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Abstract

Transgenesis mediated by transposon is an effective approach for introducing exogenous DNA into the
nuclear genome and establishing stable transgenic strains that efficiently express genetic tools.
Although the DNA transposon T7o/2is widely used for transgenesis in zebrafish, its endogenous
transpositional activity can lead to unintended transgene mobilization, making it unsuitable for
transgenesis in medaka (Oryzias latipes). Here, we demonstrated that the DNA transposon Tip700,
originally identified in the common morning glory (lpomoea purpurea), an ornamental plant, can serve as
a useful tool for transgenesis in Japanese medaka. The GFP transgene cassette, when co-injected with
Tip700transposase mRNA, was expressed in significantly higher number of somatic cells in the injected
fish. Furthermore, a transgene flanked by truncated recognition sequences (100 bp each) exhibited
expression levels comparable to those of the original vector containing the full 2.2 kb recognition
sequence. Injection of a transgene driven by a germline-specific promoter revealed that fish injected with
Tip700 mRNA exhibited a significantly higher germline transmission rate (42/68; 62.7%) compared to
those injected without the mRNA (13/62; 21.0%). We successfully established transgenic strains by
outcrossing injected founders with GFP-positive germ cells (7/7; 100%) and demonstrated that the
transgenes were randomly integrated into the medaka genome, generating 8-bp duplications at the
insertional sites—an insertional signature of the hAT superfamily of transposons. Our findings indicate
that the Tip700 system is a promising tool for generating stable transgenic strains that express various
genetic tools in medaka and potentially other fish species.

Introduction

The Japanese medaka (Oryzias latipes) is a small teleost fish that serves as a vertebrate model for
genetics, alongside zebrafish (Danio rerio). Although these small fishes share several biological
characteristics, medaka possesses additional advantages, such as the availability of diverse wild-derived
strains and related species, high tolerance to temperature changes, and a robust genetic sex
determination system (Takeda and Shimada 2010). Similar to zebrafish, recent advances in genetic
engineering have enabled targeted gene modifications and the visualization of specific cells, facilitating
the functional analysis of various biological processes in medaka (Kirchmaier et al. 2015).

Transgenesis, the integration of exogenous DNA fragments into genomes of organisms, is a straight-
forward approach for analyzing the function of target genes and cells. Among various methodologies
used to enhance genome integration efficiency, transposon-mediated transgenesis is a powerful method
for introducing exogenous DNA. These systems typically consist of a DNA transposon vector and a
transposase expression vector, which together mediate the excision of a transgene cassette flanked by
inverted repeats and its subsequent genomic integration. This approach enables transgene insertion at
random genomic positions with high efficiency and is widely used to establish transgenic lines in various
organisms and cell types (lvics et al. 2009). In zebrafish, the DNA transposon To/2 facilitates highly
efficient genomic integration of DNA vectors and has been employed to generate numerous transgenic
strains (Kawakami 2005), including gene/enhancer trap lines (Kawakami et al. 2004; Asakawa et al.
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2008), which serve as essential tools for functional analysis. The To/2 system has been used for
transgenesis not only in zebrafish but also in various other teleost species (Fujimura and Kocher 2011;
Valenzano et al. 2011; Juntti et al. 2013; Erickson et al. 2016; Higaki et al. 2021; Miyamoto et al. 2024).
However, because the Tol2 element was originally identified as an active transposable element in the
medaka genome (Koga et al. 1996), it has been shown to transpose in both somatic and germline cells
(lida et al. 2005; Koga et al. 2006), raising concerns that transgenes integrated via the To/2 system may
be unstable in medaka. To address this limitation, alternative transposon systems such as Sleeping
Beauty (Grabher et al. 2003) and maize Ac/Ds (Boon Ng and Gong 2011; Froschauer et al. 2012) have
been applied to medaka transgenesis. However, their usage remains limited due to inconsistent
efficiencies and the lack of publicly available plasmid resources.

Here, we demonstrate that the Tip700 DNA transposon can serve as an efficient tool for transposon-
mediated transgenesis in medaka. Tip700, a member of the hobo-Ac-Tam3 (hAT) superfamily alongside
Tol2 and Ac/Ds, was originally identified at a mutable locus responsible for flower variegation in the
common morning glory (lpomoea purpurea), a climbing plant widely cultivated worldwide for its colorful
flowers (Habu et al. 1998). Given its strong transpositional activity observed in mutant morning glory
flowers and tobacco plants (Ishikawa et al. 2002), we hypothesized that the Tip700 system would exhibit
similarly high activity in medaka. First, we examined whether the Tip700transposon system could
facilitate the genomic integration of a transgene cassette from a DNA vector in medaka embryos. Next,
to enhance the usability of the Tip700 system across various plasmid vectors, we optimized the length
of its transposon recognition sequences including the inverted repeats. Finally, we assessed the
efficiency of Tip700-mediated germline transgene integration and investigated whether transgene
insertions occurred in a transposon-dependent manner.

Materials and methods
Fish husbandry

All medaka fish used in this study were maintained under a photoperiod of 14 h light/10 h dark and a
water temperature of 26—28°C in recirculating systems. The fish were fed three times per day with live
nauplii (Artemia sp.) and commercial pellet food (Otohime; Marubeni Nisshin Feed). The himedaka strain
(ID: MT835) of Japanese medaka (Oryzias latipes) was obtained from the National BioResource Project
(NBRP) Medaka (https://shigen.nig.ac.jp/medaka) and used as the parental strain in this study. All
procedures were conducted in accordance with the guidelines and regulations of the Animal Care and
Use Committee of the Kyoto University (Approval number: R5-102).

Preparation of plasmid DNA vectors and RNA

The Tip700transposase coding sequence was amplified from a genomic clone pBK-
CMV_4S7_CHSD_Tip100, which was obtained from in vivo excision of AV-Tip100-4S7 (Habu et al. 1998),
using primers pCS2-NLS-Tip100-Fw1 and pCS2-Tip100-Rv1 (Table S1). It was subsequently cloned into
the Ncol and Xhol site of the pCS2 + MT vector (Turner and Weintraub 1994), generating the Tip700
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transposase expression vector pCS2-Tip100. mRNA encoding Tip700 transposase was synthesized from
the linearized vector (digested with Notl) using MMESSAGE mMACHINE SP6 Kit (Invitrogen) and purified
using the Monarch RNA Cleanup Kit (New England Biolabs.).

The original Tip700 recognition sequences (686 bp at the 5" end and 1,513 bp at the 3" end) were
amplified form a genomic clone pBK-CMV_4S7_CHSD_Tip100 using primers Tip100-5FW-Spel and
Tip100-5RV-EcoRl for the 5 end, and Tip100-3FW-Sall and Tip100-3RV-Kpnl for the 3" end (Table S1).
The cassette was cloned with a 2.5 kb promoter and a 1.5 kb first intron of the medaka B-actin (actb)
gene (Hamada et al. 1998; Yoshinari et al. 2012), followed by the EGFP gene and an SV40 poly A signal,
into the pBluescript vector, generating the ubiquitous expression vector pBS-Tip100-actb4k-EGFP.

For the vector pBS-Tip100-LR100-actb4k-EGFP, which contains truncated recognition sequences (100 bp
each), the vector backbone was amplified via inverse PCR using pBS-Tip100-actb4k-EGFP as a template
and the primers Tip100-R100-3FW-actb and Tip100-L100-5RV-actb (Table S1). The actb-EGFP transgene
cassette, amplified using primers actb4kpro-5FW and SV40pA-3RV (Table S1), was cloned into the
truncated backbone using In-Fusion Snap Assembly Master Mix (Takara Bio).

For the germline-specific expression vector pBS-Tip100-LR100-olvas-EGFP, the EGFP transgene cassette
flanked by a 5.1 kb promoter and a 0.64 kb 3'UTR sequences of medaka vasa (olvas) (Tanaka et al.
2001) and amplified using the primers olvas-3FW-Tip100 and olvas-5RV-Tip100 (Table S1). The fragment
was cloned into the truncated Tip100 backbone vector, which had been amplified using the primers
Tip100-R100-3FW-IF and Tip100-L100-5RV-IF (Table S1). The full sequences of the transgenic constructs
are available in GitHub repository (https://github.com/satoshi-ansai/Plasmids).

Microinjection

All plasmid vectors were treated with 0.5% SDS and 0.4 ug/pl proteinase K at 55°C for 30 min to
eliminate residual RNase activity and then purified using the NucleoSpin Gel and PCR Clean-up Kit with
Buffer NTB protocol (MACHEREY-NAGEL).

Injection mixtures containing 10 ng/pL of the plasmid vector, with or without 100 ng/uL of Tip700 mRNA,
were introduced into one-cell stage of medaka fertilized eggs as previously described (Kinoshita 2009).

Inverse PCR

Genomic DNA was extracted from an F, adult fish injected with the pBS-Tip100-LR100-olvas-EGFP
vector using the NucleoSpin® Tissue Kit (MACHEREY-NAGEL). Each genomic DNA sample (2 pg) was
digested with Psti, purified using the NucleoSpin Gel and PCR Clean-up Kit (MACHEREY-NAGEL), and
circularized using Ligation High Ver. 2 (Toyobo). The ligated DNA was used as a PCR template and
amplified with primers 5cis-inverse-FW1 and 5cis-inverse-RV1 (Table S1) using KOD FX Neo DNA
polymerase (Toyobo). Amplification conditions were as follows: 94°C for 2 min; 35 cycles of 98°C for 10
s, 55°C for 20 s, and 68°C for 5 min. Subsequently, each PCR product was diluted 400-fold and subjected
to a second PCR using primers 5cis-inverse-FW2 and 5cis-inverse-RV2 (Table S1) under the same cycling
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conditions, except that only 30 cycles were performed. Amplicons were purified via gel extraction using
the NucleoSpin Gel and PCR Clean-up Kit and individually sequenced using the primer Scis-inverse-FW2
at Macrogen Japan. Genomic insertion sites were determined via BLASTN searches against a reference
assembly of Japanese medaka in the Ensembl genome browser (ASM223467v1:
https://www.ensembl.org/Oryzias_latipes/Info/Index).

To analyze the insertional signature of the Tip700transgene cassette, upstream and downstream
genomic sequences flanking the cassette were amplified using transgene-specific primers along with
5cis-check-RV and 3cis-check-FW (Table S1). Each amplicon was directly sequenced using the genomic
primers.

Imaging

Injected embryos were observed using a fluorescence stereo microscope M165 FC (Leica
Microsystems) with a GFP long-pass filter. Microscopic images were captured with a digital camera
FLEXACAM C1 (Leica Microsystems).

Statistical analyses

All statistical tests were performed using R version 4.4.2.

Results

To investigate whether the Tip700transposon can mediate transposition of transgenes in Japanese
medaka embryos, we constructed a transgene plasmid, pBS-Tip100-actb4k-EGFP, and an expression
vector, pCS2-Tip100, for the transposase. The transgene plasmid contains 686 bp and 1,513 bp of the
left (57) and right (3") recognition sequences, respectively, which contains terminal inverted repeats
essential for autonomous transposition of Tip700 elements (Ishikawa et al. 2002). It also includes a 4 kb
of medaka beta-actin (actb) promoter driving an EGFP gene as a transgene marker, enabling ubiquitous
GFP expression (Hamada et al. 1998), flanked by the recognition sequences (Fig. 1a). To assess the
integration efficiency of Tip700transposition with conventional (spontaneous) plasmid integration, we
injected the transgene plasmid with or without mRNA encoding Tip700 transposase, transcribed from
the transposase expression vector. Injected larvae were categorized into five groups based on the extent
of GFP expression: “none”, "only yolk", "limited (< 50% of body)", "broad (> 50%)", or "ubiquitous (nearly
100%)" (Fig. 1b, c). As shown in Fig. 1b, co-injection of the plasmid with Tip700 mRNA significantly
increased the proportion of "broad" and "ubiquitous" larvae (10.75% + 56.99% = 67.74%) compared to
those injected without mRNA (11.24% + 7.87% = 19.11%) (Two-sided Fisher's exact test: P=3.775x 10~
16). To confirm that the efficient GFP expression was driven by Tip700-mediated transposition, we
performed an excision assay to detect transgene cassette excision by PCR amplification (Fig. 1d). A 164
bp PCR product, expected upon excision of the Tip700transposon followed by end joining of the DNA
breaks, was detected exclusively in embryos injected with Tip700 mRNA (Fig. 1d). These results indicate
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that the Tip700transposase excises the transgene cassette from the plasmid vector and facilitates its
genomic integration in medaka embryos.

Although Tip700 shows potential as a novel genetic tool for transgenesis, the total length of the
recognition sequences (2.2 kb) limits its practicality for routine molecular cloning. In the To/2 transposon
system, only 200 bp and 150 bp of the left and the right ends, respectively, are required for the
transposition activity (Urasaki et al. 2006). In a native, autonomous copy of Tip700, the 3’ recognition
site—excluding overlap with the transposase coding region—spans just 118 bp (Ishikawa et al. 2002).
Based on this, we constructed a modified transgene plasmid, pBS-Tip100-LR100-act4k-EGFP, containing
only 100 bp recognition sequences on each side (Fig. 2a). Injection of this truncated vector with Tip700
mRNA resulted in a comparable increase in "broad" and "ubiquitous" expression patterns (12.50% +
50.66% = 63.16%) compared to injection without mRNA (5.71% + 1.90% = 7.61%) (Two-sided Fisher's
exact test: P<2.2 x 10” ') (Fig. 2b). The 164 bp excision PCR product was again detected only in the
presence of Tip700 mRNA (Fig. 2c), indicating that 100 bp recognition sequences at both ends are
sufficient for Tip700 functional transposition.

We next examined the efficiently of germline transmission of transgenes integrated via the Tip700
system. To directly visualize germline integration of the transgene through GFP fluorescence, we
constructed a plasmid vector, pBS-Tip100-LR100-olvas-EGFP (Fig. 3a), carrying EGFP driven by the
promoter and 3’'UTR of Oryzias latipes vasa (olvas), which is specifically expressed in germ cells (Tanaka
et al. 2001). As expected, a subset of hatched larvae injected with this transgene plasmid exhibited GFP
fluorescence in germ cells (Fig. 3b). Co-injection with the Tjp700 mRNA significantly increased the
proportion of larvae with germline GFP signals (MRNA+: 42/68, 62.69%; mRNA-: 13/62, 20.97%) (Two-
sided Fisher's exact test: P=1.278x 10~ %) (Fig. 3c). To assess germ-line transmission efficiency to the
next generation, seven G, founders with EGFP-positive germ cells were crossed them with wild-type fish.
All seven founders produced F, offspring with EGFP-positive germ cells (7/7; 100%), with germline
transmission rates ranging from 4.69% (3/64, founder #6) to 58.06% (36/62, founder #4) (Fig. 3d).
Finally, we analyzed the genomic integration sites in three strains derived from three different G,
founders using inverse PCR followed by Sanger sequencing. Each of the three insertion sites was
located on a different chromosomes and showed an 8 bp target site duplication, an insertional signature
of the hAT superfamily transposon-mediated integration (Rubin et al. 2001) (Fig. 3e). Together, these
results demonstrate that the Tip700 system enables efficient and stable integration of transgenes into
the medaka genome.

Discussion

In this study, we established a transgenesis method mediated by the Tip700 system in medaka. To date,
two transposon systems, Ac/Ds and Sleeping Beauty, have been employed for transgenesis in medaka
(Grabher et al. 2003; Boon Ng and Gong 2011; Froschauer et al. 2012). While Sleeping Beauty has
successfully been used to generate enhancer trap strains in medaka, spontaneous integration events
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independent of the transposon have been observed, resulting in suboptimal integration efficiency
(Grabher et al. 2003). A more recent study reported the generation of transgenic strains carrying a single-
copy attP landing site for PhiC31-mediated transgenesis using a hyperactive Sleeping Beauty
transposase (Kirchmaier et al. 2013); however, the integration efficiency was not evaluated. In contrast,
the Ac/Ds system has been shown to mediate transposon-dependent transgene integration with high
efficiency (Boon Ng and Gong 2011; Froschauer et al. 2012; Ishikawa et al. 2018). Nevertheless, the
limited accessibility of the Ac/Ds plasmids, publicly available only in recent years (Chong-Morrison et al.
2023), has hampered the broader adoption of transposon-mediated transgenesis in the medaka
compared to the widespread use of the Tol2 system in zebrafish.

We demonstrated that the Tip700 system enables efficient integration of transgenes in both somatic
(Fig. 1c and 2b) and germline cells (Fig. 3c) of medaka. The observed germline transmission rate is
comparable to or exceeds that reported for the Ac/Ds system in medaka, where 33-100% of injected
fish screened using ubiquitous expression markers are identified as the positive founders (Boon Ng and
Gong 2011; Froschauer et al. 2012; Ishikawa et al. 2018). It is also on par with the To/2 system in
zebrafish, which yields 50—70% positive founders (Kawakami et al. 2004; Urasaki et al. 2006).
Furthermore, while highly effective transgenesis with transposase mRNA is often associated with
increased mortality in injected embryos (Ishikawa et al. 2018), Tip700 transposase mRNA did not elevate
mortality rates (5—16% of injected fish; Fig. 1c, 2b, and 3c). Notably, plasmids for the Tip700 system are
publicly available through the National BioResource Project (NBRP) Morning Glory
(https://shigen.nig.ac.jp/asagao/), promoting accessibility. The Tip700 system also offers a practical
advantage in vector construction: it requires only total 200 bp of recognition sequences, the shortest
among transposon systems used in fish. In comparison, Ac/Ds requires 609 bp (Emelyanov et al. 2006),
Sleeping Beauty 455 bp (Zayed et al. 2004), and To/2 350 bp (Urasaki et al. 2006). This reduced
sequence length facilitates the construction of more compact plasmids.

Taken together, while further studies are needed to clarify key characteristics of the Tip700 system, such
as maximum cargo size, insertion site preferences, and applicability to other species, our findings
support its utility as a promising genetic tool for efficient and stable transgenesis in medaka and
potentially other organisms.
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Figure 1

Genomic integration of a transgene by Tip700 transposon in injected medaka embryos. (A) Schematic
representation of the transgenic vector pBS-Tip100-actb4k-EGFP. White boxes with red triangles indicate
the recognition sequences with the left (L; 5°) and right (R; 3") inverted repeats (IRs) of the Tip700
transposon. The vector contains a 4 kb of medaka B-actin (actb) promoter sequence followed by an
EGFP and an SV40 poly A signal. (B, C) Evaluation of the transgene cassette integration efficiency. The
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pBS-Tip100-actb4k-EGFP vector was injected without (-mRNA) or with (+mRNA) Tip700transposase
mRNA. After removing embryos that died before hatching (indicated as “dead”), hatched larvae were
classified into five categories based on GFP fluorescence patterns: “none”, "only yolk", "limited", "broad",
or "ubiquitous", defined as follows: no fluorescence, fluorescence limited to yolk (absent from the body),
fluorescence in less than 50% of the body, fluorescence in more than 50% of the body, or fluorescence in
nearly 100% of the body, respectively. (B) Representative images of the four categories of GFP
fluorescence expression. Scale bars: 1 mm. (C) Proportion of hatched larvae in each category after
injection with (+) or without (-) Tip700 mRNA. The numbers on the bar chart indicate the number of fish
in each category. (D) Excision assay to detect Tip700-mediated transposition of the transgene cassette.
The right panel illustrates the expected PCR product (164 bp) generated following excision of the
transgene cassette. In the electrophoresis gel image (left panel), the 164 bp amplicon is highlighted by a

red dot square.
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Figure 2

Evaluation of a transgene vector with truncated recognition sequences of the Tip700transposon. (A)
Schematic representation of the truncated vector pBS-Tip100-LR100-actb4k-EGFP. The left (L; 5°) and
right (R; 3") inverted repeats (IRs) of the Tip700transposon are truncated to 100 bp each. The vector

Page 12/14



contains a 4 kb of medaka B-actin (actb) promoter sequence followed by an EGFP gene and an SV40
poly A signal. (B) Evaluation of transgene cassette integration efficiency in hatched larvae injected
without (-mRNA) or with (+mRNA) Tip700 transposase mRNA. After removing embryos that died before
hatching (indicated as “dead”), hatched larvae were classified into five categories based on GFP
fluorescence patterns: “none”, "only yolk", "limited", "broad", or "ubiquitous" (as defined in Fig. 1b). The
numbers on the bar chart indicate the number of fish in each category. (C) Excision assay to detect
Tip7100-mediated transposition of the truncated transgene cassette. The 164 bp PCR product, indicative
of transgene cassette excision, is highlighted by a red dotted square.

pBS-Tip100-LR100-olvas-EGFP

[—Dl aives promoter P |‘.,.,..=urm|qj

Deag Founder Sex Negative | Total | Percentage (%)
EG=P-negative
# Female 18 34 52 34.62
E{i=P-pasitive
#2 Female 9 68 77 11.69
#3 Female 18 43 61 2951
gy #4 Female 36 26 62 58.06
é #5 Female 7 90 a7 7.22
o #6 Female 3 61 64 469
% #7 Male 18 60 78 23.08
Q
E s Integration site Gene adjacent to
(ASM223467v1) the olvas-landing site
Germ cell ®
P #2 Chr10:9,638,948-9.628 941 tnmd intron 3
9 #4 Chr12: 11,566,372-11,566, 3765 asin2 intron 11
‘5 #7 Chré: 9,236,5657-9,236,550 hmg20a 18 kb upsiream
£ #2: Chr10--CCTTAC§ GGCCTTA--
- -=-CCTTACC LIR-olvas-RIR [CCCACACA| GGCCTTA--
#4: Chr12--CTGCATA [T TT | GGACAGT-~

- -

(n=62) (n=67) --CTGCATA [TGCCTATT| LIR-olvas-RIR |[TGCCTATT] GGACAGT--
#7: Chré --AATGATA [CCCACACC] AcAccTC-~

- - - o - -

-=-AATGATA CCCACACC LIR-olvas-RIR |CCCACA! CC ACACCTC~-~

Figure 3

Germline transmission of a transgene cassette integrated by the Tip700 system. (A) Schematic
representation of the pBS-Tip100-LR100-olvas-EGFP vector. Red triangles indicate the left (57) and right
(3") recognition sequences of the Tip700transposon. The vector contains an EGFP gene flanked by a 5.1
kb promoter and a 0.64 kb 3'UTR of medaka vasa (olvas). (B) Representative image of a hatched larva
carrying the olvas:EGFP cassette, with GFP fluorescence specifically expressed in germ cells. Scale bar:
100 pym. (C) Evaluation of the germline transmission rate of the Tip700transgene cassette based on
germline-specific GFP fluorescence. Medaka fish injected with the olvas vector without (-mRNA) or with
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(+*mRNA) Tip700transposase mMRNA were examined. After removing embryos that died before hatching
(indicated as “dead”), hatched larvae were classified as EGFP-negative (without fluorescence in germ
cells) or EGFP-positive (with fluorescence in germ cells). (D) Germ-line transmission rate in F; offspring
obtained by crossing injected fish with wild-type fish. (E) Genomic insertion sites of the transgene
cassette, determined by inverse PCR. The 8-bp duplication of the host genome sequence, characteristic
of Tip700transposon insertions, is highlighted in magenta and enclosed in a square.
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