-
derived compound that found its way from nature to clinical application (Greinacher and Warkentin
2008). Over the last years, the whole genome sequences of a few leech species have been determined,
namely Helobdella robusta Shankland, Bissen and Weisblat, 1992 (Simakov et al. 2013), Hirudinaria
manillensis Lesson, 1842 (Guan et al. 2020), H. medicinalis (Kvist et al. 2020; Babenko et al. 2020),
Whitmania pigra Blanchard, 1887 (Tong et al. 2022) and Hirudo verbana Carena, 1820 (Paulsen et al.
2020, version 2023, submitted). A detailed analysis of the H. medicinalis and H.manillensis genomes
using the RepeatMasker and RepeatModeler pipelines revealed the presence of a variety of putative
TEs including DNA transposons, LTR-retrotransposons, LINEs and SINEs with copy numbers
between 3 and several thousand for each particular element (supplementary information 1 in Kvist
et al. 2020; Supplementary Material table S2 in Guan et al. 2022). According to Zhao et al. (2024) about
30 % of the total genome size of Hirudo nipponia Whitmann, 1886, and Hirudo tianjinensis Liu, sp. nov.,
are formed by repeat elements. However, a more detailed analysis and in-depth characterization of
leech-derived putative TEs is missing. In the present study the author describes the identification and
molecular characterization of SINEs that transposed into hirudin genes of H. verbana and H.
manillensis and analyze their relationship to respective TEs (SINEs, LINEs and LTR-elements) of
different leech taxa.


https://doi.org/10.20944/preprints202408.0402.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2024 doi:10.20944/preprints202408.0402.v1

Methods and Materials

Genome and Transcriptome Data

Leech genome data for H. robusta, H. manillensis, H. medicinalis , W. pigra and H. verbana are freely
accessible and searchable through public databases. Available transcriptome data were used to
complement the genome-based investigations when necessary.

Sources of Reference Sequences

The following references were used to identify the signatures of TE-related domains and motifs:

Domain Reference

Apurinic endonuclease (APE) Fillingham et al. 2004; Kojima and Fujiwara 2005
Aspartic protease (AP) Tozsér 2010; Gazda et al. 2020

Integrase (IN) Evgen'ev et al. 1997; Ohta et al. 2002

Restriction-like endonuclease (RLE)  Kojima and Fujiwara 2005
Evgen'ev et al. 1997; Goodwin and Poulter 2001; Arkhipova

Reverse Transkriptase (RT) 2006: Meier et al. 2006

RNA recognition motif (RRM) Maris et al. 2005; Khazina and Weichenrieder 2009
RNAse H (RH) Lingner et al. 1997; Xu et al. 2016; Moelling et al. 2017
Goodwin and Poulter 2004; Poulter and Goodwin 2005;

Tyrosin recombinase (YR) Poulter and Butler 2015

Zinc finger knuckle motif (CCHC) Krishna et al. 2003

Bioinformatics Tools

Basic Local Alignment Search Tool (BLAST) searches were performed using the respective NCBI
web portal and default settings for search algorithms parameters.

Multiple sequence alignments were generated using the CLC Sequence Viewer software
package v8.0 (CLC bio) and default settings.

Phylogenetic trees were generated using the CLC Sequence Viewer software package v8.0, the
UPGMA algorithm and default settings.

Putative TSDs were identified using the Web-based tool “Repeats Finder for DNA/Protein
Sequences” (https://www.novoprolabs.com/tools/repeats-sequences-finder).

Results

Identification and Characterization of HUSINE1

In previous studies we have determined the gene structures of several hirudin and hirudin-like
factor (HLF) genes including hirudin-variants HV1, HV2 and HV3 of Hirudo medicinalis (Miiller et al.
2016) and Hirudo verbana (Miiller et al. 2017). In all cases the genes shared a highly conserved structure
not only in exon and intron number, but also in terms of position and size. Our findings were
confirmed upon the availability of whole genome data of H. medicinalis (Kvist et al. 2020; Babenko et
al. 2020). Only recently whole genome data of H. verbana became accessible via GenBank (BioProject
PRJNA55103, Sequence Read Archive SRS5059564), the respective manuscript was deposited at
BioRxiv and is currently under review (Paulsen et al. 2020, version 2023, submitted). Surprisingly, a
detailed analysis revealed remarkable differences in the structure of the HV1 gene of the particular
H. verbana biosample that was used for the study of Paulsen et al. (2020/2023) compared to both the
biosamples of our own studies (GenBank accession numbers KX215734.1 and KX215735.1 for H.
verbana and KR066930.1 and KR066931.1 for H. medicinalis) and the investigations of Kvist et al. (2020)
and Babenko et al. (2020). The sizes of introns 2 and 3 differ by 210 or 25 bp, respectively (Table 1).
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Table 1. Comparison of HV1 gene structures of Hirudo verbana and Hirudo medicinalis.

Gene Exonl Intronl Exon2 Intron2 Exon3 Intron3 Exon4
Hv HGW1 61 103 50 62 76 199 71
Hv HGW?2 61 103 50 62 76 199 71

Hv_USA 61 103 50 272 76 224 71
Hm_HGW1 61 103 50 62 76 199 71
Hm_HGW?2 61 103 50 62 76 199 71

Hm_Kvist 61 103 50 62 76 199 71

Red boxes indicate the prominent differences in size of exon2 and exon3. Source of sequence data: Hv_HGW:
Miiller et al. (2017); Hm_HGW: Miiller et al. (2016); Hm_Kvist: Kvist et al. (2020); Hv_USA: Paulsen et al. (2020,
version 2023).

Whereas the alterations in intron 3 are scattered across the element, a multiple sequence
alignment reveals the additional presence of a continuous sequence stretch in intron 2 (Figure 1,
marked in cyan in Supplementary Material Figure S1).

HV1 gene_HGW:

5 —ienly  Inton!  Exon2Inton2 wBxonde . ntond  seeBronde—3'

HV1 gene_USA: | SINE |

5 —wEeRly. inton!  £xQ0gnvon? wBxgnde  t0tond X003
Figure 1. Schematic representation of hirudin HV1 gene structures of Hirudo verbana. Exons are
labeled in green, introns in red and the putative short interspersed nuclear element HvSINEL1 in light
blue. The integration site of HvSINE1 is indicated. Sizes are adjusted relative to the size of exonl.

HGW: biological sample used for the analyses in Miiller et al. (2017); USA: biological sample used for
the analyses in Paulsen et al. (2020, version 2023).

To evaluate, whether or not the extra DNA may represent a putative TE the author performed a
BLAST search against the whole genomes of both H. verbana and H. medicinalis. In both cases, the
number of hits by far exceeded the display options, indicating the presence of thousands of copies of
the respective element in the genomes of both leech species. The extra DNA hence most likely indeed
represents a putative TE. The best 50 hits within the genome of H. verbana were extracted and aligned
to determine the consensus sequence of the putative TE (Supplementary Material Figure S2).
Strikingly, no evidence for target site duplications (TSDs) could be found.

To decipher to what class of TEs the element might belong the author first tested the hypothesis
thatit represents a SINE. As already outlined in the Introduction section, SINEs comprise a conserved
overall structure, but differ in their promoter origin (tRNA, 55 or 7SL genes). The respective promoter
sequences of H. verbana or H. medicinalis were determined and used to assign the putative TE. The
predicted promoter sequence does not perfectly match to one or the other archetype sequences, but
structure (Box1 and Box 2), sequence and spacing between the boxes strongly point to a tRNA gene
derived promoter (Figure 2).
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A: 55 rRNA gene promoter sequences

Homo sapiens: TTGGAAGCTAAGCAGGGTCAGGCCTGGTTGGTACCT-GATGGGAGAGAG

Plutella xylostella: ACCGAAGTCAAGCAACGTCGGGC--—--GTAGTCATTGGATGGGTGACCG

Urechis unicinctus: ACTGAAGTTAAGCAACGTCGGGCCCGGTTAGTACTTGGATGGGTGACCG

Hirudo medicinalis: ACCGAAGTTAAGCAACGTCGAGCCCGGTTAGTACTTGGATGGGTGACCG

Hirudo verbana: ACCGAAGTTAAGCAACGTCGAGCCCGGTTAGTACTTGGATGGGTGACCG
Box A Box B/IE Box C

B: tRNA and 7SL RNA promoter consensus sequences

Box 1 spacer Box 2
tRNA consensus TRGYBYAGTGG 33 bp RGTTCGADYCY"
TRGCNNAGYGG 33 bp GGTTCGANTCC"
Human tRNA"™ TGGTICTAGTGG 31bp GGTTCAA_TCC”
Human 7SL RNA GGGCGCGGTGG 47 bp GCTTGAG_TCC
D. melanogaster 7SL RNA TGGAAGGTTGG 49 bp GGCTGGGATCT
H. medicinalis 7SL RNA TGGAGTCGTAG 44 bp GTTTGAGGTCG

C: Hirudo medicinalis/verbana tRNA promoter consensus sequence and predicted HvSINE promoter

sequences
Box 1 spacer Box 2
TGGTCTAATGG 29-32 bp GAATCGAATCC
HVSINE1 TATCCCAATGG 31 bp TATATAGCGCC
HVSINE2 GATCCGGGTITGG 30 bp TATATAGCACC
HVSINE3 TGGATGCGAAGG 31bp TGTGTGGATCA
HVSINE4 TGCGCGGAGGG 29 bp TGTTTTAATCG

Figure 2. Consensus sequences for promoter regions of the 5S rRNA gene (A), tRNA and 7SL genes
(B) and the respective tRNA gene of Hirudo verbana and Hirudo medicinals and predicted HvSINE1-4
promoters (C). *Dieci et al. (2002); "Geiduschek and Tocchini-Valentini (1988); # Traboni et al. (1982)
Taken together, the putative TE very likely represents a SINE and was hence termed HvSINEL.

Identification and Characterization of HUSINE2-4

Based on the core domain sequence of HvSINE1, additional BLAST searches were performed
and revealed evidence for the presence of related SINEs in H. verbana. The respective elements were
termed HuSINE2-4. The four SINEs show overall degrees of sequence similarity between 35 and 77
% with HuSINE4 being the most distinct member of the family (Supplementary Material Figure S3).
All four elements contain tRNA gene derived promoters (Figure 2C), share a common core domain
of 55 bp in size (underlined in Figure 3), but differ in their LINE-specific segments. Strikingly, only
HvSINE4 contains a short repeat sequences at the 3'end (Figure 3), an otherwise typical feature of
SINEs (Gilbert and Labuda 1999).
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HvSINE1:
GTGTATTTAGCCGATATTTTGAGTGCCTTTTGTATCCCAATGGCATGTGAAGgCACTTTAATCGATCT
ACCATTTATATAGCGCCCCTACCCGAGGGCGCTCCCTGGCGGTGCAGGCTGGGTTGCGAACACGACAC
ATTACGACTGTTGCTATTACGACCGCATGCAGGAACGCAACCCATTCGGCCAACCTGCACGCC

HvSINE2:
GTGCAGTTGGCCAATCTTTCGAATGCCTTGTGGATCCGGGTTGGACGTGAAAACACTTARATAATTCT
ACAATTTATATAGCACCTTACCTGAGGGTTCTCCCTGETGGTGCAGGCTGGGTTGTGGACATAACACA
ATGTGACTGTTGCCATTATGGCCTCATGCAGGAGAGCAAACCATTTGGCCAACCTGCAGGCC

HvSINE3:
TTGCAATTAGCCGATCTTTTGAATGCCTCCCATGTCCGGGTTGGATGCGRAAGGCATTTTTTAATCTAC
CTACCATTTGTACATTTGTGTGGATCACCTACTCAAGGGTGCTCCATGGCTCTGCAGACTGEGTTICG
AACACGACACATTGAGAGTGTTGCCGTTGCAGGAATGCAACCCGCTCGGCCAACCTGCC

HVSINE4:
TGTCAGGGATCTGACTTTTGTAATTTTTTTTTTATGCGCGGAGGGATGTGTGTGCGTGATGAGGCCGET
GTCATGIGITTITAATCGTCTGCGTGGCACCGCGCGATAGCGTGATTGGCTGTGTTTTGCATGTTAATG
CGCGTGGCAGCCTAGGAGTATATATATGGCGTCGCTCGGCAAGGCAAGAGACTAATCCTCCTAATCAT
CTAGTTATGAAATGGACGTTAATTA

Figure 3. Sequences of putative SINEs of Hirudo verbana. Predicted tRNA-gene derived promoter
regions (Box1 and Box2) are marked in bold. The conserved central domain is underlined. Simple
repeat regions in HuvSINE4 are labeled in yellow and red. The LINE-specific region of HuvSINE4 is
double underlined.

The abundances of HvSINE1-4 differ markedly in the genomes of both H. verbana and H.
medicinalis: whereas HvSINE1 is present in very high numbers, HvSINE2 and HvSINE3 each occur in
a single copy only. For HuSINE4, 21 copies in H. verbana and 14 copies in H. medicinalis comprise the
whole sequence, whereas about 200 copies in each genome contain the head and core domains, but
lack the LINE-specific segment (Table 2).

Table 2. Abundance of short interspersed nuclear elements HvSINEs in genomes of H. verbana and H.
medicinalis. For HvSINE4, 21/14 copies contain the whole sequence, whereas about 200 copies contain
the head and core domain, but lack the LINE-specific segment.

Hirudo verbana Hirudo medicinalis
HuSINEL: >1000 copies >1000 copies
HuvSINE2: 1 copy 1 copy
HovSINE3: 1 copy 1 copy
HvSINEA4: 21 (about 200) copies 14 (about 200) copies

Tissue-Specific Expression of HUSINE Sequences

Like all retrotransposons, SINEs transpose via a “copy-paste-mechanism” including
transcription of the element (Kramerov and Vassetzky 2011). It should hence be possible to detect the
respective SINE sequences in transcriptome datasets as well. Several tissue-specific transcriptome
datasets of either H. verbana or H. medicinalis including muscle (SRX3875125), salivary gland
(SRX3875124), central nervous system (CNS) (SRX3742574), ganglion (SRX9699081, SRX9699082,
SRX9699083) and head (SRX5257616) were analyzed. Both HuSINE1 and HuSINE4 sequences could
be detected in all datasets, whereas the expression of HvSINE2 and HvSINE3 seems to be restricted
to neuronal tissue (Table 3).
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Table 3. Expression pattern of HvSINE-RNAs in Hirudo verbana and/or Hirudo medicinalis tissues.

HvSINE1 HvSINE2 HvSINE3 HvSINE4
salivary gland v - - v
muscle v - - v
ganglion 4 v - v
CNS v v v v
head v v v v

Presence of HvSINE1-Like Elements in Other Leeches

To evaluate the presence of HvSINE1-like elements in leeches outside the genus Hirudo the
author performed BLAST searches in genome and/or transcriptome datasets of various leech and
annelid species. The results are summarized in Table 4 and clearly indicate that the presence of
HvSINE1-like elements is restricted to merely a handful of Eurasian members of the family
Hirudinidae. Among them are two non-hematophagous leeches, namely Haemopis sanguisuga
Linnaeus, 1758, and Whitmania pigra. As for H. verbana and H. medicinalis, for each leech species
several distinct SINEs could be identified. The sequence data for all elements are summarized in
Supplementary Material Figures S4 (Hirudinaria manillensis), S5 (W. pigra), S6 (H. sanguisuga) and S7
(Hirudo nipponia).

Table 4. Presence of HvSINE1-like sequences in genomes of other Annelids.

Hirudinaria manillensis
Whitmania pigra
Hirudo nipponia
Haemopis sanguisuga

+ + + +

Limnobdella mexicana

Macrobdella decora -
Asiaticobdella fenestrata -
Haemadipsa interrupta -
Haementeria vizzotoi -
Helobdella robusta -
Piscicola geometra -

Enchytraeus crypticus -
Eisenia fetida
Capitella teleta

Phylogenetic Analyses Based on the HVSINE1 Sequence

The presence of SINEs in almost all vertebrate and invertebrate taxa make them promising
candidates as markers for molecular phylogeny and systematics (Miyamoto 1999; Ray et al. 2006;
Korstian et al. 2022). To get an impression whether or not leech SINEs might be useful tools for
phylogenetic analyses as well the author constructed trees based on either cytochrome C subunit I
(coi) sequences that are commonly used for DNA barcoding or on HvSINE1-like sequences. Best
matches to HvSINE1 in every leech species were selected and included into the analysis. The coi-
sequence of Lumbricus terrestris Linnaeus, 1758, and the sequence of HvSINE4 were choosen as
outgroups for the respective trees. The resulting trees were manually redrawn to illustrate the basic
principles, not the actual distances. As can be seen in Figure 4, the trees match well, but not perfectly
to each other. Nevertheless SINEs can seriously be considered as additional molecular markers for
phylogenetic analyses in leeches.
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Hver4 Lter
Hverl Hver
Hmed Hmed
o Hnip Hman [
Hsan Hsan
Whpig Whpig
Hman Hnip

Figure 4. Schematic representation of phylogenetic trees based on HvSINE1-like element (left) and coi
(right) sequences.

Original trees were redrawn and branch lengths do not represent phylogenetic distances. Lter:
Lumbricus terrestris: Hver: Hirudo verbana; Hmed: Hirudo medicinalis, Hman: Hirudinaria manillensis;
Hsan: Haemopis sanguisuga; Wpig: Whitmania pigra; Hnip: Hirudo nipponia; Hverl: sequence of
HvSINE1; Hver4: sequence of HuSINE4

Identification and Characterization of HnSINE_V?2

In a recent manuscript we described the identification of a Tandem-hirudin (TH) including the
corresponding gene in H. manillensis (Lukas et al. 2022). In contrast to the archetype hirudin gene, the
TH gene is composed of 6 exons and 5 introns. Within the fifth exon (565 bp in size), a quite unusual
stretch of 18 thymine residues giving rise to a polyA tail in the reverse-complementary orientation
caught the attention. As already mentioned in the Introduction section, SINEs of the T~-class contain
an A-rich tail, and a thorough analysis of TH gene exon 5 indeed revealed strong evidence for the
presence of yet another SINE in H. manilesis. The putative TE is very different from the HvSINE1-like
elements described above and was termed HmSINE_V2, its sequence is given in Figure 5. About 50
copies of HmSINE_V2 are present in the genome of H. manillensis. Interestingly, searches against the
genomes of H. verbana/medicinalis and W. pigra revealed the presence of similar elements that,
however, did not cover the entire sequence of HmSINE_V2, but started only at position 151 (the
respective matching sequence is underlined in Figure 5). Another quite curious aspect of HmSINE_V2
is the presence of both a pAS and pol IIl terminator sequence in addition to the A-rich tail. The
element hence comprises features of both T*- and T--class SINEs.

TGGGCCCAGATTATATACTTCAATTCCAGATTCAGTTAGGGAATTAACTTGTTTTCATTCATGTCCTT
TTGAGTTATTGTTTCTGTTGTTTAAGAAATTGTATAAGTCTCATTTAGTAAGGGTTGTTTGAGTTTAC
ATGGTTGTATTATATATATTATGATTTTTTAGGGCCAGTCTGTTTAGCGGAAGCTTGCGCTTCCTTAA
GACTGACCCTATGAGTTTATTTTGTATTTTAAGTTTAATTTGTTTCGTTGGTGTACATAATTGTTTGT
TCAATTGTTTGTTCAATAAACTCTAAACTCTTGAAAAAAAAAAAAAAAARAA

Figure 5. Sequence of HmSINE_V2 of Hirudinaria manillensis. The predicted tRNA-gene derived
promoter region (Box1 and Box2), the pol III terminator sequence and the pAS are marked in bold.
The sequence stretch that results in BLAST search hits with genome sequences of H. verbana, H.
medicinalis and W. pigra is underlined.

Identification of Corresponding LINEs

As already outlined in the Introduction section, SINEs are non-autonomous TEs and depend on
the trans activity of their respective LINE counterparts for mobility. In other words: Where's a SINE,
there's a LINE. Despite extensive efforts the author failed to identify the corresponding LINEs for
HvSINEs1-3. However, for both HvSINE4 and HmSINE_V2 putative matching LINEs could be
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identified. The elements were termed HvLINE1 and HmLINE]1, respectively; the sequences (both
nucleotide and derived amino acid sequences of predicted open reading frames (ORFs)) are given in
Supplementary Material Figures S8 and S9. The elements are app. 4.4 kb (HvLINE1) and 3.5 kb
(HmLINE1) in size. HmLINEI] is flanked by a putative 8 bp TSD and contains a single ORF that
encodes a protein of 946 amino acid residues in length. Compared to HmLINE]1, the structure of
HouLINET is rather complex. First, no putative TSD could be determined. Second, the element contains
four ORFs, the first in reverse-complementary orientation. The structures of both elements are
represented in Figure 6 as schematic drawings. HvSINE4 and HvLINEL1 share a stretch of 48 bp in
length (double underlined in Figure 3 and Supplementary Material Figure S10), a typical size for
LINE-related segments in SINEs (Gilbert and Labuda 1999). In contrast, the entire sequence of
HmSINE_V2 is present in HmLINE]1 including the stop codon of the ORF (Supplementary Material
Figure 510).

Both HvLINE1 and HmLINE1 encode AP, RT and RH domains and a CCHC motif, respectively,
but only HvLINE1 encodes a full RRM. Strikingly, the AP domain and the two RNP motifs of
HvLINEL1 are encoded by different ORFs (ORF1 and 2) that are orientated in opposite direction to
each other (see Figure 6).

Further analyses led to the identification of additional putative LINEs in H. verbana, named
HvLIN2-4. The nucleotide and amino acid sequences of HvLINEs2-4 are provided in Supplementary
Material figures S11-513. All four LINEs of H. verbana display different structures in terms of overall
size, ORF number and size, presence and localization of CCHC and RRM motifs and presence of
TSDs (Figure 6), highlighting the great diversity of such TEs even within a single species.

For HmLINE], analyses revealed the presence of a similar element in W. pigra, named WpLINEL.
In contrast to HmLINE1, WpLINE1 contains not only one, but four ORFs. However, most likely the
ORFs1-3 belong to a putative LTR-retrotransposons (named WpLTRE1) that integrated into
WpLINE], disrupting the “original” single ORF of WpLINE1 and creating a patchwork element
(Figure 6). WpLTREL1 itself is flanked by direct repeats of 105 bp in size (highlighted in purple in
Figure 6 and Supplementary Material Figure S14). When eliminating WpLTRE1 and manually
reconstructing the ORF of WpLINE]1, the elements encodes two putative APE domains (Figure 6 and
Supplementary Material Figure S14). Both HmLINE1 and WpLINE1 contain an A-rich tail
immediately downstream of the pol III terminator sequence (Supplementary Material Figures S9 and
S14).

HULINEL <ﬂ]]—u4 * - >[|:} WpLTR copy2 ML T T D
HULTR MRl [ w1 [ [RA] IINI>—I
HVLINE2 I >|I I || I >
| = target sequence duplication |=
HVLINE3
= polyA motif I =
| = RNA recognition motif RNP1 | =
HVLINE4 H:I:-:-:I-D—i
D = Apurinic endonuclease domain . = Reverse transcriptase domain
e —(CTT T T~ 0 n-

WpLINEL

1kb

CCHC motif

long terminal repeats

RNA recognition motif RNP2

=RNAse H domain =Restriction endonuclease-like domain

YR = Tyrosin recombinase domain AP = Aspartic protease domain

RT = Reverse transcriptase domain RH = RNAse H domain

IN = Integrase domain $ =size and orientation of an open reading frame

Figure 6. Schematic drawings of putative long interspersed nuclear elements (LINEs) of H. verbana
(HvLINE1-4), H. manillensis (HmLINE1) and W. pigra (WpLINE1) and of long terminal repeat (LTR)
elements of W. pigra and H. verbana. Size and orientation of open reading frames are indicated by open
arrows. Colored marks indicate the position of characteristic sequence motifs like the CCHC motif
(green), the RRM motif (dark and light blue), a polyA motif (orange), putative TSDs (red) and LTRs
(purple)

Abundance of WpLTRs
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The entire sequence of WpLTRE1 including the LTRs was used to evaluate, whether or not
additional copies of the element are present in the genome of W. pigra. It turned out that indeed
additional copies are present. All sequences are of about the same size of app. 2.2 kb and comprise
the full length LTRs, confirming that they are integral part of WpLTREl. No target sequence
duplications and no evidence for target site specificity for integration could be observed. The
sequences of the “original” WpLTRE1 (named copy 1) and four additional copies (named copy 2-5)
including a multiple sequence alignment of the deduced amino acid sequences are shown in
Supplementary Material Figure S15. Strikingly, all copies of WpLTRE1 but copy 1 (the “original”)
contained a single ORF only, spanning almost the full length of the element and comprising the three
ORFs of copy 1 (see Supplementary Material Figure S15). Hence copy 1 most likely represents an
atypical WpLTRE1 and copies 2-5 likely represent the archetype WpLTRE1. The deduced amino acid
sequences of all copies reveal an interesting feature of WpLTRE1. The WpLTR1copies 2-5 encode a
protein of 637 amino acid residues in length that encompasses a putative YR domain including the
highly conserved RHRY tetrad, a CCHC motif, a putative AP domain as well as a putative IN domain
including the highly conserved DDE(K) triad (see Figure 6 and Supplementary Material Figure S15).
In WpLTR1 copy 1, the three domains are encoded by the three ORFs (Figure 6). The YR domain is a
characteristic feature of the DIRS1 group of retrotransposons (Goodwin and Poulter 2001), a group
that does not contain LTRs, whereas the integrase domain is part of LTR-retrotransposons-encoded
proteins (Haren et al. 1999). Hence WpLTRE1 combines features of both types of TEs, a phenomenon
that raises questions about its actual mode of transposition.

WpLTREL] copy 2 was used as the query sequence for a BLAST search to address the question
whether or not WpLTRE1-like elements are also present in H. verbana. The search revealed the
presence of several copies of a similar element, named HvLTR1. The element is flanked by LTRs of
186 bp in size and also the overall length (about 4.1 kb) is larger compared to WpLTR1 (about 2.2 kb).
The sequences of two copies of HULTR1 are presented in Supplementary Material Figure S16. HULTR1
copy 1 and 2 differ in the length of the 5'LTR (with respect to the orientation of the ORF) due to an
internal deletion of 43 bp in HvLTR1 copy 2. Both HvLTR1 sequences contain a stretch of unresolved
nucleotides at the same position. Unfortunately the problem is apparent in all contig sequences that
cover the whole length of the element.

Like WpLTR1 copies 2-5, HULTR1 contains a large single ORF, however, the presence of
undetermined nucleotides made any further conclusions extremely uncertain. For that reason the
author tried to fill the gap and eventually identified a contig that covered the “region of uncertainty”
including the flanking regions on both sides. Based on that contig the stretch of undetermined
nucleotides comprises 118 bp in total. The reconstructed sequence still contains a single ORF that
encodes for a protein of 1188 amino acid residues in length. The reconstructed region of 39 amino
acid residues almost perfectly fits both in size and sequence to hypothetical proteins of Caenorhabditis
brenneri Sudhaus and Kiontke, 2007, and Ancylostoma ceylanicum Looss, 1911 (see Supplementary
Material Figure S516) making it very likely that the reconstruction was correct.

The hypothetical proteins encoded by HvLTR1 is in part highly homologous to its WpLTR1
encoded counterpart. The first 444/446 amino acid residues of both proteins display degrees of
85%/93% of sequence identity/similarity including the putative YR domain, the CCHC motif and the
AP domain, but lacking the putative IN domain. The remaining parts differ markedly, however, also
the hypothetical protein of HvLTR1 comprises a putative IN domain close to the C-terminus (see
Supplementary Material Figure S16). Both putative IN domains differ in sequence, but localization
and spacing of the canonical DDE(K) motifs are comparable. In addition, the HvLTR1 encoded
protein contains both a putative RH domain and a RT domain, but as for WpLTR1, no evidence for a
Gag-encoding ORF could be found.

Discussion

The number of described TEs growths constantly, and the classification system becomes
increasingly complex (Arkhipova 2017; Kojima 2019). Many of these elements have been identified
in “model organisms” like Drosophila (McCullers and Steiniger 2017) or Arabidopsis (Quesneville
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2020), but the progress in sequencing technology and assembly methods allow for the rapid and cost-
effective determination of whole genome sequences of all kinds of organisms. The respective datasets
can subsequently be used to address (beside many others) questions on the presence of TEs and their
impact on biological processes (e.g. Han et al. 2021). However, both the correct annotation and
characterization of putative TEs in genome sequence datasets are challenging and time-consuming
tasks. Tools like the RepeatMasker (Tarailo-Graovac and Chen 2009), RepeatModeler (Flynn et al.
2019) and Generic Repeat Finder (Shi and Liang 2019) pipelines provide first information, but more
targeted analyses (Bell et al. 2022; Li et al. 2022) and even a final manual editing (or “curation”) of
output results (Goubert et al. 2022) are mandatory. The present study did not consequently follow
the pathway outlined above, but started with an accidental finding: the presence of a putative TE in
a gene in H. verbana that encodes the well known leech-derived bioactive factor hirudin. The TEs that
were identified and characterized in the course of the present study belong to non-LTR (SINEs and
LINEs) and LTR-retrotransposons. In all cases they represent the first TEs that have been described
in detail in leeches so far.

Classification of SINEs

SINEs were identified in all together six leech species, namely H. verbana, H. medicinalis, H.
nipponia, H. sanguisuga, H. manillensis and W. pigra. Based on a promoter sequence determination they
very likely all belong to the tRNA head superfamily (Wicker et al. 2007), but the core sequences
markedly differ between the HvSINE1-3 group on one hand and HvSINE4 on the other hand (Figure
3 and Supplementary Material Figure S3). HuSINE1-like elements can be found in closely related
Eurasian species of the leech family Hirudinidae, but not in family members of other geographical
origin or in representatives of other leech families (Table 4). Leech SINEs may hence be used as an
accessory molecular marker for phylogenetic and phylogeographic analyses, and a first sequence-
based attempt to verify this hypothesis yielded convincing results (Figure 4). However, since SINEs
are very short genetic elements, the actual information content of a single element is rather limited,
and only the combination of various elements into one analysis may result in reliable conclusions
(Deragon and Zhang 2006). An even more robust phylogenetic marker is the presence/absence
pattern of SINE insertions (Nikaido et al. 1999; Korstian et al. 2022). The origin of the present study
nicely illustrates the putative pitfalls of the latter strategy: the H. verbana individuals that were used
in the studies by Miiller et al. (2017; H. verbana_HGW) and Paulsen et al. (2020, version 2023,
submitted; H. verbana_USA) display 99,5 % of coi sequence identity and both belong to the Eastern
subgroup of H. verbana (Trontelj and Utevsky 2012). Integration of HvSINE1 into the hirudin HV1
gene of H. verbana_USA must hence be a very recent event, and HvSINE1 is very likely still an active
TE. The latter assumption is strongly supported by its very high abundance in the genomes of both
H. verbana and H. medicinalis (Table 2). Interestingly, the expression pattern of all HvSINE elements
in different organs/tissues of H. verbana/medicinalis is not uniform but displays remarkable differences
(Table 3). To the knowledge of the author this is the first example of such investigations, and the data
are much to tentative to draw any further conclusions but may illustrate the need to pay attention on
tissue-specific expression patterns of TEs in the future.

Unfortunately, for HvSIN1-3 no corresponding LINE could be identified. The very high copy
number of HvSINE1 in combination with the short LINE-related segment impeded all BLAST search
attempts. In contrast, for HvSINE4 a corresponding LINE, named HvLINE1, could be identified.
HvSINE4 and HvLINE1 share a common segment of 48 bp in length including a short A-rich tail and
a stretch of simple repeats (Supplementary Material Figure 510). The further properties of HvLINE1
will be discussed below.

A second SINE that was identified based on its presence in a hirudin gene is HmSINE_V2 in H.
manillensis. Whereas all HvSINE1-like elements and HvSINE4 do not contain a pAS and a pol III
terminator sequence and belong to the T-class, HmSINE_V2 does and hence belongs to the T+-class
(Roy-Engel 2012). In addition the element also contains a long A-rich tail, a typical structure of T~
class elements, making it a hybrid element. The most striking feature of HmSINE_V2, however, is its
relationship with the respective LINE: the complete sequence of HmSINE_V2 is present in HmLINE1
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(Supplementary Material Figure 510). The LINE-related segment usually comprises only a part of the
entire SINE sequence located at the 3’end (Gilbert and Labuda 1999). Nevertheless, the presence of
app. 50 copies of HmSINE_V2 in the genome of H. manillensis indicates that the element is not an
artefact, but very likely functional.

Classification of LINEs

Six new LINEs have been identified and characterized in the course of the present investigations.
Two of them, HvLINE1 and HmLINE], could so far be attributed to respective SINES (see above).
Only HuvLINE2 displays the “classical” architecture of a LINE encompassing two ORFs: the first
encoding a basic protein (pI value 9.41) including three CCHC motifs and the second encoding a
multi-domain protein with putative domains for APE, RT and RH and a single C-terminal CCHC
motif (Figure 6 and Supplementary Material Figure S11). Presence and order of domains permit a
classification to either the L1 group or the I group (Kojima 2019). HvLINE3 is in large parts
comparable to HvLINE2, with exception of the first ORF that is split into two separate ORFs (Figure
6 and Supplementary Material Figure S12). Very likely the proteins that are encoded by both ORFs
form a heterodimer: the molecular mass of the putative heterodimer (44.7 kDa) is almost identical to
the molecular mass of the protein encoded by ORF1 of HvLINE1 (44.8 kDa).

HvuLINE4 belongs to a different superfamily of LINEs. The element comprises a RLE domain
instead of an APE domain, a feature typical for the so called “early branched non-LTR
retrotransposons” (Kojima and Fujiwara 2005). Elements of that type belong to the R2 group and
usually contain a single ORF that encodes a RH domain and a RLE domain (Kojima 2019). Strikingly,
HuLINE4 encodes two putative RH domains in addition to the RLE domain (Figure 6 and
Supplementary Material Figure 513). To the knowledge of the author no such duplication has been
described so far in LINEs.

HuLINE1 comprises a rather complex structure. The element is composed of four ORFs, the first
being in opposite direction to ORFs 2-4. So far no structure like this has been described for LINEs.
The assumption that ORF1 is an integral part of the element is supported by the observation that the
two RNP motifs of a complete RRM and a putative APE domain are encoded by both ORF 1 and 2
(Figure 6 and Supplementary Material Figure S8). In general, the domain order of HULINE1 resembles
that of HULINEs2 and 3, and the four proteins that are encoded by ORFs1-4 likely form a functional
hetero-tetramer. The presence of multiple copies of the related HvSINE4 element points to an intact
transposition machinery of HvLINE4, despite the lack of an ORF that is equivalent to ORF1 of
HvLINE2 and 3. The classification of the element, however, remains uncertain.

HmLINEL, the corresponding element to HmSINE_V2 (see above), comprises unique features,
too, and is hence difficult to assign to any of the groups classified by Kojima (2019). The element
contains a single ORF only that encodes a protein with, in that order, putative APE, RH and RT
domains (Figure 6 and Supplementary Material Figure S9), but lacks an ORF1-like domain.
Remarkably, the putative RH and RT domains have switched their positions compared to the
canonical structure of LINEs (Wicker et al. 2005). Several copies of HmLINE1 are present in the
genome of H. manillensis, indicating its competence for transposition.

WpLINE1 of W. pigra is a damaged element due to the integration of yet another TE, a LTR-
retrotransposon, near the 5' end. The intact element very likely contained a single ORF encoding two
putative APE domains as well as putative RT and RH domains. Whereas the order of domains
resembles HuvLINEs1-3, the distances between the domains are rather short (Figure 6 and
Supplementary Material Figure S14). An unique feature of WpLINE1 is the presence of a second
putative APE domain. So far, the presence of two endonuclease domains in a LINE has only been
described for the elements Dualen (APE and RLE domains, Kojima and Fujiwara 2005) and Helitron
(APE and HUH domains, Poulter et al. 2003). No intact copies of WpLINE1 are present in the genome
of W. pigra, the element is likely non-functional.

Classification of LTR-Retrotransposons
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Both WpLTR and HvLTR display remarkable structural features that make them different from
all superfamilies of LTR-retrotransposons defined so far by Wicker et al. (2007) and Kojima (2019).
First, they do not encode a Gag protein; second, the loss of domains in WpLTR; and third, the gain of
a putative YR domain in addition to the canonical IN domain.

The Gag (or Group-specific antigen) protein comprises the retroviral matrix (MA), the capsid
(CA) and the nucleocapsid (NC) proteins (Karn 2013). In LTR-retrotransposons the Gag-encoded
proteins are mandatory to form a ribonucleoprotein or virus-like particle (VLP), in which the reverse
transcription process takes place (Havecker et al. 2004; Sabot and Schulman 2006). Like WpLTR and
HuLTR, the LTR-retrotransposon Morgane lacks Gag. But in contrast, Morgane does not encompass a
functional ORF that encodes the remaining domains of LTR-retrotransposons like the RT domain.
Morgane is very likely a non-autonomous TE and its transposition may hence depend on the trans-
activity by a different LTR-retrotransposon protein complex (Sabot et al. 2006). The lack of Gag can
indeed be compensated as described for the BARE-2 element (Tanskanen et al. 2007). The presence of
several copies of WpLTR and HuLTR in the genomes of their respective hosts indicates that the
elements are functional, however, the actual mode of transposition, whether autonomously or non-
autonomously, remains elusive.

Based on the order of domains HvLTR belongs to either the Gypsy or the Bel-Pao, but not the
Copia superfamily of LTR-retrotransposons (Wicker et al. 2007). WpLTR exhibits basically the same
domain order, but lacks the RT and RH domains (Figure 6 and Supplementary Material figures S15
and 516). Strikingly, the three remaining domains of WpLTR (YR, AP and IN) can either be encoded
by individual ORFs (copy 1) or by a single ORF (copies 2-5). A comparable split has also been
observed for HvLINel and HvLINE3 compared to HULINE2 (Figure 6).

The most striking feature of both WpLTR and HvLTR is the presence of an YR domain in addition
to the canonical IN domain. The YR domain is a structural hallmark of DIRS-like elements (Goodwin
and Poulter 2001; Goodwin and Poulter 2004) and the Crypton element (a DNA transposon; Goodwin
et al. 2003), but is not present in any other groups of LTR-retrotransposons. DIRS1-like elements are
present in a broad variety of eukaryote taxa including Annelids (Piednoél et al. 2011). YR-mediated
transposition occurs via integration of a circular DNA intermediate by site-specific recombination
and does not generate a TSD (Curcio and Derbyshire 2003; Poulter and Butler 2015), whereas IN-
mediated transposition occurs via integration of a blunt-end DNA intermediate by a DNA cutting
and joining reaction and typically generates a TSD (Nefedova and Kim 2017). The integration sites of
all copies of WpLTR and HuLTR provide clear evidence for integration via an YR-mediated
recombination process. The combination of structure and transposition mode justifies to define
WpLTR and HvLTR as the first members of a new superfamily of LTR-retrotransposons.

Biological Significance

TEs have a deep impact on genome diversity (Warren et al. 2015), they are drivers of genome
evolution (Kazazian 2004; Nishihara 2020) and may influence biological processes up to speciation
(Serrato-Capuchina and Matute 2018). However, both presence and activity of TEs may also have
deleterious effects on their hosts (Platt et al. 2018). The impact of TEs on leeches, however, remains
speculative, mainly due to the almost complete lack of detailed information on the presence of TEs
in leech genomes. The present study provides only a first glimpse of the likely diversity of TEs in
leeches. However, the presence of two of these elements, namely HvSINE1 and HmSINE_V2, in
hirudin genes (albeit in intron sequences) provides an excellent explanation for the remarkable
redundancy of hirudin and HLF genes in leech species (Miiller et al. 2016, 2017). Haematophagous
leeches critically depend on the presence and activity of hirudin as a central inhibitor of blood
coagulation to ensure the uptake of a blood meal (Gross and Roth 2007). A loss-of-function mutation,
e.g. due to the random integration of a TE into the coding region of a hirudin gene, would certainly
have an immediate negative impact on the fitness of the respective organism. Redundancy can hence
be seen as strategy to compensate for putative gene losses due to such deleterious events.

Conclusions
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For the first time, individual TEs have been identified and structurally characterized in leeches,
a so far neglected group of animals in terms of TE research. Representatives of three types of TEs
could be identified, namely SINEs, LINEs and LTR-retrotransposons, some of them unique in
structure compared to canonical TEs. However, the actual diversity of TEs in leeches is likely still
much higher. Non-model organisms are hence an excellent source for new information even on long-
term studied objects like TEs and may provide new insights into the diversity and the putative
biological impact of these fascinating genetic elements.
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