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Abstract: Both ZeBrafish (ZB), a recently identified DNA transposon in the zebrafish genome, and
SB, a reconstructed transposon originally discovered in several fish species, are known to exhibit high
transposition activity in vertebrate cells. Although a similar structural organization was observed
for ZB and SB transposons, the evolutionary profiles of their homologs in various species remain
unknown. In the present study, we compared their taxonomic ranges, structural arrangements,
sequence identities, evolution dynamics, and horizontal transfer occurrences in vertebrates. In total,
629 ZB and 366 SB homologs were obtained and classified into four distinct clades, named ZB, ZB-like,
SB, and SB-like. They displayed narrow taxonomic distributions in eukaryotes, and were mostly
found in vertebrates, Actinopterygii in particular tended to be the major reservoir hosts of these
transposons. Similar structural features and high sequence identities were observed for transposons
and transposase, notably homologous to the SB and ZB elements. The genomic sequences that
flank the ZB and SB transposons in the genomes revealed highly conserved integration profiles with
strong preferential integration into AT repeats. Both SB and ZB transposons experienced horizontal
transfer (HT) events, which were most common in Actinopterygii. Our current study helps to increase
our understanding of the evolutionary properties and histories of SB and ZB transposon families
in animals.

Keywords: horizontal transfer; transposon; SB; Tc1/mariner; Tc1l/DD34E; ZB

1. Introduction

Class II transposable elements are DNA segments (jumping genes) that can mobi-
lize and integrate into the genome by mechanisms involving a DNA intermediate [1].
Transposons can form a substantial fraction of vertebrate genomes (4-60%) [2], and can
have considerable impact on genome function based on their ability to move and reorganize
the DNA. Most DNA transposons can be classified into families of autonomous (encoding
a functional transposase) and nonautonomous (lacking a functional transposase) elements,
characterized by their ability to respond (be mobilized) to the same transposase. Trans-
posons belonging to the same family typically share several nucleotides in their termini that
are identical [3]. Similarly, the superfamilies can also be identified by amino acid analysis
sequence of the transposase genes, both in eukaryote and prokaryote transposons [4].

The transposition mechanism of a widespread [5] and extensively characterized
“cut and paste” transposon superfamily, Tcl/mariner, is based on the excision (cut) and
reinsertion (paste) of fragments into a new location in the genome. As an outcome of
transposon integration, the element generates a target site duplication [6]. Tc1/mariner
superfamily transposons are about 1.6 kb in length and are characterized by terminal
inverted repeats (TIRs) 17-300 bp in length that flank a coding sequence for a transposase
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of around 340 amino acids [7] which catalyzes the transposition reaction [8,9]. Subgroups of
Tc1/mariner elements have long TIRs (type 1 TIRs) with internal direct repeats. The super-
family of Tc1/mariner shares an amino acid sequence motif in the catalytic domain denoted
with the DDE(D) triad which is an integral part of the catalytic site [8]. The literature has
reported a high level of internal diversity in the Tc1/mariner DNA transposons. There are
ten discovered families of Tc1/mariner:DD34E/Tcl, DD35E/TR, DD36E/IC, DD37E/TRT,
DD38E/IT, DD34D /mariner, DD37D/maT, DD39D/GT, DD41D/ VS [10].Notably, the intra-
family structure of DD34E/Tc1 transposons is very complex and still poorly understood.
However, DD35E/TR [11], DD36E/IC [12], DD37E/TRT [13], and DD38E/IT [14] seem to
belong to intra-families of DD34E/Tc1 based on phylogenetic analysis.

A highly active DNA transposon, ZeBrafish (ZB), which was named after its source
exhibits high transposition activity in vertebrate cells, in the range of those of the most
widely used transposons piggyBac (PB) and Sleeping Beauty (SB) [10,15]. Notably, ZB has
displayed a distinct potential as a gene transfer tool for transgenesis and mutagenesis in
animals and human cells [10]. SB is an engineered transposon that was rebuilt based on
DNA transposon fossils from salmonid fish genomes [9]. The transposition activity of the
first version of SB (SB10) was relatively low, but a hyperactive mutant was obtained after
several rounds of optimizations, resulting in an updated version of the SB transposase
(5B100X) that displays a transpositional efficiency about 100 times higher than the original
SB transposase [16,17]. The SB transposon was extensively applied as a molecular tool
for transgenesis, gene therapy, and functional genomics (such as gene trapping, enhancer
trapping, and cancer gene trapping). SB was considered for gene therapy ex vivo and
invivo [18]. In addition, extensive reports indicate substantial progress was recently
achieved towards developing SB transposon-based chimeric antigen receptor (CAR) T cell
engineering technology, which holds great promise for the future treatment of cancer [19].
Indeed, clinical trials with SB-engineered cells are currently running [20].

Comparatively, similar structural organization and target site sequence preferences
were observed for ZB and SB, but ZB had a slightly different integration profile as compared
with the features of SB at the mammalian genome-wide scale. Namely, ZB displays
preferential integration towards transcriptional regulatory regions of genes, whereas SB
integrates into the genome in an almost completely random fashion [10]. As a consequence,
ZB was mainly applied for enhancer trapping in zebrafish, sperm mutagenesis in mice, and
increasing the integration rate in the germline genome in transgenic chickens [10,15]. Both
ZB and SB transposases contain the conserved catalytic amino acid triad motif (DD34E)
and were classified as DD34E/Tc1 transposons according to the phylogenetic tree analysis
by Shen et al. [10].

The evolution profiles, including taxonomic distribution, evolution dynamics, and
evolution patterns, of ZB and SB transposons remain largely unknown. Gaining further in-
sight into the evolution landscape of DNA transposons will provide a better understanding
of their impact on genome evolution and application. Here, we systematically investigated
the taxonomic distributions, structural organizations, sequence identities, and evolution dy-
namics, and we also provide evidence to support the occurrence of horizontal transfers (HTs)
of ZB and SB across vertebrates.

2. Materials and Methods
2.1. Transposon Searching

The taxonomic distribution of ZB and SB transposons was determined via
TBLASTN (v. 2.12.0) [21] searching in the National Center for Biotechnology Informa-
tion (NCBI) against the accessible assembled eukaryote genomes (including Contig and
Scaffold). This entailed using the queries of the full-length transposase protein sequences
of 340 aa SB100X [22] and 341 aa ZB [10], with defaulted algorithm parameters and an
E-value of 1 x 10~*. The obtained transposases were used as queries to identify other
homology elements in succession. Finally, all mined transposases were submitted for
phylogenetic analysis and only sequences belonging to ZB and SB clades were used for



Genes 2022, 13, 2239

30f17

further analysis. The best hits of ZB and SB elements (E-value of 1 x 107%) were ex-
tracted with 2kb flanking sequences in each genome, and their boundaries in each genome
were defined by alignment using the BioEdit tool (v. 7.2.0) in the ClustalW program [23]
and were observed manually for any changes. The representative sequence (<10 copies,
hard to derive consensus sequence) or consensus sequence (>10 copies) in each genome
was submitted to BLASTN for each host genome to estimate copy numbers. More than
40% coverage and 90% identity of BLAST hits to the queries (with a default E value) were used
to calculate copy numbers for each element to avoid overlapping hits between subfamilies.

2.2. Phylogenetic Analysis

The coding sequences (CDS) of the identified SB and ZB elements were aligned with
the CDS sequences of 29 known DNA transposases representing seven families (DD34E/Ic1,
DD36E/IC, DD37E/TRT, DD41D/VS, DD39D/GT, DD34D/mariner, and DD37D/maT) of the
Tc1/mariner transposon family by MAFFT v. 7.310 [24]. Then, the alignment was submitted
to the IQ-tree program (v. 1.6.12) [25] to determine their evolutionary relationships by using
the maximum likelihood method, with an ultrafast bootstrap value of 1000. The DD37D,
which forms a distinct clade with DD41D and DD39D from DD34E/Tc1 [12], was used as
the outgroup. The best-suited amino acid substitution model was selected by ModelFinder
embedded in the IQ-tree program (v. 1.6.12) [26].

2.3. Sequence Analysis

The TIR was determined manually using the ClustalW program in the BioEdit
tool (v. 7.2.0) [23]. The sequences of TIR, CDS, DBD(DNA-binding domain), and DDE
of SB and ZB elements or transposases were aligned using MAFFT v. 7.310, while the
sequence identities were calculated using the BioEdit tool (v. 7.2.0) [23]. When calculat-
ing the sequence identity of TIRs, the BioEdit tool filtered out sequences that were too
short, incomplete, or had only one TIR. The obtained sequence identities were drawn
with the HeatMap program in the TBtools (v. 1.0987663) (https://github.com/CJ-Chen/
TBtools/releases, accessed on 12 March 2022) [27]. Nuclear localization signal (NLS) mo-
tifs were predicted using PSORT (https://wolfpsorthgc.jp/, accessed on 13 March 2022).
Helix prediction of the searched transposase was performed using PSIPRED (v3.2)
(http:/ /bioinf.cs.ucl.ac.uk/psipred/, accessed on 15 March 2022) [28]. Multiple align-
ments were performed using the multiple alignment program ClustalW of the BioEdit
tool (v. 7.2.0) and manually edited and annotated using GeneDoc (v. 2.7.0.0) [29]. The
structure predicted by the transposase was presented by the tool Illustrator for Bio-
logical Sequences (IBS v. 1.0.3) [30]. In addition, the sequence logos were created by
Weblogo v. 3.7 (http:/ /weblogo.threeplusone.com/create.cgi, accessed on 16 March 2022).
The default parameters were used in the programs of this subsection.

2.4. HT Analysis

The pairwise distances between the host genes and the transposons were used to detect
ZB and SB transposons’ horizontal transfer events. Two globally conserved ribosomal
proteins (RPL3 and RPL4), were selected as the host genes and successfully applied to
evaluate the HT events for hAT and Tigger transposons [31,32]. The pairwise distances
between transposase-coding sequences (ZB and SB) and host gene-coding (RPL3 and RPL4)
sequences were calculated to detect possible HT events of transposons. Transposons with a
sequence identity of less than 70% of pairwise species were excluded from the HT analysis.
To decrease the putatively false-positive estimation of HT events, the HT events were
recognized when the genetic distance of transposons between species was 1.2 times smaller
than both the host genes (RPL3 and RPL4).

All accessible gene annotations (CDS) for host genes (RPL3 and RPL4) of species
involved in the putative HT events of ZB and SB were retrieved from the NCBI database.
The CDS of these genes were searched against the NCBI genome database via TBLASTN for
those species whose host genes were not annotated and manually annotated by GenScan
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(http:/ /hollywood.mit.edu/GENSCAN.html, accessed on 16 March 2022). The multiple
sequence alignments of the host-gene- CDS and transposase- CDS was built by the MAFFT
program (v. 7.310) [25] and subsequently submitted to MEGA software (v. 7.0.26) to
calculate the genetic distances between the host genes and transposons (pairwise deletion
and maximum composite likelihood) [33]. The genetic distances between host genes
and transposons in each species are listed in Supplementary Tables S5 and S6, and the
alignment files were deposited as Supplementary Files (Supplementary Files S2-55). It was
summarized using GraphPad Prism v. 8.0.1.244.

3. Results
3.1. Phylogeny and Sequence Analysis of ZB and SB Transposons

Overall, 629 sequences homologous to ZB and 366 sequences homologous to SB were
obtained and submitted for phylogenetic analysis. The phylogenetic tree showed that
all identified SB and ZB homology elements belonged to the clade of DD34E/Tc1, and
they formed four distinct branches with strong bootstrap supports (100). The branches
harboring 341 aa ZB and 340 aa SB100X reference sequences were named ZB and SB,
respectively, and their close sibling branches were named ZB-like and SB-like, respectively
(Figure 1 and Supplementary Figure S1, Tables S1 and S2 and Supplementary File S1).
Overall, ZB elements from 313 species, ZB-like elements from 316 species, SB elements
from 108 species, and SB-like elements from 258 species were designated as ZB, ZB-like,
5B, and SB-like transposons, respectively (Supplementary Table S1).

Figure 1. Phylogenetic analysis of SB and ZB elements. Bootstrapped (1000 replicates) phylogenetic
trees were inferred using the maximum likelihood method in IQ-TREE (v. 1.6.12) [34]. Reference fam-
ilies were DD34E/Tc1, DD36E/IC, DD37E/TRT, DD41D/VS, DD39D, and DD34D/mariner, DD37D/maT.
DD37D/maT was used here as an outgroup. SB and ZB elements form a separate branch individually.
The red and green parts in the figure represent the two branches that make-up SB elements, namely
cluster SB and cluster SB-like, and the orange and blue parts in the figure represent the two branches
that make-up ZB elements, namely cluster ZB and cluster ZB-like, with a confidence level of 100. See
Supplementary Figure S1 for details.
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Pairwise sequence comparison of SB and ZB transposons revealed that the CDS se-
quences (DNA sequences) of ZB, ZB-like, SB, and SB-like transposases are highly conserved.
Their internal sequence identities were higher than 80%, with ZB and SB-like represented
by over 90%, and ZB-like and SB by over 80% (Figure 2A). In contrast, the sequence
identities between ZB and ZB-like, and between SB and SB-like were 61%. The sequence
identities of CDS between SB and ZB groups ranged from 52% to 54% (Figure 2A). Further-
more, the DDE domains (protein sequences) tended to be more conserved than the DBD
(protein sequences) domains. The sequence identities of DDE domains between ZB and
ZB-like and between SB and SB-like were 68%. In comparison, the sequence identities
of DDE between SB and ZB groups ranged from 58% to 61% (Figure 2B,C). Similarly,
the sequence identities of DBD domains between ZB and ZB-like, and between SB and
SB-like, were 54% and 55%, respectively. Whereas, the sequence identities of DBD between
SB and ZB groups range from 34% to 38% (Figure 2B). In addition, their internal sequence
identities of TIRs for ZB, ZB-like, SB, and SB-like are 78%, 68%, 65%, and 80%, respectively.
The sequence identities of TIRs between ZB and ZB-like, and between SB and SB-lik,e were
39% and 33%, respectively. In contrast, the sequence identities of TIRs between SB and ZB
groups range from 20% to 30% (Figure 2D).

A CDS B DBD
100 100
n=280 . 61 52 52 7B 80 n=224. 54 38 34 7B 80
60 60
n=257 61 . 53 54 ZB-like [40 n=244 54 | 72 37 36 ZB-ike [40
20 20
n=95 52 53 . 61 SB 0 n=34 38 37 . 55 SB e
n=251 52 54 61 .SB-Like n=93 34 36 55 .SB—Like
ZB ZB-like SB SB-Like ZB ZB-like SB SB-Like
C DDE D TIR
100 100
n:224. 68 59 58 ZB 80 n=142 39 | 20 26 zB 80
60 60
n=244 68 . 60 61 ZB-ike [40 n=205 39 = 68 24 30 ZB-like [40
20 20
n=34 59 60 . 68 SB B n=53 | 20 | 24 65 33 SB 0
n-93 58 61 68 .SB-Like n=61 | 26 30 33 .SB-Like
ZB ZB-ike SB SB-Like ZB ZB-like SB SB-like

Figure 2. Sequence identities between ZB and SB elements among species. Sequence identities
were measured by pairwise comparison of representative sequences of SB and ZB elements. The
numbers in the heatmap are the percentage of the average values of the sequences’ identities of the
two types of transposons in the corresponding row and column, and “n” represents the number of
each type of transposon sequence (A-D). The average values of sequence identities were measured by
pairwise comparison of representative sequences of CDS (A), DBD (B), DDE (C), and TIR (D) of ZB
and SB elements.
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3.2. Taxonomic Distribution and Phylogenetic Analysis of ZB and SB Transposons

The ZB and SB homology transposons display narrow taxonomic distributions in eu-
karyotes. They were only detected in animals, mostly in vertebrates but also a few lineages
were found in invertebrates. Indeed, different taxonomic distributions of four branches
(ZB, ZB-like, SB, and SB-like) were observed (Figure 3A and Table 1). ZB was observed in
299 Actinopterygii species (32 orders), 9 Anura species of vertebrates, 4 Arthropoda species
of invertebrates, and detected in only 1 Mollusca species (Euprymna scolopes). Although
ZB-like is more widely distributed in vertebrates than in other elements, it was discovered
in 271 Actinopterygii species (42 orders), 17 Anura species, 5 Agnatha species (2 orders),
19 Squamata species, 1 Sarcopterygii species, 2 Aves species, and 1 Chondrichthyes
species. SB was mostly detected in Actinopterygii of vertebrates (107 species of 33 orders)
and has only been seen in one Mollusca (Anentome helena) species. Whereas, SB-like
invaded into 255 Actinopterygii species (25 orders), 1 Aves species of vertebrates, 1
Echinodermata species (Lytechinus variegatus) and 1 Cnidaria (Dendronephthya gigantea) of
invertebrates (Figure 3A and Table 1).

Table 1. Structural organization of ZB and SB transposons.

Species

Length of Full Length of Intact Transposase TIR Length

Motif  Distribution Number Transposon (bp) 2  Transposon (bp) ®  Length (aa) (>300) (bp) Tsb
Anura 9 / / / / /
Actinopterygii 299 1448-2940 1513-1687 302-411 113-205 TA

ZB Mollusca 1 1645 / / / TA
Arthropoda 4 1601-1622 1601-1622 324-366 198-209 TA

Aves 2 / / / / /
Squamata 19 1496-2208 1496-2208 338-366 126-214 TA
Anura 17 1596-1618 1596-1618 340-343 45-211 TA

2B~ sarcopterygii 1 1597 1597 340 200 TA
like A ctinopterygii 271 1331-2063 1391-2063 304-404 53-231 TA
Chondrichthyes 1 1612 1612 340 201-203 TA
Agnatha 5 1606-2172 1606-2172 339-340 183-207 TA
Actinopterygii 107 858-2979 1332-2979 307-360 44-415 TA

5B Mollusca 1 1597 1597 356 267-275 TA
Aves 1 / / / / /

SB-  Actinopterygii 255 1571-2111 1621-1753 306-359 105-228 TA
like  Echinodermata 1 1816 1816 340 27 TA
Cnidaria 1 1663 / / / TA

2 Full transposon: Transposons flanked by detectable TSDs (target site duplication) and TIRs. P Intact transposon:
Transposons flanked by detectable TSDs and TIRs and encoded > 300 aa transposases.

Furthermore, Actinopterygii is the major host of SB and ZB transposons, with
107 species for SB, 255 species for SB-like, 299 species for ZB, and 271 species for
ZB-like detected in this lineage, respectively (Figure 3B). However, substantially different
distribution patterns in the orders of Actinopterygii were observed for the four transposon
branches. The SB-like and ZB were widely distributed in the order of Cichliformes, with
202 species and 193 species detected, accounting for 78% and 62% of the total detected
species, respectively.Whereas, ZB-like and SB are more evenly distributed in the orders of
Actinopterygii (Figure 3B). In addition, we found that some branches of SB, SB-like, ZB, and
ZB-like co-exist in some species. A total of 2 species (Siniperca knerii and Siniperca scherzeri)
are co-invaded by all four branches, 3 to 24 species are co-invaded by three branches, and
16 to 159 species are co-invaded by two branches (Figure 3C and Supplementary Table S54).
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Figure 3. Taxonomic distribution of SB and ZB elements. (A) Taxonomic distribution of SB and ZB

elements in the Metazoa, including cluster SB, cluster SB-like, cluster ZB, and cluster ZB-like. The

numbers following the animal panels represent the number of species for which the corresponding

transposon was detected in that lineage. (B) Taxonomic distribution of SB and ZB elements in the

Actinopterygii. This graph was drawn based on statistics (Supplementary Table S3). The numbers in

the table represent the distribution of SB and ZB species in this order. The darker the color, the more

species containing the corresponding transposon in that order. (C) Overlapping species of SB and ZB.

The numbers in the figure represent the number of species that possess several types of transposons

in this column.
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3.3. Structural Organization of ZB and SB

Generally, similar structural organization was observed for ZB and SB transposons.
The total lengths of intact SB and ZB transposons range from 1.3 kb to 3.0 kb, but most of
them (96% of the total detected intact transposons, 336/350) are between 1.5 kb and 1.7 kb.
They contain a single ORF (open reading frame) that encodes a transposase of about 340 aa,
ranging from 302 aa to 411 aa, and flanked with TIRs in lengths varied from 27 bp to 415 bp
(Table 1, Figure 4A, and Supplementary Table S1). Overall, the structural features of SB
and ZB transposons are similar to that observed for other Tc1/mariner members [10,14,35].
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Figure 4. Structural organization of SB and ZB elements. (A) Alignment of the DBD domains
of SB and ZB transposases. Representative species containing complete transposons were
selected for each cluster. Sal-Saltru (Salmoniformes, Salmo trutta), Sal-Oncmyk (Salmoniformes,
Oncorhynchus mykiss), Spa-Spaaur (Spariformes, Sparus aurata), Cic-Oreaur (Cichliformes, Oreochromis
aureus), Cha-Astmex (Characiformes, Astyanax mexicanus), Per-Ethspe (Perciformes, Etheostoma spectabile),
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Cyp-Xipmac (Cyprinodontiformes, Xiphophorus maculatus), Cyp-Danrer (Cypriniformes, Danio rerio),
Ble-Salfas (Blenniiformes, Salarias fasciatus), Cic-Astcal (Cichliformes, Astatotilapia calliptera), Cyp-
Pacplal (Cyprinodontiformes, Pachypanchax playfairii), Anu-Bufbuf (Anura, Bufo bufo), and Gym-Micuni
(Gymmnophiona, Microcaecilia unicolor). Letters in different colors represent HTH patterns, and rectan-
gles in different colors represent GRPR of different transposons. (B) Alignment of the DDE domains
of SB and ZB transposases. The red rectangles represent the DDE domain, the pink rectangles repre-
sent linkers. (C) Structural organization of SB and ZB elements. Orange arrows and green arrows
represent TIRs, and different colors represent different TIRs. The grey light column represents HTH
motifs, the yellow circles represent NLS, the orange light column represents catalytic domains, and
the red-light column represents transposons.

The CDS of ZB, ZB-like, SB, and SB-like transposases are highly conserved, and
display over 80% of sequence identities (Figure 2A). In the intact SB and ZB transposases,
several well-defined domains, including the catalytic domain, GRPR-like motif, linker
motif [K(V/T)PLLS], nuclear localization sequence (NLS), and DNA-binding domain
(DBD), which contains six helixes in the N terminus, and were identified and indicated
in Figure 4A,B. The interdomain linker (Figure 4B and Supplementary Figure S2) was
identified as a conserved sequence stretch (KKPLLS) in SB100X transposase [36]. The first
and last two residues of linkers varied across ZB, ZB-like, SB, and SB-like transposons,
while the middle three residues (PLL) are highly conserved (Supplementary Figure S2).

Compared with other Tcl/mariner families, such as maT/DD39D, GT/DD37D, and
IC/DD36E [12,13], most TIRs of SB and ZB elements (94% of the total detected intact
transposons, 330/350) are relatively long, ranging from 180 bp to 300 bp. However, very
long and short TIRs are also observed in some species (Table 1 and Supplementary Table S1).
The 3’ TIR of SB partially overlaps with the ORF regions, which is not observed for the
other three group transposons (Figure 4C). The end motifs (20 bp) of TIRs are highly
conserved across ZB, ZB-like, SB, and SB-like, and start with a GC-rich motif followed
by an AT-rich region (Figure 5A). The genomic flank sequence analysis revealed that the
integration profiles of ZB, ZB-like, SB, and SB-like in genomes are highly conserved, and
display strongly preferential integration into AT repeats (Figure 5B).

3.4. Evolution Dynamics of ZB and SB Transposons

The genomic copy numbers of ZB, ZB-like, SB, and SB-like transposons vary signif-
icantly across species, ranging from one to several thousand (Supplementary Table S1).
Overall, 142 (45.37%, 142/313), 205 (64.87%, 205/316), 54 (50%, 54/108), 63 (24.42%, 63/258)
genomes harbor complete copies (transposons flanked by detectable TSDs and TIRs)
of ZB, ZB-like, SB, and SB-like transposons, respectively. Most high numbers of full
copies (>=100) of ZB, ZB-like, SB, and SB-like were detected in Actinopterygii. However,
high numbers (>=100) of full copies of ZB-like were also detected in Agnatha, Sarcopterygii,
Anura, Squamata, and Chondrichthyes (Table 2). Furthermore, intact copies (transposons
flanked by detectable TSDs and TIRs and encoded >=300 aa transposases) were detected
in many species of multiple animal lineages for all four groups of transposons, but with
significant variations across groups and lineages, which support that these transposons
display recent and current activities in some lineages of animals, but with differential
evolution dynamics (Table 2). In general, 105 (33.55%, 105/313), 183 (57.91%, 183/316),
26 (24.07%, 26/108), and 36 (13.95%, 36/258) genomes contain an intact copy of ZB, ZB-like,
SB, and SB-like transposons, respectively. However, most of them represent less than
10 intact copies in genomes, and only 4, 3, 57, and 51 species contain 10 to 99 intact copies
of SB, SB-like, ZB, and ZB-like transposons in their genomes, respectively. Very high intact
copies (>=100) were observed in very few species (one or four) for SB and SB-like, and not
detected for ZB, but observed for many species (26) for ZB-like (Table 2).
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Figure 5. The alignment logo for SB and ZB elements. (A) The Weblogo server (http://weblogo.
threeplusone.com/create.cgi, accessed on 16 March 2022) was used to create the logo representation
of the first 20 bp of the TIR 5 sequences. (B) Integration sites of four transposons. The sequence
logos show the majority regular consensus sequence of the genomic insertion site in a 40 bp window

centered on the target TA dinucleotide.
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Table 2. Full and intact copy numbers of ZB and SB transposons in genomes.
Genome Number Genome Number
] o 1-9 10-99 >100 , 1-9 10-99  >100 b
Family Distribution Full Full Full Total  Average Intact Intact Intact Total  Average
Copy Copies Copies Copy Copies Copies
Actinopterygii 18 108 12 138 44 + 6.03 46 56 0 102 13 £ 1.15
7B Arthropoda 0 1 2 3 438 + 240.06 2 1 0 3 7 +3.21
Mollusca 0 1 0 1 / 0 0 0 0 /
Total 18 110 14 142 / 48 57 0 105 -
Actinopterygii 18 103 54 175 190 + 38.21 95 41 19 155 144 + 41.85
Agnatha 0 0 4 4 859 + 389.09 1 0 3 4 332 4+ 210.98
Anura 0 5 4 9 180 4+ 89.24 1 5 3 9 560 + 332.42
ZB-like Chondrichthyes 0 0 1 1 / 0 1 0 1 /
Sarcopterygii 0 0 1 1 / 0 0 1 1 /
Squamata 0 9 6 15 190 + 50.32 9 4 0 13 6+173
Total 18 117 70 205 / 106 51 26 183 /
Actinopterygii 15 25 13 53 329 £98.10 20 4 1 25 19 +£7.91
SB Mollusca 1 0 0 1 / 1 0 0 1 /
Total 16 25 13 54 / 21 4 1 26 /
Actinopterygii 9 45 7 61 78 +24.99 28 3 4 35 37 +17.04
SBIik Cnidaria 1 0 0 1 / 0 0 0 0 /
“IX€  Echinodermata 0 1 0 1 / 1 0 0 1 /
Total 10 46 7 63 / 29 3 4 36 /

2 Average full copy (transposons flanked by detectable TSDs and TIRs) number of transposons in genomes,
expressed as mean + SEM. © Average intact copy (transposons flanked by detectable TSDs and TIRs and
encoded > 300 aa transposases) number of transposons in genomes’ expressed as Mean + SEM.

Overall, ZB-like has been significantly amplified in some genomes of animals
(more than 100 copies), and the intact copy number of ZB-like is much higher than that
of ZB in most species, indicating ZB-like may be more active than ZB in most lineages of
animals. More than 100 ZB-like intact copies were detected in 26 species (1 Sarcopterygii
species, 19 Actinopterygii species, 3 Agnatha species, and 3 Anura species). The most signifi-
cant number of intact ZB-like copies (5188) was detected in Microcaecilia unicolor (Sacopterygii).
At the same time, ZB represents the highest intact copy number in Salarias fasciatus of
Actinopterygii by only 81. Furthermore, except for Parhyale hawaiensis in Arthropoda, all
species with more than ten intact copies of ZB are distributed in Actinopterygii, and 80% of
these belong to order Cichliformes (Table 2 and Supplementary Table S1).

While SB and SB-like have undergone significant expansion in some Actinopterygii
species (more than 100 copies), the numbers of intact SB-like copies in some genomes are
higher than that of SB, suggesting that SB-like transposons tend to be more active than
SB. The species containing intact copies of SB and SB-like species are much less than that
of ZB and ZB-like, and only several species in Actinopterygii harbor 10-99 or more than
100 intact copies of SB and SB-like in their genomes (Table 2 and Supplementary Table S1).
In addition, SB transposons were detected in 13 species of Salmonid, where the original SB
transposase was reconstructed based on the inactive copies from multiple species [9], but
SB elements in most species tend to be truncated in Salmonid genomes, which agree with
previous studies [9]. However, more than 100 intact copies of SB in Coregonus clupeaformis
of Salmonid were detected, indicating that SB may still be active in some species
of Salmonid (Supplementary Table S1).

3.5. Most ZB and SB Transposons Obtained by Horizontal Transfer

The HT events of ZB and SB transposons were recognized based on the standards
described in methods and summarized in Supplementary Figure S3. The number of species
involved in HT events was illustrated in Figure 6, indicating that HT obtained most ZB
and SB transposons in animals. Overall, 252 (80.5% of the total detected species) ZB,
184 (58.2% of the total detected species) ZB-like, 71 (65.7% of the total detected species)
SB, and 241 (93.4% of the total detected species) SB-like invaded species were involved
in HT events (Figure 6A). Moreover, most HT events were confirmed in Actinoptery-
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gii at which the recorded species involved in HT events were SB: 64.4%, ZB: 84.3%,
ZB-like: 66.1%, of which the highest occurred in SB-like: 94.5%. Notaby, most were
detected in Cichliformes and Perciformes (Figure 6C,D). However, some HT events were
observed in Squamata, where 26.3% (5/19) ZB-like invaded species are involved in HT
events (Figure 6D). In addition, 16 species of Actinopterygii tend to be more common for
HTs of these transposons and have been invaded by at least three families. Particularly,
co-HT events of the four families (ZB, ZB-like, SB, and SB-like) were detected for three

species (Siniperca knerii, Siniperca scherzeri, and Mastacembelus armatus) and represent the
most common species of HTs (Figure 6B).
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Figure 6. Taxonomic distribution and HT events of ZB and SB elements. This refers to the HT
events jointly supported by two cytoplasmic ribosomal proteins (L3 and L4) in eukaryotic species
(detailed information of species was listed in Supplementary Tables S5 and S6). (A) The number and
proportion of species involved in HT events for the four transposons. (B) Venn of species number
involved in HT events of ZB, ZB-like, SB, and SB-like. (C) Species number involved in HT events in
Actinopterygii. (D) Species number involved in HT events in Metazoa.
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4. Discussion
4.1. Recent Origins of ZB and SB Transposons

The phylogenetic relationships of IS630-1c1-Mariner (ITm) transposons were recently re-
viewed and at least four superfamilies were suggested, including DDxD/pogo, DD34E / Gambol,
Tc1/mariner, and DD82E/ Sailor. DD82E / Sailor is a new superfamily characterized recently,
with a DD82E catalytic domain distinct from the other three groups (DD34E/Gambol, and
Tc1/mariner) [5,37-39]. Both DD34E / Gambol and DD82E / Sailor superfamilies seem to rep-
resent low diversity and narrow distribution in nature, while extremely high diversity
and wide distribution were observed for DDxD/pogo and Tc1/mariner superfamilies. Six
distinct families (Passer, Tigger, pogoR, Lemi, Mover, and Fot/Fot-like) were detected for
DDxD/pogo transposons [38], while at least nine distinct families (DD34E/Tc1, DD35E/TR,
DD36E/IC, DD37E/TRT, DD38E/IT, DD34D /mariner, DD37D/maT, DD39D/GT, and
DD41D/VS) have been defined for Tc1/mariner transposons [14]. Furthermore, a previous
study from Gao et al. [40] also demonstrated that DD34E/Tc1 transposons display a high di-
versity at the family level because at least five distinct clusters or sub-families (Passport-like,
SB-like, Frog Prince-like, Minos-like, and Bari-like) were identified. DD34E/Tc1 transposons
exhibit an unexpected diversity and may evolve into many families as a common ances-
tor. It was recently indicated that at least three families (DD35E/TR, DD36E/IC, and
DD38E/IT) displaying the closest phylogenetic relationship and highest sequence identity
to DD34E/Ic1 transposons may have evolved from this family. Here, we systematically
defined the evolution profiles of ZB, a naturally active transposon from zebrafish [10], and
SB, a rebuilt active transposon [41], which belong to DD34E/Tc1 transposons. Overall, four
distinct clades named ZB, ZB-like, SB, and SB-like were identified and exhibited the closest
phylogenetic relationship with the DD34E/Tc1 family with typical structure organizations
of this family. Generally, ZB, ZB-like, SB, and SB-like displayed a similar evolution profile
and share a high sequence identity. The ZB, ZB-like, SB, and SB-like displayed a narrow
taxonomic distribution, and are mainly detected in vertebrates (particularly in Actinopterygii),
which is similar to that of DD35E/TR, DD36E/IC, and DD38E/IT, and different from
that of DD37D/maT, DD39D/GT, and DD41D/VS. DD37D/maT and DD41D/VS mainly
distribute in invertebrates, while DD39D/GT in plants.

Additionally, our data analysis also revealed that ZB, ZB-like, SB, and SB-like dis-
played high intra-family and inter-family sequence identities, and intact copies were
detected in many species of multiple animal lineages for all four groups of transposons.
The intact copy number and sequence identity of a transposon in a given genome are
key factors to judge the activity in the genome. A high number of intact copies means
the transposons have obtained a substantial amplification and may still be active, and
indeed that they can jump in the genome. More accurate predictions of activity can be
obtained through the combination of more data analysis including structure organization
and K divergence. Our data analysis indicates that ZB, ZB-like, SB, and SB-like are recently
evolved families, and represent recent and current activity. Furthermore, it indicates that
more active members may exist in diverse species of animals, beside ZB, which was proven
as a highly active element in zebrafish [10]. However, their transposition activities need
further experimental validation.

4.2. Horizontal Transfer of ZB and SB Transposons

The horizontal transfer (HT) has long been recognized as an important driver for
species diversity and has evolutionary significance on the nuclear genomes within prokary-
ote domains (bacteria and archaea) [31,39,42]. It was once believed that HT in eukaryotes
are rare; yet shreds of evidence support that HT events of mobile elements, including DNA
transposons and retrotransposons, are common in eukaryotes and may contribute to shap-
ing genomic and evolutionary patterns in eukaryotes [43-46]. Although the mechanisms of
HTs are still largely unknown, the close physical relationship between a parasite and its
host could facilitate horizontal transfer [47-49].
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The HT events of retrotransposons between kingdoms of eukaryotes (from Arthropods
to Flowering Plants) or between phyla were observed [13,44-46]. DNA transposons are
widespread across eukaryote kingdoms. The HT events of hAT DNA transposons were ob-
served in multiple lineages of animals, and they may play a role in shaping the evolution of
animal genomes [31,48,50]. While Tc1/Mariner superfamily appears to be the most common
type of TEs among other DNA transposons involved in HT [51]. Most well-defined fami-
lies of Tc1/mariner families, including DD35E/TR [11], DD36E/IC [12], DD37E/TRT [52],
DD38E/IT [14], DD37D/maT [13], DD39D/GT [13], and DD41D/ VS [53], are involved
in HT events [50]. In this study, our data analysis indicated that ZB and SB transposons
in animals are largely obtained by HT events, mainly occurring in Actinopterygii, which
were also observed for DD35E/TR [11], DD36E/IC [12], DD37E/TRT [13], DD38E/IT [14],
and DD41D/VS [53]. This indicated that Actinopterygii tend to be “hot” hosts of HTs
of Tc1/mariner transposons. On the other hand, high diversity and common HT events
of Tcl/mariner transposons in Actinopterygii also suggest that this superfamily may play
roles in shaping the evolution of genomes and contribute to the speciation of this lineage.
A similar biological role was observed for the Tigger transposons, a family of pogo trans-
posons. These transposons (Tigger) are commonly involved in HT events across different
lineages of animals, including mammals, that may have contributed to their wide tax-
onomic distribution, indicating that Tigger may play a role in the shaping of mammal
genome evolution [32].

4.3. Structure Organization of ZB and SB Transposons

In the present study, SB and ZB are elements of the DD34E/Tc1 group, which present
the typical structural organization of Tc1/mariner elements [5,8]. Functional domain anal-
ysis indicated that both ZB and SB transposases have distinct transposition active domains,
including a DNA binding domain, catalytic domain (DDE), nuclear localization signal (NLS),
GRPR-like motif, and a linker motif. The linker [K(V/T)PLLS] is suggested to be structurally
equivalent to the regulatory WVPHEL motif of mariner transposases [36], and was shown
to play a critical role in orchestrating cleavage events within the transpososome [35,54,55].
According to the present study, most TIRs of SB and ZB elements are relatively long, rang-
ing from 180 bp to 300 bp. However, very long or short TIRs are also observed in some
species. The 3’ TIR of SB partially overlaps with the ORF regions, which is not observed for
the other three group transposons. The end motifs (20 bp) of TIRs are highly conserved
across ZB, ZB-like, SB, and SB-like and start with a GC-rich motif followed by an AT-rich
region. Analyses of genomic flanking sequences revealed that ZB, ZB-like, SB, and SB-like
integration profiles in genomes are evolutionarily conserved and show a distinct preference
for integration into AT repeats. ZB had a longer TIR sequence (TIR:201 bp) and preferred
to integrate into the regions containing long repeated dinucleotide TA sequences similar
to SB [56,57]. Similarly, the present study shows that the general structure organization
of ZB and SB is similar to two close families of Tc1/DD34E superfamily transposons. ZB
was identified to share a similar structural organization and target site sequence preference
but there exists a slightly different integration profile compared with the features of SB
at the mammalian genome-wide scale [10]. In the Tc1/mariner family, the inverted repeats
vary in length and contain transposase-binding sites in different numbers and patterns,
thus based on the distinct “DDE/D” signatures of transposase. Furthermore, the DDE
domains (protein sequences) tend to be more conserved than the DBD domains, and the
sequence identities of DDE domains are 68% between both ZB and ZB-like, and SB and
SB-like Comparatively, ZB and SB are derived from a common ancestor of DD34E/Tc1.
ZB shares the same clade with DD34E/ Passport, while SB also shares the same clade
with DD34E/Quetzal [56].
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5. Conclusions

In the present study, we established that four distinct clades of transposons
(ZB, ZB-like, SB, and SB-like) exhibited the closest phylogenetic relationship with typ-
ical structure organizations to the DD34E/Tc1 family. In addition, SB and ZB displayed a
narrow distribution in eukaryotes but were mostly detected in animals. Similarly, evidence
to support the occurrence of HT events of ZB and SB across vertebrates indicated that these
transposons largely occurred in animals, and specifically mainly in Actinopterygii. The
current study provides a further understanding of the evolutionary history of ZB, SB, and
Tc1/mariner elements, and updates the classification of DD34E/Tc1.
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The genetic distances between cytoplasmic ribosomal proteins transposons in species; Supplementary
File S1: Transposons base sequence found; Supplementary Files S2-55: The genetic distances between
host genes and transposons in each species.

Author Contributions: Conceptualization, C.S., B.G., Q.Q., T.L. and P.Z.; methodology, C.S., W],
E.A. and C.S.; writing—original draft preparation, W.J., E.A., C.S. and C.M.; and writing—review
and editing, C.S., B.G., Z.I,, YW,, S.W. and D.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by grants from the National Natural Science Foundation of
China (32271508), the National Genetically Modified Organisms Breeding Major Projects program
(2018Z7X08010-08B), the Priority Academic Program Development of Jiangsu Higher Education
Institutions, and the High-end Talent Support Program of Yangzhou University to Chengyi Song.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Thanks to Naisu Yang for his help in bioinformatics analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Feschotte, C.; Pritham, E.J. DNA Transposons and the Evolution of Eukaryotic Genomes. Annu. Rev. Genet. 2007, 41, 331-368.
[CrossRef] [PubMed]

2. Sotero-Caio, C.G.; Platt, R.N.; Suh, A.; Ray, D.A. Evolution and Diversity of Transposable Elements in Vertebrate Genomes.
Genome Biol. Evol. 2017, 9, 161-177. [CrossRef]

3. Shao, H.; Tu, Z. Expanding the Diversity of the IS630-Tc1-Mariner Superfamily: Discovery of a Unique DD37E Transposon and
Reclassification of the DD37D and DD39D Transposons. Genetics 2001, 159, 1103-1115. [CrossRef] [PubMed]

4.  Hickman, A.B.; Chandler, M.; Dyda, F. Integrating Prokaryotes and Eukaryotes: DNA Transposases in Light of Structure.
Crit. Rev. Biochem. Mol. Biol. 2010, 45, 50-69. [CrossRef]

5. Plasterk, R.H.; Izsvak, Z.; Ivics, Z. Resident Aliens: The Tc1/ Mariner Superfamily of Transposable Elements. Trends Genet.
1999, 15, 326-332. [CrossRef]

6.  Makatowski, W.; Gotea, V.; Pande, A.; Makatowska, I. Transposable Elements: Classification, Identification, and Their Use as a
Tool for Comparative Genomics. In Methods in Molecular Biology; Humana Press: Totowa, NJ, USA, 2019; pp. 177-207.

7. Sandoval-Villegas, N.; Nurieva, W.; Amberger, M.; Ivics, Z. Contemporary Transposon Tools: A Review and Guide through
Mechanisms and Applications of Sleeping Beauty, PiggyBac and Tol2 for Genome Engineering. Int. J. Mol. Sci. 2021, 22, 5084.
[CrossRef]

8.  Gao, B,; Chen, W,; Shen, D.; Wang, S.; Chen, C.; Zhang, L.; Wang, W.; Wang, X.; Song, C. Characterization of Autonomous Families

of Tc1/Mariner Transposons in Neoteleost Genomes. Mar. Genom. 2017, 34, 67-77. [CrossRef]


https://www.mdpi.com/article/10.3390/genes13122239/s1
http://doi.org/10.1146/annurev.genet.40.110405.090448
http://www.ncbi.nlm.nih.gov/pubmed/18076328
http://doi.org/10.1093/gbe/evw264
http://doi.org/10.1093/genetics/159.3.1103
http://www.ncbi.nlm.nih.gov/pubmed/11729156
http://doi.org/10.3109/10409230903505596
http://doi.org/10.1016/S0168-9525(99)01777-1
http://doi.org/10.3390/ijms22105084
http://doi.org/10.1016/j.margen.2017.05.003

Genes 2022, 13, 2239 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

Ivics, Z.; Hackett, P.B.; Plasterk, R.H.; Izsvak, Z. Molecular Reconstruction of Sleeping Beauty, a Tc1-like Transposon from Fish, and
Its Transposition in Human Cells. Cell 1997, 91, 501-510. [CrossRef]

Shen, D.; Song, C.; Miskey, C.; Chan, S.; Guan, Z; Sang, Y.; Wang, Y.; Chen, C.; Wang, X.; Miiller, F; et al. A Native, Highly Active
Tcl/Mariner Transposon from Zebrafish (ZB) Offers an Efficient Genetic Manipulation Tool for Vertebrates. Nucleic Acids Res.
2021, 49, 2126-2140. [CrossRef] [PubMed]

Zong, W.; Gao, B.; Diaby, M.; Shen, D.; Wang, S.; Wang, Y.; Sang, Y.; Chen, C.; Wang, X.; Song, C. Traveler, a New DD35E Family of
Tc1/Mariner Transposons, Invaded Vertebrates Very Recently. Genome Biol. Evol. 2020, 12, 66-76. [CrossRef]

Sang, Y.; Gao, B.; Diaby, M.; Zong, W.; Chen, C.; Shen, D.; Wang, S.; Wang, Y.; Ivics, Z.; Song, C. Incomer, a DD36E Family of
Tc1/Mariner Transposons Newly Discovered in Animals. Mobile DNA 2019, 10, 45. [CrossRef] [PubMed]

Wang, S.; Diaby, M.; Puzakov, M.; Ullah, N.; Wang, Y.; Danley, P.; Chen, C.; Wang, X.; Gao, B.; Song, C. Divergent Evolution
Profiles of DD37D and DD39D Families of Tc1/Mariner Transposons in Eukaryotes. Mol. Phylogenet. Evol. 2021, 161, 107143.
[CrossRef]

Gao, B.; Zong, W.; Miskey, C.; Ullah, N.; Diaby, M.; Chen, C.; Wang, X.; Ivics, Z.; Song, C. Intruder (DD38E), a Recently Evolved
Sibling Family of DD34E/Tc1 Transposons in Animals. Mobile DNA 2020, 11, 32. [CrossRef] [PubMed]

Wang, S.; Wang, Y.; Shen, D.; Zhang, L.; Chen, W.; Chan, S.; Guan, Z.; Song, C.; Gao, B. ZB Transposon and Chicken
Vasa Homologue (Cvh) Promoter Interact to Increase Transfection Efficiency of Primordial Germ Cells in Vivo. Br. Poult. Sci.
2019, 60, 724-728. [CrossRef] [PubMed]

Matés, L.; Chuah, M.K.L; Belay, E.; Jerchow, B.; Manoj, N.; Acosta-Sanchez, A.; Grzela, D.P; Schmitt, A.; Becker, K.; Matrai, J.; et al.
Molecular Evolution of a Novel Hyperactive Sleeping Beauty Transposase Enables Robust Stable Gene Transfer in Vertebrates.
Nat. Genet. 2009, 41, 753-761. [CrossRef] [PubMed]

Kowarz, E.; Loscher, D.; Marschalek, R. Optimized Sleeping Beauty Transposons Rapidly Generate Stable Transgenic Cell Lines.
Biotechnol. ]. 2015, 10, 647-653. [CrossRef] [PubMed]

Tipanee, J.; VandenDriessche, T.; Chuah, M.K. Transposons: Moving Forward from Preclinical Studies to Clinical Trials.
Hum. Gene Ther. 2017, 28, 1087-1104. [CrossRef]

Magnani, C.F; Tettamanti, S.; Alberti, G.; Pisani, L.; Biondi, A.; Serafini, M.; Gaipa, G. Transposon-Based CAR T Cells in
Acute Leukemias: Where Are We Going? Cells 2020, 9, 1337. [CrossRef]

Prommersberger, S.; Reiser, M.; Beckmann, J.; Danhof, S.; Amberger, M.; Quade-Lyssy, P; Einsele, H.; Hudecek, M.; Bonig, H.; Ivics, Z.
Caramba: A first-in-human clinical trial with slamf7 car-t cells prepared by virus-free sleeping beauty gene transfer to treat multiple
myeloma. Gene Ther. 2021, 28, 560-571. [CrossRef] [PubMed]

Altschul, S.F; Madden, T.L.; Schéffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.]. Gapped BLAST and PSI-BLAST:
A new generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389-3402. [CrossRef] [PubMed]

Geurts, A.M.; Yang, Y.; Clark, K.J.; Liu, G.; Cui, Z.; Dupuy, A.]; Bell, ].B.; Largaespada, D.A.; Hackett, P.B. Gene Transfer into
Genomes of Human Cells by the Sleeping Beauty Transposon System. Mol. Ther. 2003, 8, 108-117. [CrossRef] [PubMed]

Yang, P; Craig, P.A.; Goodsell, D.; Bourne, P.E. BioEditor—Simplifying Macromolecular Structure Annotation. Bioinformatics
2003, 19, 897-898. [CrossRef] [PubMed]

Yamada, K.D.; Tomii, K.; Katoh, K. Application of the MAFFT Sequence Alignment Program to Large Data—Reexamination of
the Usefulness of Chained Guide Trees. Bioinformatics 2016, 32, 3246-3251. [CrossRef]

Warnow, T. Revisiting Evaluation of Multiple Sequence Alignment Methods. In Methods in Molecular Biology; Humana Press:
Totowa, NJ, USA, 2021; pp. 299-317.

Park, M.; Zaharias, P.; Warnow, T. Disjoint Tree Mergers for Large-Scale Maximum Likelihood Tree Estimation. Algorithms
2021, 14, 148. [CrossRef]

Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An Integrative Toolkit Developed for Interactive
Analyses of Big Biological Data. Mol. Plant 2020, 13, 1194-1202. [CrossRef]

McGuffin, L.J.; Bryson, K.; Jones, D.T. The PSIPRED Protein Structure Prediction Server. Bioinformatics 2000, 16, 404—-405.
[CrossRef] [PubMed]

Nicholas, K.B. GeneDoc: Analysis and Visualization of Genetic Variation. EMBnet News 1997, 4, 14.

Liu, W,; Xie, Y.; Ma, J.; Luo, X; Nie, P.; Zuo, Z.; Lahrmann, U.; Zhao, Q.; Zheng, Y.; Zhao, Y.; et al. IBS: An Illustrator for the
Presentation and Visualization of Biological Sequences. Bioinformatics 2015, 31, 3359-3361. [CrossRef]

Guan, Z,; Shi, S.; Diaby, M.; Danley, P.; Ullah, N.; Puzakov, M.; Gao, B.; Song, C. Horizontal Transfer of Buster Transposons across
Multiple Phyla and Classes of Animals. Mol. Phylogenet. Evol. 2022, 173, 107506. [CrossRef] [PubMed]

Diaby, M.; Guan, Z.; Shi, S.; Sang, Y.; Wang, S.; Wang, Y.; Zong, W.; Ullah, N.; Gao, B.; Song, C. Revisiting the Tigger Transposon
Evolution Revealing Extensive Involvement in the Shaping of Mammal Genomes. Biology 2022, 11, 921. [CrossRef] [PubMed]
Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021, 38, 3022-3027.
[CrossRef]

Nguyen, L.-T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating
Maximum-likelihood Phylogenies. Mol. Biol. Evol. 2015, 32, 268-274. [CrossRef] [PubMed]

Tellier, M.; Bouuaert, C.C.; Chalmers, R. Mariner and the ITm Superfamily of Transposons. Microbiol. Spectr. 2015, 3, MDNA3-0033-2014.
[CrossRef] [PubMed]


http://doi.org/10.1016/S0092-8674(00)80436-5
http://doi.org/10.1093/nar/gkab045
http://www.ncbi.nlm.nih.gov/pubmed/33638993
http://doi.org/10.1093/gbe/evaa034
http://doi.org/10.1186/s13100-019-0188-x
http://www.ncbi.nlm.nih.gov/pubmed/31788035
http://doi.org/10.1016/j.ympev.2021.107143
http://doi.org/10.1186/s13100-020-00227-7
http://www.ncbi.nlm.nih.gov/pubmed/33303022
http://doi.org/10.1080/00071668.2019.1639138
http://www.ncbi.nlm.nih.gov/pubmed/31267766
http://doi.org/10.1038/ng.343
http://www.ncbi.nlm.nih.gov/pubmed/19412179
http://doi.org/10.1002/biot.201400821
http://www.ncbi.nlm.nih.gov/pubmed/25650551
http://doi.org/10.1089/hum.2017.128
http://doi.org/10.3390/cells9061337
http://doi.org/10.1038/s41434-021-00254-w
http://www.ncbi.nlm.nih.gov/pubmed/33846552
http://doi.org/10.1093/nar/25.17.3389
http://www.ncbi.nlm.nih.gov/pubmed/9254694
http://doi.org/10.1016/S1525-0016(03)00099-6
http://www.ncbi.nlm.nih.gov/pubmed/12842434
http://doi.org/10.1093/bioinformatics/btg103
http://www.ncbi.nlm.nih.gov/pubmed/12724304
http://doi.org/10.1093/bioinformatics/btw412
http://doi.org/10.3390/a14050148
http://doi.org/10.1016/j.molp.2020.06.009
http://doi.org/10.1093/bioinformatics/16.4.404
http://www.ncbi.nlm.nih.gov/pubmed/10869041
http://doi.org/10.1093/bioinformatics/btv362
http://doi.org/10.1016/j.ympev.2022.107506
http://www.ncbi.nlm.nih.gov/pubmed/35595006
http://doi.org/10.3390/biology11060921
http://www.ncbi.nlm.nih.gov/pubmed/35741442
http://doi.org/10.1093/molbev/msab120
http://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
http://doi.org/10.1128/microbiolspec.MDNA3-0033-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104691

Genes 2022, 13, 2239 17 of 17

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Voigt, F; Wiedemann, L.; Zuliani, C.; Querques, L; Sebe, A.; Matés, L.; Izsvak, Z.; Ivics, Z.; Barabas, O. Sleeping Beauty Transposase
Structure Allows Rational Design of Hyperactive Variants for Genetic Engineering. Nat. Commun. 2016, 7, 11126. [CrossRef]
[PubMed]

Coy, M.R,; Tu, Z. Gambol and Tc1 Are Two Distinct Families of DD34E Transposons: Analysis of the Anopheles gambiae Genome
Expands the Diversity of the 1S630-Tc1-Mariner Superfamily. Insect Mol. Biol. 2005, 14, 537-546. [CrossRef] [PubMed]

Gao, B.; Wang, Y.; Diaby, M.; Zong, W.; Shen, D.; Wang, S.; Chen, C.; Wang, X.; Song, C. Evolution of Pogo, a Separate Superfamily
of 1S630-Tc1-Mariner Transposons, Revealing Recurrent Domestication Events in Vertebrates. Mobile DNA 2020, 11, 25. [CrossRef]
Shi, S.; Puzakov, M.; Guan, Z.; Xiang, K.; Diaby, M.; Wang, Y.; Wang, S.; Song, C.; Gao, B. Prokaryotic and Eukaryotic Horizontal
Transfer of Sailor (DD82E), a New Superfamily of 1S630-Tc1-Mariner DNA Transposons. Biology 2021, 10, 1005. [CrossRef]
[PubMed]

Gao, B.; Shen, D.; Xue, S.; Chen, C.; Cui, H.; Song, C. The Contribution of Transposable Elements to Size Variations between Four
Teleost Genomes. Mobile DNA 2016, 7, 4. [CrossRef]

Ivics, Z.; Izsvak, Z. Sleeping Beauty Transposition. Microbiol. Spectr. 2015, 3, MDNA3-0042-2014. [CrossRef]

Shin, J.-E.; Lin, C.; Lim, H.N. Horizontal Transfer of DNA Methylation Patterns into Bacterial Chromosomes. Nucleic Acids Res.
2016, 44, 4460-4471. [CrossRef]

Carducci, F,; Barucca, M.; Canapa, A.; Carotti, E.; Biscotti, M.A. Mobile Elements in Ray-Finned Fish Genomes. Life 2020, 10, 221.
[CrossRef]

Gao, D.; Chu, Y,; Xia, H.; Xu, C.; Heyduk, K.; Abernathy, B.; Ozias-Akins, P.; Leebens-Mack, ].H.; Jackson, S.A. Horizontal Transfer
of Non-LTR Retrotransposons from Arthropods to Flowering Plants. Mol. Biol. Evol. 2018, 35, 354-364. [CrossRef] [PubMed]
Ivancevic, A.M.; Kortschak, R.D.; Bertozzi, T.; Adelson, D.L. Horizontal Transfer of BovB and L1 Retrotransposons in Eukaryotes.
Genome Biol. 2018, 19, 85. [CrossRef] [PubMed]

Peccoud, J.; Loiseau, V.; Cordaux, R.; Gilbert, C. Massive Horizontal Transfer of Transposable Elements in Insects. Proc. Natl.
Acad. Sci. USA 2017, 114, 4721-4726. [CrossRef]

Schaack, S.; Gilbert, C.; Feschotte, C. Promiscuous DNA: Horizontal transfer of transposable elements and why it matters for
eukaryotic evolution. Trends Ecol. Evol. 2010, 25, 537-546. [CrossRef] [PubMed]

Gilbert, C.; Schaack, S.; Pace, ] K.; Brindley, PJ.; Feschotte, C. A Role for Host-Parasite Interactions in the Horizontal Transfer of
Transposons Across Phyla. Nature 2010, 464, 1347-1350. [CrossRef] [PubMed]

Gilbert, C.; Feschotte, C. Horizontal acquisition of transposable elements and viral sequences: Patterns and consequences.
Curr. Opin. Genet. Dev. 2018, 49, 15-24. [CrossRef]

Pace, J.K,; Gilbert, C.; Clark, M.S.; Feschotte, C. Repeated Horizontal Transfer of a DNA Transposon in Mammals and
Other Tetrapods. Proc. Natl. Acad. Sci. USA 2008, 105, 17023-17028. [CrossRef] [PubMed]

Zhang, H.-H.; Peccoud, J.; Xu, M.-R.-X,; Zhang, X.-G.; Gilbert, C. Horizontal Transfer and Evolution of Transposable Elements
in Vertebrates. Nat. Commun. 2020, 11, 1362. [CrossRef]

Zhang, H.-H.; Li, G.-Y; Xiong, X.-M.; Han, M.-].; Zhang, X.-G.; Dai, E-Y. TRT, a Vertebrate and Protozoan Tc1 -like Transposon:
Current Activity and Horizontal Transfer. Genome Biol. Evol. 2016, 8, 2994-3005. [CrossRef] [PubMed]

Shen, D.; Gao, B.; Miskey, C.; Chen, C.; Sang, Y.; Zong, W.; Wang, S.; Wang, Y.; Wang, X; Ivics, Z.; et al. Multiple Inva-
sions of Visitor, a DD41D Family of Tc1/Mariner Transposons, throughout the Evolution of Vertebrates. Genome Biol. Evol.
2020, 12, 1060-1073. [CrossRef]

Claeys Bouuaert, C.; Walker, N.; Liu, D.; Chalmers, R. Crosstalk between Transposase Subunits during Cleavage of the
Mariner Transposon. Nucleic Acids Res. 2014, 42, 5799-5808. [CrossRef]

Dornan, J.; Grey, H.; Richardson, J.M. Structural Role of the Flanking DNA in Mariner Transposon Excision. Nucleic Acids Res.
2015, 43, 2424-2432. [CrossRef]

Wang, Y.; Shen, D.; Ullah, N.; Diaby, M.; Gao, B.; Song, C. Characterization and Expression Pattern of ZB and PS Transposons in
Zebrafish. Gene Expr. Patterns 2021, 42, 119203. [CrossRef] [PubMed]

Vigdal, T.].; Kaufman, C.D.; Izsvak, Z.; Voytas, D.E; Ivics, Z. Common Physical Properties of DNA Affecting Target Site Selection
of Sleeping Beauty and Other Tc1/Mariner Transposable Elements. |. Mol. Biol. 2002, 323, 441-452. [CrossRef]


http://doi.org/10.1038/ncomms11126
http://www.ncbi.nlm.nih.gov/pubmed/27025571
http://doi.org/10.1111/j.1365-2583.2005.00584.x
http://www.ncbi.nlm.nih.gov/pubmed/16164609
http://doi.org/10.1186/s13100-020-00220-0
http://doi.org/10.3390/biology10101005
http://www.ncbi.nlm.nih.gov/pubmed/34681104
http://doi.org/10.1186/s13100-016-0059-7
http://doi.org/10.1128/microbiolspec.MDNA3-0042-2014
http://doi.org/10.1093/nar/gkw230
http://doi.org/10.3390/life10100221
http://doi.org/10.1093/molbev/msx275
http://www.ncbi.nlm.nih.gov/pubmed/29069493
http://doi.org/10.1186/s13059-018-1456-7
http://www.ncbi.nlm.nih.gov/pubmed/29983116
http://doi.org/10.1073/pnas.1621178114
http://doi.org/10.1016/j.tree.2010.06.001
http://www.ncbi.nlm.nih.gov/pubmed/20591532
http://doi.org/10.1038/nature08939
http://www.ncbi.nlm.nih.gov/pubmed/20428170
http://doi.org/10.1016/j.gde.2018.02.007
http://doi.org/10.1073/pnas.0806548105
http://www.ncbi.nlm.nih.gov/pubmed/18936483
http://doi.org/10.1038/s41467-020-15149-4
http://doi.org/10.1093/gbe/evw213
http://www.ncbi.nlm.nih.gov/pubmed/27667131
http://doi.org/10.1093/gbe/evaa135
http://doi.org/10.1093/nar/gku172
http://doi.org/10.1093/nar/gkv096
http://doi.org/10.1016/j.gep.2021.119203
http://www.ncbi.nlm.nih.gov/pubmed/34481069
http://doi.org/10.1016/S0022-2836(02)00991-9

	Introduction 
	Materials and Methods 
	Transposon Searching 
	Phylogenetic Analysis 
	Sequence Analysis 
	HT Analysis 

	Results 
	Phylogeny and Sequence Analysis of ZB and SB Transposons 
	Taxonomic Distribution and Phylogenetic Analysis of ZB and SB Transposons 
	Structural Organization of ZB and SB 
	Evolution Dynamics of ZB and SB Transposons 
	Most ZB and SB Transposons Obtained by Horizontal Transfer 

	Discussion 
	Recent Origins of ZB and SB Transposons 
	Horizontal Transfer of ZB and SB Transposons 
	Structure Organization of ZB and SB Transposons 

	Conclusions 
	References

