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Abstract 24 

Insects show extreme diversity and have long intrigued biologists. Recent technological 25 

advancements, such as gene editing and transgenesis, should in principle enable the use 26 

of almost any insect species for biological research. However, in practice, species-27 

specific challenges remain and conditions must be optimized carefully. Here, using the 28 

milkweed bug Oncopeltus fasciatus, we first generate a useful eye- and body-color 29 

mutant strain by using CRISPR/Cas9-mediated genome editing. Then we use this strain 30 

to develop an efficient piggyBac-mediated transgenesis system using a nuclear targeting 31 

approach. We show that incorporating 1× and 3× nuclear localization signals (NLS) into 32 

piggyBac mRNA substantially enhances overall transformation efficiency in O. 33 

fasciatus. Taking advantage of both the useful mutant strain and the efficient 34 

transgenesis system, we successfully integrated multiple expression cassettes ranging 35 

from 1.8 to 7.2 kb, including attP strains for phiC31-mediated site-specific integration 36 

and histone-labelled strains for live fluorescence imaging. We further provide evidence 37 

that the Q system, a binary expression system, is functional in this species, paving the 38 

way for future sophisticated genetic manipulations including functional assays for cis-39 

regulatory elements. Together, our results not only expand the genetic toolkit of O. 40 

fasciatus as a comparative model insect, but also provide a practical framework for 41 

developing efficient transgenesis in other non-traditional model organisms. 42 
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Introduction 48 

Insects are one of the most diverse groups of animals on Earth (Stork, 2017). Their 49 

remarkable beauty, adaptations, and diversity have long fascinated biologists. Many 50 

biological questions about insect diversity and evolution cannot be addressed using the 51 

long-standing arthropod model Drosophila melanogaster alone (Clark et al., 2019; Kao 52 

et al., 2026; Truman et al., 2026). Beyond the Drosophila melanogaster paradigm, 53 

recent technological advancements have enabled us to use functional genetics to 54 

investigate many non-traditional model organisms, opening new avenues for studies of 55 

the evolution of developmental mechanisms (Gudmunds et al., 2022). Comparative 56 

studies are essential to understand the evolutionary history of insects. Establishing 57 

genomic and biological resources across multiple species has thus become a critical 58 

investment in cell and developmental biology. 59 

 The large milkweed bug, Oncopeltus fasciatus (Lygaeidae, Hemiptera) has a 60 

long history of comparative developmental studies (Chipman, 2017; Feir, 1974). 61 

Hemiptera is a large and diverse order of insects that is phylogenetically important for 62 

understanding insect evolution, as it is an outgroup to Holometabola, the clade of 63 

insects that undergo complete metamorphosis (Misof et al., 2014). In the mid-twentieth 64 

century, O. fasciatus was widely used as a model organism across many different 65 

contexts, including embryology, physiology, and histology (Feir, 1974). However, the 66 

rise of D. melanogaster genetics largely displaced O. fasciatus, along with other insect 67 

species (Chipman, 2017). Approximately two decades ago, taking advantage of its ease 68 

of rearing and high sensitivity to RNAi-mediated gene perturbation, O. fasciatus began 69 

to re-emerge as an evo-devo model, particularly for the study of segmentation and body 70 

patterning (Angelini and Kaufman, 2005; Angelini et al., 2005; Liu and Kaufman, 71 

2004a; Liu and Kaufman, 2004b; Liu and Kaufman, 2005; Liu and Patel, 2009; Liu and 72 
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Patel, 2010). More recently, the development of CRISPR/Cas9-mediated targeted 73 

mutagenesis (Reding and Pick, 2020) and knock-in methods (Shirai et al., 2026) has 74 

further expanded its utility as a comparative model organism for functional genetics. 75 

 Since transgenesis is a powerful genetic tool for investigating gene function 76 

and cis-regulatory elements (Gregory et al., 2016; Handler, 2002), deploying this tool in 77 

O. fasciatus is essential for establishing it as a more versatile model organism. We focus 78 

here on a hyperactive variant of the piggyBac transposase called hyPBase (Yusa et al., 79 

2011), which has been successfully applied across multiple insect species (Chen and 80 

Palli, 2021; Gonzalez-Sqalli et al., 2024; Hart et al., 2023; Heryanto et al., 2022; Inada 81 

et al., 2025; Kou et al., 2023; Ohde et al., 2025), consistently outperforming the original 82 

piggyBac transposase in overall efficiency (Eckermann et al., 2018; Ohde et al., 2025; 83 

Otte et al., 2018). 84 

 Here, we describe an efficient piggyBac-mediated transgenesis system in O. 85 

fasciatus. First, we generate a useful eye- and body-color mutant strain by crossing the 86 

Of-vermilion (Of-v) mutant (Reding et al., 2023) with a newly generated CRISPant 87 

strain carrying a mutation in Of- xanthine dehydrogenase (xdh1), the ortholog of D. 88 

melanogaster rosy, enabling easier detection of fluorescent signals through the adult 89 

cuticle. Using this double mutant strain, we develop a highly efficient piggyBac-90 

mediated transgenesis system by incorporating additional SV40 nuclear localization 91 

signals (NLSs) (Kalderon et al., 1984) into hyPBase. Furthermore, we provide evidence 92 

that Q system mediated-binary expression (Potter et al., 2010) is functional in O. 93 

fasciatus. Together, our results substantially expand the experimental possibilities of O. 94 

fasciatus as a comparative genetic model organism and provide a practical framework 95 

for implementing efficient transgenesis in other non-traditional model organisms. 96 

 97 
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Results 98 

 99 

Establishment of a useful eye- and body-color mutant strain in O. fasciatus 100 

 Many successful insect transgenesis systems rely on detection of a dominant 101 

marker, often expression of a fluorescent protein, in the eye (Berghammer et al., 1999). 102 

However, detecting this marker expression can be challenging if the animal's eyes are 103 

darkly pigmented. In the case of O. fasciatus, the wild-type eye color is black. 104 

Therefore, we aimed to generate a mutant strain with a lighter eye color to facilitate the 105 

detection of fluorescent signals, such as GFP or RFP, derived from transgenesis. 106 

Previous studies have attempted to generate such a strain: one study reported that the O. 107 

fasciatus white (Of-w) gene, commonly used to provide a suitable background for 108 

detection of a dominant rescue construct in other insects, caused lethality when 109 

disrupted (Reding and Pick, 2020), while another study established strains mutant for 110 

Of-v, an ommochrome pathway gene, displaying dark red eye color (Reding et al., 111 

2023). However, we were not certain whether the eyes of the v mutants were light 112 

enough to detect fluorescent signals. In 1970, Peter Lawrence reported O. fasciatus 113 

mutants named "red eye (re)", "white body (wb)", and "cream body (cb)" (Lawrence, 114 

1970). re mutants had red eyes, and the described phenotypes of re mutants are 115 

generally consistent with that of Of-v mutants (Reding et al., 2023), suggesting that re 116 

mutants lack ommochrome pigments. By contrast, wb and cb mutants were reported as 117 

having both a whitish yellow body color, and these described phenotypes are 118 

comparable to the loss of orange body coloration observed upon systemic RNAi of 119 

pteridine pathway genes (Liu, 2016; Reding et al., 2023). Importantly, double mutants 120 

of re and either wb or cb showed eye color distinct from that of the single mutants 121 

(Lawrence, 1970), and maternal RNAi of punch, a pteridine pathway gene, resulted in 122 
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eye-color defects in embryos (Liu, 2016). Together, these results suggested that both 123 

ommochrome and pteridine pigments might contribute to eye color formation in O. 124 

fasciatus. Based on these findings, we decided to target the O. fasciatus ortholog of the 125 

pteridine pathway gene xdh1 (Of-xdh1, Accession No. OFAS027123), whose D. 126 

melanogaster ortholog is the rosy gene (Keith et al., 1987). Of-xdh1 has been implicated 127 

in body coloration in O. fasciatus based on systemic RNAi-mediated functional analysis 128 

(Reding et al., 2023). 129 

 Of-xdh1 is predicted to encode a 1341 amino acid pteridine pathway enzyme 130 

containing 2Fe-2S, flavin adenine dinucleotide (FAD) binding, and molybdopterin 131 

binding domains, as determined by InterProScan (Fig. 1A). To generate a homozygous 132 

mutant Of-xdh1 strain (Fig. 1B), we designed a guide RNA targeting the region 133 

immediately downstream of the start codon (Fig. 1A), hoping to generate an indel and 134 

frameshift resulting in a premature stop codon and eliminating the functional domains 135 

of this enzyme. Following injection of Cas9/gRNA ribonucleoprotein complex into 54 136 

eggs, 17 of 18 hatchlings (94.4%) showed a clear body color difference in the injected 137 

generation (G0) compared to wild type (WT), enabling selection of potential mutants 138 

(Fig. 1C). After three rounds of crossing, we established a homozygous strain named 139 

xdh1Δ2, carrying a two base pair deletion allele introducing a premature stop codon, and 140 

displaying orange body coloration (Fig. 1D–E and Supplementary Fig. 1). 141 

 To investigate the potential involvement of xdh1 in eye-color formation, we 142 

crossed xdh1Δ2 animals with those from the Of-v mutant strain v1 (Reding et al., 2023) 143 

(Supplementary Fig. 2) to generate a double homozygous mutant strain. We confirmed 144 

the mutations at both loci by sequencing. Comparison of eye color among four different 145 

strains, wild type, v1, xdh1Δ2, and v1 xdh1Δ2, revealed that the v1 xdh1Δ2 double mutant 146 

strain displayed a brighter orange eye color than all the others (Fig. 1E–F and 147 
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Supplementary Fig. 3). The double mutant strain also showed a brighter yellowish body 148 

color than the others, particularly at early nymphal stages (Fig. 1E, and Supplementary 149 

Fig. 3), indicating that both ommochrome and pteridine pigments contribute to eye and 150 

body color formation in O. fasciatus. Thus, we used this strain for the subsequent 151 

transgenesis experiments described in the following sections. 152 

 153 

Nuclear targeting allows an efficient hyPBase-mediated transgenesis in O. fasciatus 154 

 To develop a transgenesis method in O. fasciatus using the v1 xdh1Δ2 strain 155 

(Fig. 2A), we first utilized the piggyBac vector pXL[9×P3-mScarlet-I-SV40T] (1,775 156 

bp). In this vector, mScarlet-I is placed under the control of the 9×P3 promoter, 157 

consisting of nine copies of a Pax6 homeodomain binding site, which drives specific 158 

expression in the eyes in many insects (Berghammer et al., 1999; Horn and Wimmer, 159 

2000; Horn et al., 2000; Inada et al., 2025; Ohde et al., 2025; Sheng et al., 1997) (Fig. 160 

2B). We screened for mScarlet-I expression in the eyes of injected animals at both mid-161 

nymphal and adult stages. In the first round of injection with in vitro transcribed 162 

hyPBase mRNA, 5/29 G0 animals were mScarlet-I-positive at nymphal stages (G0 163 

somatic transformation rate (STR) = 17.2%), and 6/25 (STR = 24.0%) at adult stages 164 

(Fig. 2C–D and Table 1). However, no G0 animals showed mScarlet-I expression at 165 

either stage in a second round of injection using the same batch of reagents (0/70 at 166 

nymphal stages and 0/62 at adult stages; STR = 0%) (Fig. 2D and Table 1), suggesting 167 

inconsistent transgenesis efficiency with unmodified hyPBase. 168 

 Given this inconsistency across technical replicate experiments, we 169 

hypothesized that incorporating additional SV40T nuclear localization signals (NLSs) 170 

into hyPBase would improve transgenesis efficiency (Fig. 2B). To test this hypothesis, 171 

we compared STR values across 0×, 1×, 3× and 5×NLS hyPBase mRNA conditions 172 
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using the same donor vector. We found that 1× and 3×NLS hyPBase mRNA yielded 173 

higher and more consistent STR values than 0×NLS. Across two experimental 174 

replicates, STR values for 1×NLS ranged from 15.7% (11/70) to 23.1% (18/78) at 175 

nymphal stages and from 17.5% (10/57) to 31.8% (20/63) at adult stages; 3×NLS 176 

ranged from 15.2% (7/46) to 34.1% (15/44) at nymphal stages and from 20.0% (8/41) to 177 

38.5% (15/40) at adult stages (Fig. 2D and Table 1). By contrast, with 5×NLS we 178 

recovered no positive G0 animals (0/68 at nymphal stages) (Fig. 2D and Table 1). We 179 

also noted that screening at adult stages yielded higher STR values than at nymphal 180 

stages (Fig. 2D and Table 1), possibly because the eye color of the v1 xdh1Δ2 strain 181 

becomes progressively lighter with development (Fig. 1E–F and Supplementary Fig. 3). 182 

 To investigate whether this trend was conserved in another insect species, we 183 

injected the same series of hyPBase mRNAs with the same donor vector pXL[9xP3-184 

mScarlet-I-SV40T] into embryos of the cricket Gryllus bimaculatus (Supplementary 185 

Fig. 4 and Supplementary Table 1). In contrast to our results from O. fasciatus (Fig. 2D 186 

and Table 1), we found no differences in efficiency across NLS copy number in G. 187 

bimaculatus (Supplementary Fig. 4 and Supplementary Table 1), although overall 188 

efficiency in G. bimaculatus was generally higher than in O. fasciatus (Table 1 and 189 

Supplementary Table 1). Together, these results indicate that incorporating 1× and 190 

3×NLS into hyPBase mRNA may be a practical strategy to improve transgenesis 191 

efficiency in species where standard methods are inefficient. 192 

 To assess germ line transmission, we backcrossed mScarlet-I-positive G0 O. 193 

fasciatus adults with v1 xdh1Δ2 adults of the opposite sex and counted the number of 194 

mScarlet-I-positive G1 animals emerging from single pair matings (Supplementary 195 

Tables 2–4 for detailed results of individual crosses). In positive G1 animals we detected 196 

mScarlet-I expression throughout the compound eyes and in the ocelli (Fig. 2E). G1 197 
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germ line transformation efficiency (GTE) with 0×NLS hyPBase mRNA was 16.7% 198 

(1/6 crosses), whereas 1× and 3×NLS conditions provided approximate twofold 199 

enhancement, yielding 33.3% (9/27 crosses) and 35.0% (7/20 crosses) GTE, 200 

respectively (Fig. 2F and Supplementary Tables 2–4). 201 

 202 

Evaluation of a 9×P3-EGFP transgenesis marker in O. fasciatus 203 

To expand the transgenesis toolkit in O. fasciatus, we next tested the donor plasmid 204 

pXL[9×P3-EGFP-SV40T, attP] (1,838 bp) carrying an EGFP transformation marker 205 

driven by the 9×P3 promoter and an attP site for future application of phiC31-mediated 206 

site-specific integration (Fig. 3A) (Groth et al., 2004). Two experimental replicates of 207 

injection with 3×NLS hyPBase mRNA resulted in 15.4% (10/65) and 9.3% (5/54) G0 208 

STR when screened at nymphal stages (Table 2). As with mScarlet-I expression, we 209 

observed EGFP expression in the compound eyes and in the ocelli (Fig. 3B). Among 210 

successful backcrosses (12 of 15 EGFP-positive G0 animals) with animals of the 211 

opposite sex from the v1 xdh1Δ2 strain, we recovered five EGFP-positive G1 animals 212 

(5/12 crosses; GTE = 41.7%) (Fig. 3C–D and Supplementary Table 5 for detailed 213 

results of individual crosses). We then crossed four G1 adults with animals of the 214 

opposite sex of the v1 xdh1Δ2 strain and found that three of these crosses showed >72.5% 215 

G2 segregation rates, suggesting that the parent G1 animals were likely to have more 216 

than one transgene (Supplementary Table 5). Using two G2 animals from one of the 217 

crosses which showed a 50% segregation rate, consistent with one insertion, we 218 

performed splinkerette PCR (Potter and Luo, 2010) and determined the transgene 219 

insertion site by sequencing the resulting PCR products, confirming genomic integration 220 

of the transgene (Supplementary Fig. 5). 221 

 222 
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Attempt to generate a histone-labelled and a membrane-labelled transgenic 223 

milkweed bug 224 

Nuclear and plasma membrane markers are practical and useful tools for developmental 225 

biology (e.g. Benton et al., 2013; Karapidaki et al., 2026; Nakamura et al., 2010). To try 226 

to generate a transgenic strain with ubiquitously constitutively fluorescently labelled 227 

histones, we prepared the donor plasmid pXL[Gbact-H2B-mScarlet3-SV40T] (2,974 228 

bp), in which H2B-mScarlet3 is driven by the previously characterized Gryllus 229 

bimaculatus actin promoter (Gbact) (Fig. 4A). This promoter can drive ubiquitous 230 

constitutive expression and has been widely used in the cricket community (Nakamura 231 

et al., 2010; Ohde et al., 2025; Zhang et al., 2002). We reasoned that, just as some D. 232 

melanogaster promoters retain their function in transgenic insects of other species 233 

(Bottino-Rojas and James, 2022), the cricket promoter might retain its function in 234 

another hemimetabolous insect. We injected the donor plasmid with 1×NLS hyPBase 235 

mRNA and screened approximately 100 hatched G0 animals for mScarlet3 expression 236 

(Table 2). We obtained one animal displaying clear mScarlet3 expression through the 237 

integument across the whole body and backcrossed it with the v1 xdh1Δ2 strain to 238 

generate G1 progeny. We found that 42.4% of G1 animals (14/33) displayed the same 239 

mScarlet3 expression pattern as the G0 parent (Fig. 4B and Supplementary Table 6). We 240 

observed that nuclei with detectable mScarlet3 expression were located underneath 241 

epidermal cells, whereas nuclei in overlying epidermal cells did not express detectable 242 

mScarlet3 (Supplementary Fig. 6). When we dissected ovaries from G1 adult females, 243 

we detected nuclear mScarlet3 expression in the ovariole muscle sheath but not in the 244 

tropharium or follicle cells (Fig. 4C). Similarly, we observed mScarlet3 expression in 245 

the testis muscle sheath, but not in sperm cells (Fig. 4D). These expression patterns 246 

suggest the hypothesis that the transgene may have integrated in the vicinity of a 247 
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muscle-specific enhancer, resulting in enhancer trap-like expression driven by an 248 

endogenous regulatory element, rather than the ubiquitous constitutive expression 249 

driven by this Gbact promoter in other transgenic contexts (Nakamura et al., 2010). 250 

Importantly, this result also suggests that the Gbact promoter retains basal promoter 251 

activity in O. fasciatus, as it appears sufficient to support enhancer trap-mediated 252 

expression. We used splinkerette PCR to identify the transgene insertion site as being 253 

within an intron of an uncharacterized gene locus encoding a protein with a predicted 254 

transmembrane domain (Accession No. OFAS019046-RA; Supplementary Fig. 6). 255 

 We next aimed to generate a membrane-labelled transgenic strain using the 256 

GAP43 membrane localization tag, which has recently been shown to be broadly 257 

applicable across a wide variety of animals (Karapidaki et al., 2026). We prepared the 258 

donor plasmid pXL[Gbact-GAP43-mScarlet3-SV40T, 9×P3-EGFP-SV40T] (3,635 bp), 259 

in which membrane-tagged mScarlet3 and EGFP are driven by the Gbact and 9×P3 260 

promoters, respectively (Supplementary Fig. 7). We injected this donor plasmid 261 

together with 1×NLS hyPBase mRNA and screened for EGFP expression in the eyes at 262 

nymphal stages. Of 113 screened nymphs, 15 showed EGFP expression (STR = 13.3%) 263 

(Table 2). We backcrossed these 15 EGFP-positive G0 animals with animals of the 264 

opposite sex from the v1 xdh1Δ2 strain, and seven of the crosses successfully yielded G1 265 

progeny. Of these, three yielded EGFP-positive G1 animals (GTE = 42.9%) 266 

(Supplementary Fig. 7 and Supplementary Table 7). However, we could not detect clear 267 

membrane-labelled expression of mScarlet3 in the ovary or testis of any G1 progeny. 268 

We did, however, detect mScarlet3 expression in the eyes of G1 adults (Supplementary 269 

Fig. 7), which we speculate is due to 9×P3 enhancer trapping within the transgene. 270 

Together, these results suggest that the Gbact promoter is active in O. fasciatus but may 271 

not be sufficient to drive ubiquitous expression. 272 
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 273 

Identification of a constitutive and ubiquitous promoter in O. fasciatus 274 

To identify a promoter that would drive stable, constitutive, and ubiquitous expression 275 

in O. fasciatus , we focused on an endogenous actin promoter. Based on a BLAST 276 

search using D. melanogaster Actin 5c (Act5c; NP_001284915.1), we identified two 277 

orthologs in O. fasciatus, Act5ca (Accession No. OFAS010390-RA) and Act5cb 278 

(Accession No. OFAS010391-RA), which are annotated as tandem loci in the genome 279 

(Kataoka et al., 2026). We prepared the donor plasmid pXL[Ofact-H2B-mScarlet3-280 

SV40T] (4,650 bp), in which H2B-mScarlet3 is driven by the 2.5 kb upstream of the Of-281 

act5ca gene (Fig. 5A). Three experimental replicates of injection with 3×NLS hyPBase 282 

mRNA resulted in 73.8% (31/42), 82.2% (37/45), and 70.0% (56/80) G0 STR 283 

respectively when screened at nymphal stages (Table 2). All mScarlet3-positive G0 284 

animals showed some mScarlet3 expression, even if only as dots or patches on their 285 

bodies. Notably, a subset of G0 animals exhibited mScarlet3 expression across more 286 

than 50% of their bodies from embryonic stages (Fig. 5B), which was maintained 287 

through nymphal stages. Specifically, 9.5% (4/42), 15.5% (7/45), and 5.0% (4/80) of 288 

screened nymphs displayed mScarlet3 expression across more than 50% of their bodies 289 

(Table 2). We selected nine of these strongly expressing G0 animals for backcrossing 290 

with animals of the opposite sex from the v1 xdh1Δ2 strain, and seven of the crosses 291 

yielded G1 progeny. Of these, three yielded mScarelt3-positive G1 animals (GTE = 292 

42.9%) (Supplementary Table 8) displaying ubiquitous mScarlet3 expression 293 

throughout the body (a representative image at the fifth nymphal stage is shown in Fig. 294 

5C). 295 

 Having successfully established a ubiquitously expressing histone-labelled 296 

transgenic O. fasciatus, we asked whether the fluorescent signal could be visualized 297 
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through the eggshell in live embryos. Visualizing embryogenesis in living animals 298 

through the thick, semi-opaque eggshell and optically occlusive yolk has been a 299 

challenge in previous studies of O. fasciatus (Auman and Chipman, 2018; Panfilio, 300 

2009; Panfilio et al., 2006). We focused specifically on katatrepsis, an essential 301 

embryonic movement (Panfilio, 2008). We found that all nuclei of the developing 302 

embryo were easily visualized through the eggshell, allowing us to capture the entire 303 

process of katatrepsis and appendage elongation over 36 hours (Fig. 5D and 304 

Supplementary Videos 1–3). 305 

 306 

Evidence for functionality of the Q system in O. fasciatus 307 

To investigate whether this transgenesis method enables integration of large DNA 308 

payloads, we prepared the donor plasmid pXL[Ofinv-QF2, 15×QUAS-mScarlet3, 9×P3-309 

EGFP-SV40T] (7,161 bp). This construct employs the Q system, a binary expression 310 

system composed of the transcriptional activator QF2 (a modified version of QF) and its 311 

binding site 15×QUAS (Potter et al., 2010; Riabinina et al., 2015) together with a 2.4 kb 312 

region upstream of the segment polarity gene Of-invected (Of-inv) (Accession No. 313 

OFAS025056), and the 9×P3 promoter-driven EGFP transformation marker (Fig. 6A). 314 

Injection of the donor plasmid with 1×NLS hyPBase mRNA into 192 eggs resulted in 315 

50% (24/48) of G0 nymphs survived showing mScarlet3 expression on their bodies at 316 

the second nymphal instar stage (Table 2, Fig. 6B–D, and Supplementary Fig. 8). 317 

Notably, one of these 24 individuals displayed intense expression that partly appeared to 318 

align with thoracic segment boundaries. This individual also exhibited a segmental 319 

fusion phenotype (#1; Fig. 6B), which we speculate could be due to the strong activity 320 

of the Of-inv 2.4 kb regulatory region. At later nymphal stages, we observed strong 321 

mScarlet3 expression along the lateral edge of thoracic segments in a second individual 322 
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(#2; Fig. 6C), broad mScarlet3 expression across the dorsal abdomen in a third (#3; Fig. 323 

6D), and small patches and dots of expression in others (Supplementary Fig. 8). In 324 

individual #3(Fig. 6D), clear segmental stripes of mScarlet3 expression were detected in 325 

the ventral abdomen (Fig. 6D), suggesting that Of-inv is expressed in post-embryonic 326 

development. 327 

328 
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Discussion 329 

We have established a system for efficient piggyBac-mediated transgenesis in the 330 

milkweed bug O. fasciatus. We show that efficiency is improved by the incorporation of 331 

NLS sequences into the hyPBase transposase. We also created a double mutant strain 332 

that facilitates more efficient screening with fluorescent 9×P3-driven transformation 333 

markers. This efficient and practical system enabled us to introduce multiple transgenic 334 

constructs carrying expression cassettes ranging from 1.8 to 7.2 kb in size into the O. 335 

fasciatus genome. Furthermore, we demonstrated proof of principle feasibility of the Q 336 

system-mediated binary expression system, expanding the genetic toolkit available in O. 337 

fasciatus. 338 

 CRISPR-mediated mutagenesis enabled us to revisit a classic study for the first 339 

time in half a century. Lawrence (1970) reported eye- and body-color mutants induced 340 

by ethyl methanesulfonate (EMS) treatment during the golden age of O. fasciatus 341 

research. Based on the descriptions of the phenotypes of these mutants (1970) and other 342 

studies (Liu, 2016; Reding et al., 2023), we focused on manipulating genes belonging to 343 

the pteridine pathway to generate a body-color mutant, and successfully established the 344 

v1 xdh1Δ2 double mutant strain showing body- and eye-color defects (Fig. 1), consistent 345 

with that of the previously reported mutants. Although a recent study using RNAi-346 

mediated functional analysis did not reveal a role for xdh1 in eye-color formation 347 

(Reding et al., 2023), our results provide evidence that xdh1 is involved in both body- 348 

and eye-color formation (Fig. 1). This discrepancy may be attributable to the often 349 

transient and incomplete nature of RNAi-mediated knockdown compared to a genomic 350 

loss-of-function allele. We further showed that both mScarlet-I and EGFP expressions 351 

can be detected through the eyes of the v1 xdh1Δ2 strain (Figs. 2, 3). This property will 352 
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also be useful for developing future methods for transgenesis and targeted genomic 353 

integration, including CRISPR/Cas9-based knock-in (Matsuoka et al., 2025). 354 

 Another key finding is that we enhanced the overall efficiency of piggyBac-355 

mediated transgenesis in O. fasciatus by incorporating SV40T NLS sequences into 356 

hyPBase. We found that 1× and 3×NLS increased both STR and GTE compared to 0× 357 

and 5×NLS conditions in O. fasciatus (Fig. 2), even though piggyBac transposase itself 358 

carries an intrinsic nuclear localization signal (Keith et al., 2008). A similar nuclear 359 

targeting approach may also be usefully applied to future phiC31-mediated site-specific 360 

integration in O. fasciatus, as a previous study demonstrated that the efficiency of 361 

phiC31 integrase is markedly improved by C-terminal incorporation of NLS in cultured 362 

mammalian cells (Andreas et al., 2002). 363 

 Interestingly, our results showed that 5×NLS completely abolished the 364 

transgenesis activity with no positive animals recovered, suggesting that an excessive 365 

number of NLS may be detrimental to transposase function in O. fasciatus. By contrast, 366 

all NLS-tagged hyPBase mRNAs functioned equally efficiently in G. bimaculatus 367 

(Supplementary Fig. 4), indicating that this nuclear targeting approach did not provide 368 

additional benefit in this species. We speculate that this species-specific difference may 369 

reflect differences in the timing of cellularization or/and biochemical properties between 370 

the two species. It would be interesting for future studies to investigate species-specific 371 

activity profiles of NLS-tagged hyPBase mRNAs across a broad range of insect species. 372 

 Identifying a suitable endogenous promoter driving ubiquitous and constitutive 373 

expression can be challenging in non-traditional insect models. Here we found that a 374 

promoter (Gbact) that drives ubiquitous, constitutive expression in a cricket species 375 

(Nakamura et al., 2010) did not drive such expression in O. fasciatus. Instead, the 376 

cricket promoter appeared to drive tissue-specific expression patterns, possibly due to 377 
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capture by an endogenous O. fasciatus enhancer (Fig. 4). In this case, the Gbact 378 

promoter appeared to function as a basal promoter. Similarly, in the case of GAP43-379 

mScarlet3 driven by Gbact, we observed no clear membrane signals in ovaries or testes 380 

across multiple insertions (Supplementary Fig. 7). Although we cannot formally 381 

exclude the possibility that these expression patterns reflect position effects at the 382 

specific insertion sites, the consistent absence of ubiquitous expression across multiple 383 

independent insertions suggests that the Gbact promoter itself may not drive sufficiently 384 

strong ubiquitous expression in O. fasciatus to overcome the influence of nearby O. 385 

fasciatus enhancers. This observation is similar to one reported previously for the beetle 386 

Tribolium castaneum, wherein endogenous promoters were required to drive the desired 387 

expression patterns in transgenic animals (Schinko et al., 2010). To address this 388 

challenge, we identified the endogenous O. fasciatus Act5c promoter as one able to 389 

drive ubiquitous, constitutive expression, using an and used it to successfully establish 390 

multiple histone-labelled transgenic strains (Fig. 5). Together, these transgenic strains 391 

and our exploration of heterologous and endogenous promoters provide valuable 392 

genetic and experimental resources for future work, facilitating comparative 393 

developmental studies in O. fasciatus. 394 

 Finally, we provided evidence that the Q system, a binary expression system, 395 

can function successfully in O. fasciatus, providing the potential for transcriptional 396 

amplification of cis-regulatory element activity. One of the G0 nymphs we obtained 397 

with strong transgene expression exhibited a segmental fusion phenotype (Fig. 6), 398 

which we speculate could be due to excessive Of-inv promoter activity; this animal died 399 

before late nymphal stages. This could mean that maintaining moderate transcriptional 400 

expression levels of same constructs may be important for viability. 401 
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 Taken together, our results have substantially expanded the functional genetic 402 

toolkit of O. fasciatus as a comparative model insect for Evo-Devo research. By 403 

combining a visibly light-colored mutant background, NLS-tagged hyPBase activity, 404 

and the Q system-based binary expression platform, we have established a versatile and 405 

practical framework for functional genetics in this species. These technological 406 

advances position O. fasciatus as an increasingly powerful system for addressing 407 

fundamental biological questions in development and evolution. Moreover, the nuclear 408 

targeting approach for improving overall transgenesis efficiency will offer a scalable 409 

framework that may benefit other non-model organisms, broadening the scope of 410 

comparative genetics in Evo-Devo studies beyond established model species. 411 

412 
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Materials and Methods 413 

 414 

Animal husbandry 415 

Oncopeltus fasciatus was maintained on sunflower seeds at 28–30 °C and 60% relative 416 

humidity with 12L:12D as described previously (Ewen-Campen et al., 2011). v1 mutant 417 

O. fasciatus were kindly provided by Katie Reding and Leslie Pick (University of 418 

Maryland, College Park, MD, USA). A Gryllus bimaculatus colony derived from the 419 

gwhite strain at Tokushima University (Niwa et al., 1997) was maintained on cat food 420 

(Purina) under identical environmental conditions. 421 

 422 

Embryo microinjection 423 

Injection needles were prepared by pulling glass capillaries (Cat#1B100-4, World 424 

Precision Instruments) with a Sutter P-97 Flaming/Brown micropipette puller. In O. 425 

fasciatus, eggs were collected within four hours after egg laying and injections were 426 

completed within two hours after egg collection. Two glass microscope slides were 427 

taped together with double-sided tape to create a ledge with exposed double-sided tape, 428 

against which embryos were aligned. Eggs were submerged in tap water for 20-40 429 

minutes to reduce the inner pressure for ease of injection. Injected eggs were kept at 28430 

℃. In G. bimaculatus, eggs were collected within two hours after egg laying and 431 

injection procedures were completed within two hours after egg collection. Eggs were 432 

aligned in injection plates with wells made of 2% agarose dissolved in MilliQ water. 433 

Injected eggs were kept at 28℃ until the desired stage. 434 

 435 

CRISPR-Cas9-mediated targeted mutagenesis 436 
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Alt-R S.p. Cas9 Nuclease V3 (Cat# 1081059) and tracrRNA (Cat# 1072533) were 437 

chemically synthesized by Integrated DNA technologies (IDT). Of-xdh1 crRNA was 438 

designed to target the coding sequence using CRISPR Optimal Target Finder (Gratz et 439 

al., 2014). Synthetic crRNA was provided by IDT. Cas9 ribonucleoprotein complex 440 

(RNP) was prepared according to IDT instructions. Briefly, tracrRNA and crRNA were 441 

resuspended to 100 μM in Nuclease-Free Duplex Buffer (Cat# 11-01-03-01). 5 μl of 442 

each RNA were mixed, heated to 95℃ for five minutes, and allowed to cool to room 443 

temperature to form 50 μM gRNA duplex. 3 μl gRNA duplex and 2 μl Cas9 protein 444 

were mixed and incubated at room temperature for ten minutes to form Cas9/gRNA 445 

RNP at roughly 25 μM. Finally, RNP was diluted tenfold in 1×PBS with 0.05% phenol 446 

red. 447 

 448 

Donor plasmid construction 449 

The pXL[Gbact-H2B-EGFP] vector was kindly provided by Taro Nakamura (National 450 

Institute of Basic Biology, Okazaki, Japan) and used as a backbone vector for all 451 

piggyBac-mediated transgenesis in this study. The plasmid encoding an insect codon-452 

optimized variant of mScarlet-I, pUC[9×P3-mScarlet-I-SV40T], was kindly provided 453 

by Takaaki Daimon (Kyoto University, Kyoto, Japan). Using these constructs, the donor 454 

plasmids pXL[9×P3-mScarlet-I-SV40T] and pXL[9×P3-EGFP-SV40T, attP] were 455 

assembled. To generate pXL[Gbact-H2B-mScarlet3-SV40T] and pXL[Gbact-GAP43-456 

mScarlet3-SV40T, 9×P3-EGFP-SV40T], the plasmid 5_T7-GAP43-mScarlet3 (Addgene 457 

#225932) was used in addition to the plasmids described above. To generate pXL[Ofact-458 

H2B-mScarlet3-SV40T], the 2.5 kb region upstream of Of-act5ca was amplified from 459 

O. fasciatus genomic DNA, and other sequences were obtained from pXL[Gbact-H2B-460 

mScarlet3-SV40T]. To generate pXL[Ofinv-QF2, 15×QUAS, 9×P3-EGFP], the 2.4 kb 461 
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region upstream of Of-inv was amplified from O. fasciatus genomic DNA, and QF2 and 462 

QUAS sequences were obtained from plasmids pBAC-DsRed-QF2-hsp70 (Addgene 463 

#104876) and PBAC-ECFP-15×QUAS_TATA-SV40 (Addgene #104875), respectively. 464 

Nucleotide sequences of all donor plasmids are provided in Supplementary Data 1. 465 

 466 

mRNA preparation 467 

The expression vector for mammalian codon-optimized hyPBase (pCMV-HA-hyPBase) 468 

(Yusa et al., 2011) was kindly provided by Takahiro Ohde (Kyoto University, Kyoto, 469 

Japan). Based on this plasmid, 1×, 3×, or 5× NLS were generated using the Q5 Site-470 

Directed Mutagenesis Kit (New England Biolabs, Cat#E0554S) according to the 471 

manufacturer’s protocol. Amino acid sequences of all hyPBase variants are provided in 472 

Supplementary Data 2. For hyPBase mRNA synthesis, the plasmid was linearized with 473 

BbsI (New England Biolabs, Cat#R0539S), and capped mRNA was transcribed using 474 

the mMESSAGE mMACHINE T7 Transcription kit (Thermo Fisher Scientific, 475 

Cat#AM1344), followed by lithium chloride purification. 476 

 477 

Genomic DNA extraction and genotyping 478 

For genotyping, genomic DNA was extracted from a single leg of animals. Legs were 479 

homogenized in squish buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 25 mM NaCl, 480 

200 μg/ml Proteinase K), incubated at 60℃ for two hours, and then at 95℃ for three 481 

minutes to inactivate Proteinase K. Genomic PCR was performed using Phusion HF 482 

DNA polymerase (New England Biolabs Cat#M0530L). Targeted mutagenesis was 483 

detected using the Alt-R Genome Editing Detection Kit (IDT, Cat#1075932), and fixed 484 

alleles were confirmed by Sanger sequencing. For splinkerette PCR, genomic DNA was 485 

prepared using the DNeasy & Tissue kit (QIAGEN, Cat#69506). 486 
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 487 

Splinkerette PCR 488 

Genomic DNA was extracted from two G2 animals carrying 9×P3-EGFP-SV40T, attP 489 

and two G2 animals carrying Gbact-H2B-mScarlet3-SV40T. Extracted genomic DNA 490 

was digested with BstYI (New England Biolabs, Cat#R0523S), followed by self-491 

ligations. Two rounds of splinkerette PCR were performed using KOD-One (TOYOBO, 492 

Cat#KMM-101NV). All procedures for splinkerette PCR were performed as described 493 

previously (Potter and Luo, 2010). Primers are listed in Supplementary Table S9. 494 

 495 

Screening transgenic animals 496 

Nymphs and/or adults were anesthetized with CO2 and screened for fluorescence using 497 

a Zeiss Axio Zoom V16 stereomicroscope. Images were captured using a Zeiss Axical 498 

512 color camera or HAMAMATSU C11440-22CU digital camera. 499 

 500 

Nuclear and F-actin staining 501 

Ovaries were dissected from transgenic G1 adults and fixed with 4% formaldehyde in 502 

1× PBS for 30 minutes at room temperature, followed by three washes with PBT (1× 503 

PBS with 0.1% Triton X-100). Samples were incubated with 5 ng/μl Hoechst 33342 and 504 

Alexa Fluor 488-phalloidin (1:200; Thermo Fisher Scientific, Cat#A12379) in PBT at 505 

room temperature for one hour or at 4℃ overnight. Samples were washed four times 506 

over one hour with PBT. After washing, samples were mounted in 100% glycerol. 507 

Images were taken using a Nikon CSU-W1 spinning disk inverted confocal microscope. 508 

 509 

Live imaging 510 
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Appropriately staged eggs were collected under a Zeiss Axio Zoom V16 511 

stereomicroscope and attached to a standard 90 mm polystyrene Petri dish using 512 

heptane glue. Live imaging was performed on a Nikon CSU-W1 spinning disk inverted 513 

confocal microscope with 10× air objective at 29℃. Image stacks comprising 514 

approximately 40 optical sections (4 µm z-steps) were taken at 10 minute intervals. 515 

 516 
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Figure Legends 710 

 711 

Figure 1. Establishment of a useful double mutant strain in O. fasciatus. (A) xdh1 712 

predicted protein structure. The N-terminal orange square indicates the gRNA target 713 

site. Protein domains were predicted using InterProScan. FAD, flavin adenine 714 

dinucleotide. (B) Schematic of the experimental workflow and genetic crosses 715 

performed to establish the homozygous xdh1 mutant strain. (C) Representative images 716 

of wild type (WT) and xdh1 G0 mutant hatchlings (dorsal view). Scale bar, 500 μm. (D) 717 

gRNA target site and mutant allele of xdh1. (E) Representative images of nymphs 718 

(dorsal view) and close-up views of eye coloration (dorsal view) in WT, v1, xdh1Δ2, and 719 

v1 xdh1Δ2. Arrowheads indicate eye color. Black scale bar, 3 mm; white scale bar, 1 720 

mm. (F) Representative images of adults (lateral view) and close-up views of eye 721 

coloration (ventral view) in WT, v1, xdh1Δ2, and v1 xdh1Δ2. Arrowheads indicate eye 722 

color. Black scale bar, 3 mm; white scale bar, 1 mm. Anterior is up in (C), (E), and (F). 723 

 724 

Figure 2. Investigation of a nuclear targeting approach for hyPBase-mediated 725 

transgenesis in O. fasciatus. (A) Schematic of the experiments to identify G0 mScarlet-726 

I-positive animals and establish stable transgenic lines. (B) Schematic of the piggyBac 727 

donor vector pXL[9×P3-mScarlet-I-SV40T] and hyPBase mRNA carrying 0×, 1×, 3×, 728 

or 5×NLS. (C) Representative images of G0 mScarlet-I-positive adults. Scale bar, 1 mm. 729 

(D) Mean G0 somatic transformation rate (STR) across hyPBase mRNA carrying 0×, 730 

1×, 3×, or 5×NLS. Each dot represents an independent injection experiment. (E) 731 

Representative images of G1 mScarlet-I-positive nymphs and adults. Arrowheads 732 

indicate eyes. Scale bar, 1 mm. (F) Mean G1 germ line transformation efficiency (GTE). 733 

The height of each bar represents the mean proportion of mScarlet-I-positive animals 734 



Page  34 

among G1 progeny from an individual cross. Each dot represents an individual 735 

backcross that yielded G1 progeny. Red numbers indicate the number of crosses 736 

yielding heritable mutant alleles and the corresponding percentages. 737 

 738 

Figure 3. Establishment of multiple attP strains using 3×NLS hyPBase in O. 739 

fasciatus. (A) Schematic of the piggyBac donor vector pXL[9×P3-EGFP-SV40T, attP] 740 

and hyPBase mRNA carrying 3×NLS. (B) Representative images of G0 EGFP-positive 741 

adults. Arrowheads indicate eyes. Scale bar, 1 mm. (C) Representative images of G1 742 

EGFP-positive adults. Arrowheads indicate eyes. Scale bar, 1 mm. (D) G1 germ line 743 

transformation efficiency (GTE). Each bar represents the proportion of EGFP-positive 744 

animals among G1 progeny from an individual cross. Each dot represents an individual 745 

backcross that yielded G1 progeny. Green numbers indicate the number of crosses 746 

yielding heritable transgenes and the corresponding percentages. 747 

 748 

Figure 3. Establishment of multiple attP strains using 3×NLS hyPBase in O. 749 

fasciatus. (A) Schematic of the piggyBac donor vector pXL[9×P3-EGFP-SV40T, attP] 750 

and hyPBase mRNA carrying 3×NLS. (B) Representative images of G0 EGFP-positive 751 

adults. Arrowheads indicate eyes. Scale bar, 1 mm. (C) Representative images of G1 752 

EGFP-positive adults. Arrowheads indicate eyes. Scale bar, 1 mm. (D) G1 germ line 753 

transformation efficiency (GTE). Each bar represents the proportion of EGFP-positive 754 

animals among G1 progeny from an individual cross. Each dot represents an individual 755 

backcross that yielded G1 progeny. Green numbers indicate the number of crosses 756 

yielding heritable transgenes and the corresponding percentages. 757 

 758 
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Figure 4. Establishment of the tissue-specific histone-labelled strain using 1×NLS 759 

hyPBase in O. fasciatus. (A) Schematic of the piggyBac donor vector pXL[Gbact-H2B-760 

mScarlet3-SV40T] and hyPBase mRNA carrying 1×NLS. (B) Representative images of 761 

G1 mScarlet3-positive adults (ventral view). Anterior is up. Scale bars, 1 mm (whole-762 

body image) and 100 μm (close-up images). (C) Representative brightfield image (top) 763 

and confocal images (bottom) of an ovariole from a G1 transgenic adult, co-stained for 764 

DNA (blue) and F-actin (green). The yellow box in the brightfield image indicates the 765 

approximate region shown in the confocal images. Confocal images are single optical 766 

sections. In the superficial focal plane, H2B-mScarlet3 expression (magenta) is 767 

detectable in muscle sheath nuclei. In the deep focal plane, H2B-mScarlet3 expression 768 

is not detectable in the tropharium nuclei. Scale bars, 300 μm (brightfield image) and 50 769 

μm (confocal images) (D) Representative brightfield image (left) and confocal images 770 

(right three panels) of a testis of G1 transgenic adult testis co-stained for DNA (blue) 771 

and F-actin (green). H2B-mScarlet3 expression (magenta) was detected in muscle 772 

sheath nuclei, but not in sperm cells. Scale bars, 300 μm (brightfield image) and 50 μm 773 

(confocal images). Anterior is to the left in (C) and (D). 774 

 775 

Figure 5. Establishment of the ubiquitous histone-labelled strain using 3×NLS 776 

hyPBase in O. fasciatus. (A) Schematic of the piggyBac donor vector pXL[Ofact-H2B-777 

mScarlet3-SV40T] and hyPBase mRNA carrying 3×NLS. (B) Representative images of 778 

G0 mScarlet3-positive adults (lateral view). Anterior is to the right. Scale bar, 300 μm. 779 

(C) Representative images of G1 mScarlet3-positive nymphs (dorsal view). Anterior is 780 

up. Scale bar, 3 mm. (D) Time series of embryonic development of mScarlet3-positive 781 

G2 animal (ventral view), visualized with the "Green Fire Blue" relative intensity 782 

lookup table in Fiji (Schindelin et al., 2012). Maximum-intensity projections of a 783 
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ventro-lateral view of the same embryo are timed relative to the first time point shown 784 

at the far left (0 min). Anterior is up. Scale bar, 100 μm. 785 

 786 

Figure 6. Proof of principle of the Q system using 1×NLS hyPBase in O. fasciatus. 787 

(A) Schematic of the piggyBac donor vector pXL[Ofinv-QF2, 15×QUAS-mScarlet3-788 

SV40T, 9×P3-EGFP-SV40T] and hyPBase mRNA carrying 1×NLS. (B–D) 789 

Representative images of G0 mScarlet3-positive nymphs. Yellow arrow indicates the 790 

putative segmentation defect. Yellow arrowheads indicate the segmentally iterated 791 

abdominal expression of mScarlet3. Scale bars, 500 μm (B) and 1 mm (C, D). Anterior 792 

is up in (B–D). 793 

 794 

 795 
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Figures 796 

 797 
Figure 1. Establishment of a useful double mutant strain in O. fasciatus.  798 
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Figure 2. Investigation of a nuclear targeting approach for hyPBase-mediated 799 

transgenesis in O. fasciatus. 800 
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 801 

Figure 3. Establishment of multiple attP strains using 3×NLS hyPBase in O. 802 

fasciatus. 803 

 804 
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 805 

Figure 4. Establishment of the tissue-specific histone-labelled strain using 1×NLS 806 

hyPBase in O. fasciatus. 807 



Page  41 

 808 
 809 
 810 
 811 
 812 
 813 
 814 
 815 
 816 
 817 
 818 
 819 
 820 
 821 
 822 
 823 
 824 
 825 
 826 
 827 
 828 
 829 
 830 
 831 
 832 
Figure 5. Establishment of the ubiquitous histone-labelled strain using 3×NLS hyPBase in O. fasciatus.  833 



Page  42 

 834 
 835 
 836 
 837 
 838 
 839 
 840 
 841 
 842 
 843 
 844 
 845 
 846 
 847 
 848 
 849 
 850 
 851 
 852 
 853 
 854 
 855 
 856 
 857 
Figure 6. Proof of principle of the Q system using 1×NLS hyPBase in O. fasciatus.  858 

 859 



Page  43 

Tables 860 
 861 
Table 1. Detailed results of piggyBac-mediated transgenesis experiments with hyPBase mRNA carrying 0×, 1×, 3×, or 5×NLS in O. fasciatus. Each row shows the results of an 862 
independent experiment. All G0 nymphs and adults reached each respective stage were screened. Percentages shown in parentheses indicate somatic transformation rates (STR). Nymphs were 863 
screened at stages 3 to 5. 864 
 865 

Donor plasmid Transposase (mRNA) Injected eggs 
% injected eggs survived 

to nymphal screening 

Screened 

G0 nymphs 

mScarlet-I 

+ nymphs 

mScarlet-I 

- nymphs  

% injected nymphs survived 

to adult screening 

Screened 

G0 adults 

mScarlet-I 

+ adults 

mScarlet-I 

- adults 

pXL[9xP3-mScarlet-I-SV40T] 0xNLS-hyPBase 135 21.5% 29 5 (17.2%) 24 86.2% 25 6 (24.0%) 19 

pXL[9xP3-mScarlet-I-SV40T] 0xNLS-hyPBase 246 28.5% 70 0 70 88.6% 62 0 62 

pXL[9xP3-mScarlet-I-SV40T] 1xNLS-hyPBase 170 45.9% 78 18 (23.1%) 60 80.8% 63 20 (31.8%) 43 

pXL[9xP3-mScarlet-I-SV40T] 1xNLS-hyPBase 185 37.8% 70 11 (15.7%) 59 81.4% 57 10 (17.5%) 47 

pXL[9xP3-mScarlet-I-SV40T] 3xNLS-hyPBase 161 28.6% 46 7 (15.2%) 39 89.1% 41 8 (20.0%) 33 

pXL[9xP3-mScarlet-I-SV40T] 3xNLS-hyPBase 218 20.1% 44 15 (34.1%) 29 90.8% 40 15 (38.5%) 25 

pXL[9xP3-mScarlet-I-SV40T] 5xNLS-hyPBase 130 34.6% 45 0 45 86.7% 39 0 39 

pXL[9xP3-mScarlet-I-SV40T] 5xNLS-hyPBase 80 7.5% 6 0 6 83.3% 5 0 5 

pXL[9xP3-mScarlet-I-SV40T] 5xNLS-hyPBase 73 23.3% 17 0 17 94.1% 16 0 16 

 866 
  867 
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Table 2. Detailed results of piggyBac-mediated transgenesis experiments with NLS-tagged hyPBase in O. fasciatus. Each row shows the results of an independent experiment. All G0 868 
nymphs and adults reached each respective stage were screened. Percentages shown in parentheses indicate somatic transformation rates (STR). FP, fluorescent protein. For experiments using 869 
donor plasmid pXL[Ofact-H2B-mScarlet3-SV40T], numbers in bold indicate FP + nymphs that had detectable fluorescence in >50% of their body area. Nymphs were screened at nymphal stages 870 
3 to 5, except for the experiment using donor plasmid pXL[Ofinv-QF2, 15xQUAS-mScarlet3-SV40T, 9xP3-mScarlet-I-SV40T], which were screened at nymphal stages 2 to 5.  871 
 872 

Donor plasmid Transposase (mRNA) Injected eggs 
% of injected eggs survived 

to nymphal screening 

Screened G0 

nymphs 
FP + nymphs FP - nymphs  

pXL[9xP3-EGFP-SV40T,attP] 3xNLS-hyPBase 245 26.5% 65 10 (15.4%) 55 

pXL[9xP3-EGFP-SV40T,attP] 3xNLS-hyPBase 122 44.3% 54 5 (9.3%) 51 

pXL[Gbact-H2B-mScarlet3-SV40T] 1xNLS-hyPBase ~300 ~33.3% ~100 1 ~100 

pXL[Gbact-GAP43-mScarlet3-SV40T, 9xP3-mScarlet-I-SV40T] 1xNLS-hyPBase 341 33.1% 113 15 (13.3%) 98 

pXL[Ofact-H2B-mScarlet3-SV40T] 3xNLS-hyPBase 104 40.4% 42 31, 4 (73.8%, 9.5%) 11 

pXL[Ofact-H2B-mScarlet3-SV40T] 3xNLS-hyPBase 175 25.7% 45 37, 7 (82.2%, 15.5%) 8 

pXL[Ofact-H2B-mScarlet3-SV40T] 3xNLS-hyPBase 179 44.7% 80 56, 4 (70.0%, 5.0%) 24 

pXL[Ofinv-QF2, 15xQUAS-mScarlet3-SV40T, 9xP3-mScarlet-I-SV40T] 1xNLS-hyPBase 192 25.0% 48 24 (50.0%) 24 

 873 
 874 
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Supplementary Figures 875 

 876 

 877 
Figure S1. Nucleotide and amino acid sequence of Of-xdh1 in the xdh1Δ2 mutant. 878 
(A) Alignment of the nucleotide sequences of Of-xdh1 around the gRNA target site of 879 
WT and xdhΔ2 strains. Note the presence of a 2-bp deletion in the xdh1Δ2 allele (shown 880 
in orange). The premature stop codon induced by this deletion is indicated in bold 881 
black. (B) Alignment of the amino acid sequences of Of-xdh1 of the WT and xdh1Δ2 882 
strains. The 2-bp deletion caused a frameshift mutation in the xdh1Δ2 allele. 883 

 884 
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 885 
Figure S2. Nucleotide and amino acid sequence of Of-v in the v1 mutant. (A) 886 
Alignment of the nucleotide sequences of Of-v around the gRNA target site of wild type 887 
(WT) and v1 strains. Note the presence of a 1-bp insertion in the v1 allele (shown in red). 888 
The premature stop codon induced by this insertion is indicated in bold black. Further 889 
details are described in (Reding and Pick, 2023). (B) Alignment of the amino acid 890 
sequences of Of-v of the WT and v1 strains. The 1-bp insertion caused a frameshift 891 
mutation in the v1 allele (shown in red). 892 
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 893 

 894 

 895 
Figure S3. Comparisons of phenotypes of wild type (WT), v1, xdh1Δ2, and v1 xdh1Δ2 896 
throughout postembryonic development. All images of nymphs and close-up views 897 
(bottom right) are shown in dorsal view; low-magnification adult image (bottom left) is 898 
shown in lateral view. Anterior is up in all images. 899 

 900 
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 901 
Figure S4. Investigation of a nuclear targeting approach for piggyBac-mediated 902 
transgenesis in G. bimaculatus. (A) Schematic of the piggyBac donor vector 903 
pXL[9×P3-mScarlet-I-SV40T] and hyPBase mRNA carrying 0×, 1×, 3×, or 5× NLS. 904 
(B) Representative images of G0 RFP-positive embryos (embryonic stage >13) 905 
(Donoughe and Extavour, 2016). Scale bar, 500 μm. Arrowheads indicate eyes. Anterior 906 
is to the right. (C) G0 somatic transformation rate (STR) across 0×, 1×, 3×, or 5×NLS 907 
hyPBase conditions. 908 
 909 

 910 



Page  49 

 911 
Figure S5. Nucleotide sequences around the transgene integration site in the 9×P3-912 
EGFP, attP strain in O. fasciatus as determine by splinkerette PCR. 913 
 914 

 915 
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Fig S6. Additional information on the H2B-mScarlet3-SV40T strain in O. fasciatus. 916 
(A) Injection and crossing experiments used to generate the H2B-mScarlet3-SV40T 917 
strain. (A) Nucleotide sequences around the transgene integration site in the H2B-918 
mScarlet3-SV40T strain as determined by splinkerette PCR. (B) Confocal image of the 919 
abdominal integument of the H2B-mScarlet3-SV40T strain co-stained for DNA. 920 
Epidermal nuclei were not labelled with H2B-mScarlet3. (D) 3D reconstruction of the 921 
abdominal integument of the H2B-mScarlet3 strain co-stained for DNA, showing that 922 
the histone-labelled nuclei with H2B-mScarlet3 were located underneath the epidermal 923 
nuclei. (E) Amino acid sequences of the uncharacterized protein (OFAS019046-RA) 924 
encoded by the locus containing the transgene insertion site. 925 

 926 
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 927 

 928 
Figure S7. Attempt to generate a membrane-labelled strain using 1×NLS hyPBase 929 
in O. fasciatus. (A) Schematic of the piggyBac donor vector pXL[Gbact-GAP43-930 
mScarlet3-SV40T, 9xP3-EGFP-SV40T] and hyPBase mRNA carrying 1×NLS. (B) G0 931 
somatic transformation rate (STR). (C) G1 germ line transformation efficiency (GTE). 932 
Each bar represents the proportion of EGFP-positive animals among G1 progeny from 933 
an individual cross. Each dot represents an individual backcross that yielded G1 934 
progeny. Green numbers indicate the number of crosses yielding heritable transgenes 935 
and the corresponding percentages. (D) Representative images of G1 EGFP-positive 936 
adults. Weak mScarlet3 expression in their eyes was also observed. (E) Results of G1 937 
crossing experiments. Each row indicates the result of a single-pair mating. 938 
 939 

 940 
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 941 

 942 
 943 
 944 
 945 
 946 
 947 
 948 
 949 
 950 
 951 
 952 
 953 
 954 
 955 
 956 
 957 
 958 
 959 
 960 
 961 
 962 
 963 
 964 
 965 
 966 
 967 
 968 
 969 
 970 
 971 
 972 
Figure S8. Additional data on Q system application using 1×NLS hyPBase in O. 973 
fasciatus. (A–C) Representative images of G0 mScarlet3-positive nymphs. White dotted 974 
lines indicate animal boundaries. Yellow dotted circles indicate mScarlet3 expression. 975 
Scale bars, 500 μm. Anterior is up in (B–D). 976 
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Supplementary Tables 977 
 978 

Table S1. Detailed results of piggyBac-mediated transgenesis experiments with hyPBase mRNA carrying 0×, 1×, 3×, or 5×NLS in G. bimaculatus. Each 979 

row shows the results of an independent experiment. Percentages shown in parentheses indicate somatic transformation rates (STR). 980 

 981 

Donor plasmid Transposase (mRNA) Injected eggs 
% of injected eggs 

survived to screening 

Screened G0 

embryos 
mScarlet-I + nymphs mScarlet-I - nymphs  

pXL[9xP3-mScarlet-I-SV40T] 0xNLS-hyPBase 194 69.6% 135 99 (73.3%) 36 

pXL[9xP3-mScarlet-I-SV40T] 1xNLS-hyPBase 194 70.1% 136 105 (77.2%) 31 

pXL[9xP3-mScarlet-I-SV40T] 3xNLS-hyPBase 190 72.1% 137 87 (63.5%) 50 

pXL[9xP3-mScarlet-I-SV40T] 5xNLS-hyPBase 192 67.7% 130 91 (70.0%) 39 

 982 

 983 
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Table S2. Results of crossing experiments with 0×NLS-hyPBase. F, female. M, male. GTR, germ line transformation rate. 984 
 985 

mRNA donor plasmid 
      

0xNLS-hyPBase#1 9xP3-mScarlet-I-SV40T 
      

        

G0 indiv# mScarlet-I expression sex crossed with Screened G1 animals RFP+ RFP- GTR (%) 

1 + M v1 xdh1D 60 0 60 0 

2 + F v1 xdh1D 57 0 57 0 

3 + M v1 xdh1D 57 0 57 0 

4 + F v1 xdh1D 54 31 23 57.4 

5 + F v1 xdh1D 57 0 57 0 

6 + F v1 xdh1D 13 0 13 0 

 986 
 987 
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Table S3. Results of crossing experiments with 1×NLS-hyPBase. F, female. M, male. GTR, germ line transformation rate. 988 
 989 

mRNA donor plasmid 
      

1xNLS-hyPBase#1 9xP3-mScarlet-I-SV40T 
      

G0 indiv# mScarlet-I expression sex crossed with Screened G1 animals RFP+ RFP- GTR (%) 

1 + F v1 xdh1D2 55 0 55 0 

2 + F v1 xdh1D2 45 0 45 0 

3 + F v1 xdh1D2 64 0 64 0 

4 + F v1 xdh1D2 52 0 52 0 

5 + F v1 xdh1D2 53 44 9 83.0 

6 + M v1 xdh1D2 sterile 0 0 NA 

7 + M v1 xdh1D2 24 11 13 45.8 

8 + M v1 xdh1D2 50 0 50 0 

9 + F v1 xdh1D2 34 0 34 0 

10 + F v1 xdh1D2 43 0 43 0 

11 + F v1 xdh1D2 61 54 7 88.5 

12 + M v1 xdh1D2 39 18 21 46.2 

13 + M v1 xdh1D2 51 0 51 0 

14 + M v1 xdh1D2 52 35 17 67.3 
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15 + M v1 xdh1D2 48 0 48 0 

16 + M v1 xdh1D2 26 0 26 0 

17 + M v1 xdh1D2 62 0 62 0 

18 + M v1 xdh1D2 46 6 40 13.0 

19 + M v1 xdh1D2 50 0 50 0 

20 + M v1 xdh1D2 sterile 0 0 NA 

        

mRNA donor plasmid 
      

1xNLS-hyPBase#2 9xP3-mScarlet-I-SV40T 
      

G0 indiv# mScarlet-I expression sex crossed with Screened G1 animals RFP+ RFP- GTR (%) 

1 + M v1 xdh1D2 51 0 51 0 

2 + F v1 xdh1D2 55 0 55 0 

3 + F v1 xdh1D2 60 60 0 100.0 

4 + F v1 xdh1D2 56 0 56 0 

5 + F v1 xdh1D2 52 0 52 0 

6 + M v1 xdh1D2 50 0 50 0 

7 + F v1 xdh1D2 sterile 0 0 NA 

8 + F v1 xdh1D2 50 50 0 100.0 
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9 + M v1 xdh1D2 53 53 0 100.0 

10 + M v1 xdh1D2 51 0 51 0 

990 
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Table S4. Results of crossing experiments with 3×NLS-hyPBase. F, female. M, male. GTR, germ line transformation rate. 991 
 992 

mRNA donor plasmid 
      

3xNLS-hyPBase#1 9xP3-mScarlet-I-SV40T 
      

G0 indiv# mScarlet-I expression sex crossed with Screened G1 animals RFP+ RFP- GTR (%) 

1 + M v1 xdh1D2 60 0 60 0 

2 + M v1 xdh1D2 55 0 55 0 

3 + M v1 xdh1D2 3 3 0 100.0 

4 + F v1 xdh1D2 51 33 18 64.7 

18 + M v1 xdh1D2 61 0 61 0 

19 + M v1 xdh1D2 1 0 1 0 

20 + M v1 xdh1D2 57 0 57 0 

41 + M v1 xdh1D2 30 0 30 0 
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mRNA donor plasmid 
      

3xNLS-hyPBase#2 9xP3-mScarlet-I-SV40T 
      

G0 indiv# mScarlet-I expression sex crossed with Screened G1 animals RFP+ RFP- GTR (%) 

18 + M v1 xdh1D2 51 0 51 0 

19 + M v1 xdh1D2 sterile 0 0 NA 

20 + M v1 xdh1D2 57 0 57 0 

21 + M v1 xdh1D2 68 0 68 0 

22 + M v1 xdh1D2 64 64 0 100.0 

23 + M v1 xdh1D2 36 0 36 0 

24 + F v1 xdh1D2 34 0 34 0 

25 + F v1 xdh1D2 23 0 23 0 

26 + F v1 xdh1D2 died 0 0 NA 

27 + M v1 xdh1D2 45 0 45 0 

28 + M v1 xdh1D2 sterile 0 0 NA 

29 + F v1 xdh1D2 50 50 0 100.0 

30 + F v1 xdh1D2 54 23 31 42.6 

31 + F v1 xdh1D2 51 51 0 100.0 

40 + F v1 xdh1D2 11 11 0 100.0 
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 994 
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Table S5. Results of crossing experiments for attP strains. The integration site was determined for the line derived from G1 individual 8A. F, female. M, 995 
male. GTR, germ line transformation rate. 996 
 997 

mRNA donor plasmid 
      

3xNLS-hyPBase#1 9xP3-EGFP-SV40T;attP 
      

G0 indiv# EGFP expression sex crossed with Screened G1 animals GFP+ GFP- GTR (%) 

1 + F v1 xdh1D2 49 0 49 0 

2 + F v1 xdh1D2 41 0 41 0 

3 + F v1 xdh1D2 died 0 0 NA 

4 + F v1 xdh1D2 died 0 0 NA 

5 + F v1 xdh1D2 25 19 6 76.0 

6 + M v1 xdh1D2 26 0 26 0 

7 + M v1 xdh1D2 44 0 44 0 

8 + F v1 xdh1D2 42 16 26 38.1 

9 + M v1 xdh1D2 sterile 0 0 NA 

10 + M v1 xdh1D2 5 5 0 100.0 

G1 indiv# EGFP expression sex crossed with Screened G2 animals GFP+ GFP- G2 segregation rate (%) 

5A + F v1 xdh1D2 33 27 6 81.8 

8A + F v1 xdh1D2 64 32 32 50.0 
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mRNA donor plasmid 
      

3xNLS-hyPBase#2 9xP3-EGFP-SV40T;attP 
      

G0 indiv# EGFP expression sex crossed with Screened G1 animals GFP+ GFP- GTR (%) 

1 + F v1 xdh1D2 48 0 48 0 

2 + M v1 xdh1D2 31 0 31 0 

3 + F v1 xdh1D2 45 31 14 68.9 

4 + M v1 xdh1D2 39 0 39 0 

5 + M v1 xdh1D2 33 6 27 18.2 

G1 indiv# EGFP expression sex crossed with Screened G2 animals GFP+ GFP- G2 segregation rate (%) 

3A + M v1 xdh1D2 44 37 7 84.1 

3B + F v1 xdh1D2 51 37 14 72.5 

 998 
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Table S6. Results of crossing experiments for Gbact-H2B-mScarlet3 strain. F, female. GTR, germ line transformation rate. 999 
 1000 

mRNA donor plasmid 
      

1xNLS-hyPBase Gbact-H2B-mScarlet3-SV40T 
      

G0 indiv# mScarlet-I expression sex crossed with Screened G1 animals RFP+ RFP- GTR (%) 

1 + F v1 xdh1D2 30 14 16 46.7% 

 1001 
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Table S7. Results of crossing experiments for Gbact-GAP43-mScarlet3;9xP3-EGFP strains. F, female. M, male. GTR, germ line transformation rate. 1002 
 1003 

mRNA donor plasmid 
      

1xNLS-hyPBase Gbact-GAP43-mScarlet3-SV40T;9xP3-EGFP-SV40T 
      

G0 indiv# EGFP expression sex crossed with Screened G1 animals GFP+ GFP- GTR (%) 

1 + M v1 xdh1D2 45 27 18 60.0 

2 + M v1 xdh1D2 died 0 0 NA 

3 + M v1 xdh1D2 died 0 0 NA 

4 + M v1 xdh1D2 died 0 0 NA 

5 + M v1 xdh1D2 35 0 35 
 

6 + M v1 xdh1D2 36 0 36 
 

7 + M v1 xdh1D2 33 0 33 
 

8 + F v1 xdh1D2 42 23 19 54.8 

9 + F v1 xdh1D2 35 0 35 
 

10 + F v1 xdh1D2 died 0 0 NA 

11 + F v1 xdh1D2 44 19 25 43.2 

G1 indiv# EGFP expression gender crossing with Screened G2 animals GFP+ GFP- G2 segregation rate (%) 

1A + M v1 xdh1D2 56 28 28 50.0 

1B + M v1 xdh1D2 46 21 25 45.7 
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8A + M v1 xdh1D2 45 23 22 51.1 

1004 
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Table S8. Results of crossing experiments for Ofact-H2B-mScarlet3 strain. F, female. M, male. GTR, germ line transformation rate. 1005 
 1006 

mRNA donor plasmid 
      

3xNLS-hyPBase Ofact-H2B-mScarlet3-SV40T 
      

G0 indiv# RFP expression sex crossed with Screened G1 animals RFP+ RFP- GTR (%) 

1 + F  v1 xdh1D2 20 0 20 0 

2 + F  v1 xdh1D2 32 17 15 53.1 

3 + F  v1 xdh1D2 20 0 20 0 

4 + F  v1 xdh1D2 49 0 49 0 

G1 indiv# RFP expression sex crossed with Screened G2 animals RFP+ RFP- G2 segregation rate (%) 

1A + F v1 xdh1D2 50 32 18 64.0 

1B + M v1 xdh1D2 sterile 0 0 NA 

1C + M v1 xdh1D2 sterile 0 0 NA 

1D + M v1 xdh1D2 31 14 17 45.2 

1E + F  v1 xdh1D2 sterile 0 0 NA 

1F + F  v1 xdh1D2 46 24 22 52.2 
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mRNA donor plasmid 
      

3xNLS-hyPBase Ofact-H2B-mScarlet3-SV40T 
      

G0 indiv# RFP expression sex crossed with Screened G1 animals RFP+ RFP- GTR (%) 

1 + F v1 xdh1D2 30 0 30 0.0 

2 + M v1 xdh1D2 51 10 41 19.6 

G1 indiv# RFP expression sex crossed with Screened G2 animals RFP+ RFP- G2 segregation rate (%) 

1A + F v1 xdh1D2 53 26 27 49.1 

1B + M v1 xdh1D2 sterile 0 0 NA 

1C + M v1 xdh1D2 55 33 22 60.0 

        

mRNA donor plasmid 
      

3xNLS-hyPBase Ofact-H2B-mScarlet3-SV40T 
      

G0 indiv# RFP expression sex crossed with Screened G1 animals RFP+ RFP- GTR (%) 

1 + M v1 xdh1D2 died 0 0 NA 

2 + M v1 xdh1D2 died 0 0 NA 

3 + M v1 xdh1D2 no data 3 no data no data 

G1 indiv# RFP expression sex crossed with Screened G2 animals RFP+ RFP- G2 segregation rate (%) 

3A, 3B, 3C + F (3) v1 xdh1D2 63 32 31 50.8 

 1007 
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Table S9. Primers used in the study. 1008 
 1009 

Name Sequence (5'- to -3') Purpose 

Of-xdh1-F1 GGCTAACTTCCTAATGGTGGGTT Genotyping of Of-xdh1 

Of-xdh1-R1 CTGCCATAGCAGAAAGAAAGGT Genotyping of Of-xdh1 

SPLNK-BOT CGAAGAGTAACCGTTGCTAGGAGAGACCGTGGCTGAATGAGACTGGTGTCGACACTAGTGG Annealing of splinkerette PCR 

SPLNK-GATC-TOP GATCCCACTAGTGTCGACACCAGTCTCTAATTTTTTTTTTCAAAAAAA Annealing of splinkerette PCR 

SPLNK#1 CGAAGAGTAACCGTTGCTAGGAGAGACC 1st PCR of splinkerette PCR 

SPLNK#2 GTGGCTGAATGAGACTGGTGTCGAC 2nd PCR of splinkerette PCR 

5'SPLNK-PB#1 ACCGCATTGACAAGCACG 1st PCR of splinkerette PCR 

5'SPLNK-PB#2 CTCCAAGCGGCGACTGAG 2nd PCR of splinkerette PCR 

5'SPLNK-PB-SEQ  CGACTGAGATGTCCTAAATGC Sequencing for splinkerette PCR 

 1010 

 1011 
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Supplementary Video Legends 1012 

 1013 

Supplemental Video 1. Ventral view of a developing O. fasciatus embryo showing 1014 

ubiquitous expression of H2B:mScarlet driven by the endogenous actin promoter 1015 

identified herein. Over this 36 hour time course, katatrepsis (second inversion of the 1016 

embryonic axes such that the head of the embryo moves from the posterior of the egg 1017 

(right) to the anterior of the egg (left) (Panfilio, 2008)), and appendage elongation 1018 

occur. The Green Fire Blue look up table implemented in Fiji (Schindelin et al., 2012) 1019 

shows the highest intensity pixels in white, intermediate intensity pixels in green, and 1020 

the lowest intensity pixels in black (see Figure 5D). Download Link 1021 

 1022 

Supplemental Video 2. Dorsal view of a developing O. fasciatus embryo showing 1023 

ubiquitous expression of H2B:mScarlet driven by the endogenous actin promoter 1024 

identified herein. Over this 36 hour time course, the end of anatrepsis (first inversion of 1025 

the embryonic anteroposterior axis such that the head of the embryo moves from the 1026 

anterior of the egg (right) to the posterior of the egg (left)), and the whole of katatrepsis 1027 

(second inversion of both anteroposterior and dorsoventral embryonic axes relative to 1028 

those of the egg) occur (Panfilio, 2008). The Green Fire Blue look up table 1029 

implemented in Fiji (Schindelin et al., 2012) shows the highest intensity pixels in white, 1030 

intermediate intensity pixels in green, and the lowest intensity pixels in black (see 1031 

Figure 5D). Download Link 1032 

 1033 

Supplemental Video 3. Lateral view of a developing O. fasciatus embryo showing 1034 

ubiquitous expression of H2B:mScarlet driven by the endogenous actin promoter 1035 

identified herein. Over this 36 hour time course, the end of anatrepsis and the whole of 1036 

https://www.dropbox.com/scl/fi/uluz500r8i8g93qo5irnn/Supplemental-Video1_ventral-view.avi?rlkey=pqjq5xkwc1fbb8elrtmbu75uj&dl=0
https://www.dropbox.com/scl/fi/jvzu47864hmulw7eixb9c/Supplemental-Video2_dorsal-view.avi?rlkey=ujb1yb0de23j9kvloiqwi0q2g&dl=0
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katatrepsis (Panfilio, 2008) occur as in Supplemental Video 3. From this lateral 1037 

viewpoint, emerging muscular contractions of the embryo are apparent beginning at 1038 

approximately 30 hours, the elongating appendages on the ventral side of the embryo 1039 

(bottom), and the dorsal movement (towards the top) of the lateral ectoderm that is 1040 

required for dorsal closure, are evident. The Green Fire Blue look up table implemented 1041 

in Fiji (Schindelin et al., 2012) shows the highest intensity pixels in white, intermediate 1042 

intensity pixels in green, and the lowest intensity pixels in black (see Figure 5D). 1043 

Download Link 1044 

https://www.dropbox.com/scl/fi/pbj64qbo0ivwqyunypg8s/Supplemental-Video3_lateral-view.avi?rlkey=4xk7k0x0x7f2az7eljzdk2b0x&dl=0


pXL[9xP3-mScarlet-I-SV40T] = 1775 bp 

TTAACCCTAGAAAGATAATCATATTGTGACGTACGTTAAAGATAATCATGTGTAAAATTGACGCATGTGT
TTTATCGGTCTGTATATCGAGGTTTATTTATTAATTTGAATAGATATTAAGTTTTATTATATTTACACTT
ACATACTAATAATAAATTCAACAAACAATTTATTTATGTTTATTTATTTATTAAAAAAAACAAAAACTCA
AAATTTCTTCTATAAAGTAACAAAACTTTTATCGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTGTGA
ATTCAGATCTCCGGGGATCTAATTCAATTAGAGACTAATTCAATTAGAGCTAATTCAATTAGGATTAATT
CAATTAGAGACTAATTCAATTAGAGCTAATTCAATTAGGATTAATTCAATTAGAGACTAATTCAATTAGA
GCTAATTCAATTAGGATCCAAGCTTATCGATTTCGAACCCTCGACCGCCGGAGTATAAATAGAGGCGCTT
CGTCTACGGAGCGACAATTCAATTCAAACAAGCAAAGTGAACACGTCGCTAAGCGAAAGCTAAGCAAATA
AACAAGCGCAGCTGAACAAGCTAAACAATCGAAGAATCAAAATGGTGTCTAAGGGAGAGGCTGTCATCAA
GGAATTCATGCGCTTCAAGGTGCACATGGAGGGATCAATGAACGGTCACGAGTTCGAAATCGAGGGAGAA
GGAGAGGGCCGTCCTTACGAAGGTACCCAGACTGCCAAGCTGAAGGTCACCAAGGGTGGCCCACTGCCTT
TCTCCTGGGACATCCTGAGCCCCCAGTTCATGTACGGATCCCGCGCTTTCACTAAGCACCCCGCCGACAT
CCCAGACTACTACAAGCAGAGCTTCCCAGAGGGTTTCAAGTGGGAACGTGTGATGAACTTCGAGGACGGA
GGTGCTGTGACCGTCACTCAGGACACCTCCCTGGAAGACGGCACTCTGATCTACAAGGTGAAGCTGAGGG
GTACCAACTTCCCTCCCGACGGCCCAGTCATGCAGAAGAAGACCATGGGATGGGAGGCTAGCACTGAAAG
ACTGTACCCTGAGGACGGCGTCCTGAAGGGAGACATCAAGATGGCCCTGAGGCTGAAGGACGGCGGAAGA
TACCTGGCTGACTTCAAGACCACTTACAAGGCCAAGAAGCCTGTGCAGATGCCCGGTGCCTACAACGTCG
ACAGGAAGCTGGACATCACCTCCCACAACGAGGACTACACTGTGGTCGAACAGTACGAGCGCTCTGAAGG
CCGTCACTCAACTGGTGGCATGGACGAACTGTACAAGTAAAACTTGTTTATTGCAGCTTATAATGGTTAC
AAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGT
CCAAACTCATCAATGTATCTTAAGATCTTCTAGATATCGGATCCCGGGGGTCGACGGTATCGATAAGCTT
GATATCTATAACAAGAAAATATATATATAATAAGTTATCACGTAAGTAGAACATGAAATAACAATATAAT
TATCGTATGAGTTAAATCTTAAAAGTCACGTAAAAGATAATCATGCGTCATTTTGACTCACGCGGTCGTT
ATAGTTCAAAATCAGTGACACTTACCGCATTGACAAGCACGCCTCACGGGAGCTCCAAGCGGCGACTGAG
ATGTCCTAAATGCACAGCGACGGATTCGCGCTATTTAGAAAGAGAGAGCAATATTTCAAGAATGCATGCG
TCAATTTTACGCAGACTATCTTTCTAGGGTTAA 

piggybac ITR: 237* bp(L), 306 bp(R) 
* 1 adenine deletion

Pax-6 homeodomain binding site: 11 bp x 9 

Drosophila hsp70 promoter (minimal): 125 bp 

mScarlet-I: 696 bp 

SV40 polyadenylation signal: 122 bp 

Data File 1



pXL[9xP3-EGFP-SV40T;attP] = 1838 bp 

TTAACCCTAGAAAGATAATCATATTGTGACGTACGTTAAAGATAATCATGTGTAAAATTGACGCATGTGT
TTTATCGGTCTGTATATCGAGGTTTATTTATTAATTTGAATAGATATTAAGTTTTATTATATTTACACTT
ACATACTAATAATAAATTCAACAAACAATTTATTTATGTTTATTTATTTATTAAAAAAAACAAAAACTCA
AAATTTCTTCTATAAAGTAACAAAACTTTTATCGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTGTGA
ATTCAGATCTCCGGGGATCTAATTCAATTAGAGACTAATTCAATTAGAGCTAATTCAATTAGGATTAATT
CAATTAGAGACTAATTCAATTAGAGCTAATTCAATTAGGATTAATTCAATTAGAGACTAATTCAATTAGA
GCTAATTCAATTAGGATCCAAGCTTATCGATTTCGAACCCTCGACCGCCGGAGTATAAATAGAGGCGCTT
CGTCTACGGAGCGACAATTCAATTCAAACAAGCAAAGTGAACACGTCGCTAAGCGAAAGCTAAGCAAATA
AACAAGCGCAGCTGAACAAGCTAAACAATCGAAGAATCAAAATGGTGAGCAAGGGCGAGGAGCTGTTCAC
CGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAG
GGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGC
CCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAA
GCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGAC
GACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGA
AGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAA
CGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAG
GACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGC
CCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGT
CCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAAACTTGTTT
ATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCAC
TGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGATCTTCTAGATATCGGATCCCGGTG
CCCCAACTGGGGTAACCTTTGAGTTCTCTCAGTTGGGGGGGGGTCGACGGTATCGATAAGCTTGATATCT
ATAACAAGAAAATATATATATAATAAGTTATCACGTAAGTAGAACATGAAATAACAATATAATTATCGTA
TGAGTTAAATCTTAAAAGTCACGTAAAAGATAATCATGCGTCATTTTGACTCACGCGGTCGTTATAGTTC
AAAATCAGTGACACTTACCGCATTGACAAGCACGCCTCACGGGAGCTCCAAGCGGCGACTGAGATGTCCT
AAATGCACAGCGACGGATTCGCGCTATTTAGAAAGAGAGAGCAATATTTCAAGAATGCATGCGTCAATTT
TACGCAGACTATCTTTCTAGGGTTAA 
 
 
piggybac ITR: 237* bp(L), 305 bp(R) 
* 1 adenine deletion 
 
Pax-6 homeodomain binding site: 11 bp x 9 
 
Drosophila hsp70 promoter (minimal): 125 bp 
 
EGFP: 717 bp 
 
SV40 polyadenylation signal: 122 bp 
 
phage φC31 attP: 42 bp 
 



pXL[Gbact-H2B-mScarlet3-SV40T] = 2974 bp 

TTAACCCTAGAAAGATAATCATATTGTGACGTACGTTAAAGATAATCATGTGTAAAATTGACGCATGTGT
TTTATCGGTCTGTATATCGAGGTTTATTTATTAATTTGAATAGATATTAAGTTTTATTATATTTACACTT
ACATACTAATAATAAATTCAACAAACAATTTATTTATGTTTATTTATTTATTAAAAAAAAACAAAAACTC
AAAATTTCTTCTATAAAGTAACAAAACTTTTATCGAATTCCTGCAGCCCGGGGGATCCACTAGCGCTACC
GGACTCAGATCTCGAGCAGTTCCTTCAAATGTTCAAAATAGTATTAGTTTTTGTTACGCCTAAATTTCTT
GAGAATGTTGTTTAAACTTTTATTTTCTGACAAATGTTAAAATCATTGCTGTTTTTTTAGCAGACACTTT
TCGAAGCTTGTGTTTTGATATCTCGTTGTAAAGTAAATTCATTTATAAGTTCTCATTGACTTTTAACCGT
TTTTAGCCGGCATGTTCCGGTAGGGAGCGTTGGTTCCACGCTGCTGGCTCGATACCATATATGGTAAAGA
AAGCTGCCATTGGATGAGAAGCATGCCCTTATTAGTTGGTGGTGGGGGTAGGGTAGGCATGGGAGGGGCA
GGGCCTCCGTAGTATATTACTCATAGGCCGGCTCCCGGCTTGAATCAGTCTGGTGCTAGTTCTCGTACTG
TGAAGATAGCAGTGTTGCGCTGCTGCGTTTTTGTACATATTACATTGTAAGTTTCTAGTGCTTCTCGAAG
ATACTTTGTGAATTTGTGTTACGAGCATTTGTGCCATGTGGGATATCAGCACAATTTTTCGTGTGGATTT
TCGCGTATGTGCTTGTGAGCAGTTAGGGCGGGGCAACCGGCTTCGTCCACACTCCCAAGGATTTCGCCTT
ATTTGGCGGGTGTTTGCTTAGGGTCTAGCCACTGAATATGGGCGGTGCCTGTGTAGTGGTTGCCGGTGTG
GGGCTTAGTCTTGTCAATGGGCGGGAAACCGGTGTGGGGAAACTAGTAGCGAATTGGATGGTTAACTAGT
TTACTCGTGCTACGGTTCTCTTAATTTTTTTTTTATTTCTTGCAGTACCCGTAAACTCAACTACTAACCG
AATTCTGCAGGTCGACATGCCGCCCAAGACTAGCGGAAAGGCCGCGAAGAAGGCCGGTAAGGCCCAGAAG
AATATCTCCAAGGGAGACAAGAAGAAGAAGCGCAAGAGGAAGGAAAGCTACGCCATCTACATCTACAAGG
TGTTGAAGCAGGTCCATCCTGACACCGGCATCTCCAGCAAGGCGATGAGCATCATGAACAGTTTTGTCAA
TGACATTTTCGAGCGCATCGCCGCCGAGGCTTCCCGCCTGGCGCACTACAACAAGCGCTCTACCATCACC
TCGCGGGAGATCCAGACCGCTGTGCGTCTCCTTCTGCCCGGCGAGCTGGCGAAGCACGCTGTCAGCGAAG
GCACTAAGGCTGTCACCAAGTACACCAGCTCCAAGAAGGATCCACCGGTCGCCACCATGGATAGCACCGA
GGCAGTGATCAAGGAGTTCATGCGGTTCAAGGTGCACATGGAGGGCTCCATGAACGGCCACGAGTTCGAG
ATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAGGGTGACCAAGGGTG
GCCCCCTGCCCTTCTCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAGGGCCTTCACGAAGCA
CCCCGCCGACATCCCCGACTACTGGAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAAC
TTCGAGGACGGCGGCGCTGTGTCCGTGGCCCAGGACACCTCCCTGGAGGACGGCACCCTGATCTACAAGG
TGAAGCTCCGCGGCACCAACTTCCCTCCTGACGGCCCCGTAATGCAGAAGAAGACAATGGGCTGGGAAGC
ATCCACCGAGCGGTTGTACCCCGAGGACGTCGTGCTGAAGGGCGACATTAAGATGGCCCTGCGCCTGAAG
GACGGCGGTCGCTACCTGGCGGACTTCAAGACCACCTACAGGGCCAAGAAGCCCGTGCAGATGCCCGGCG
CTTTCAACATCGACCGCAAGTTGGACATCACATCCCACAACGAGGACTACACCGTGGTGGAACAGTACGA
ACGCTCCGTGGCCCGCCACTCCACCGGCTAAAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACAT
TTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGC
AATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTC
ACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGGCG
TAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACC
AATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCC
AGTTAGATCTTAATACGACTCACTATAGGGCGAATTGGGTACCGGGCCCCCCCTCGAGGTCGACGGTATC
GATAAGCTTGATATCTATAACAAGAAAATATATATATAATAAGTTATCACGTAAGTAGAACATGAAATAA
CAATATAATTATCGTATGAGTTAAATCTTAAAAGTCACGTAAAAGATAATCATGCGTCATTTTGACTCAC
GCGGTCGTTATAGTTCAAAATCAGTGACACTTACCGCATTGACAAGCACGCCTCACGGGAGCTCCAAGCG
GCGACTGAGATGTCCTAAATGCACAGCGACGGATTCGCGCTATTTAGAAAGAGAGAGCAATATTTCAAGA
ATGCATGCGTCAATTTTACGCAGACTATCTTTCTAGGGTTAA 



 

piggybac ITR: 238 bp(L), 305 bp(R) 

Gryllus actin promoter: 826 bp 
 
Gryllus H2B: 369 bp 
 
mScarlet3: 672 bp 
 
SV40 polyadenylation signal: 122 bp 
 

 



 

pXL[Gbact-gap43-mScarlet3-SV40T;9xP3-EGFP-SV40T] = 3635 bp 

TTAACCCTAGAAAGATAATCATATTGTGACGTACGTTAAAGATAATCATGTGTAAAATTGACGCATGTGT
TTTATCGGTCTGTATATCGAGGTTTATTTATTAATTTGAATAGATATTAAGTTTTATTATATTTACACTT
ACATACTAATAATAAATTCAACAAACAATTTATTTATGTTTATTTATTTATTAAAAAAAAACAAAAACTC
AAAATTTCTTCTATAAAGTAACAAAACTTTTATCGAATTCCTGCAGCCCGGGGGATCCACTAGCGCTACC
GGACTCAGATCTCGAGCAGTTCCTTCAAATGTTCAAAATAGTATTAGTTTTTGTTACGCCTAAATTTCTT
GAGAATGTTGTTTAAACTTTTATTTTCTGACAAATGTTAAAATCATTGCTGTTTTTTTAGCAGACACTTT
TCGAAGCTTGTGTTTTGATATCTCGTTGTAAAGTAAATTCATTTATAAGTTCTCATTGACTTTTAACCGT
TTTTAGCCGGCATGTTCCGGTAGGGAGCGTTGGTTCCACGCTGCTGGCTCGATACCATATATGGTAAAGA
AAGCTGCCATTGGATGAGAAGCATGCCCTTATTAGTTGGTGGTGGGGGTAGGGTAGGCATGGGAGGGGCA
GGGCCTCCGTAGTATATTACTCATAGGCCGGCTCCCGGCTTGAATCAGTCTGGTGCTAGTTCTCGTACTG
TGAAGATAGCAGTGTTGCGCTGCTGCGTTTTTGTACATATTACATTGTAAGTTTCTAGTGCTTCTCGAAG
ATACTTTGTGAATTTGTGTTACGAGCATTTGTGCCATGTGGGATATCAGCACAATTTTTCGTGTGGATTT
TCGCGTATGTGCTTGTGAGCAGTTAGGGCGGGGCAACCGGCTTCGTCCACACTCCCAAGGATTTCGCCTT
ATTTGGCGGGTGTTTGCTTAGGGTCTAGCCACTGAATATGGGCGGTGCCTGTGTAGTGGTTGCCGGTGTG
GGGCTTAGTCTTGTCAATGGGCGGGAAACCGGTGTGGGGAAACTAGTAGCGAATTGGATGGTTAACTAGT
TTACTCGTGCTACGGTTCTCTTAATTTTTTTTTTATTTCTTGCAGTACCCGTAAACTCAACTACTAACCG
AATTCTGCAGGTCGACATGCTGTGCTGTATGAGAAGAACCAAACAGGTTGAAAAGAATGATGAGGACCAA
AAGATCATGGATAGCACCGAGGCAGTGATCAAGGAGTTCATGCGGTTCAAGGTGCACATGGAGGGCTCCA
TGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAA
GCTGAGGGTGACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGC
TCCAGGGCCTTCACGAAGCACCCCGCCGACATCCCCGACTACTGGAAGCAGTCCTTCCCCGAGGGCTTCA
AGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGCTGTGTCCGTGGCCCAGGACACCTCCCTGGAGGA
CGGCACCCTGATCTACAAGGTGAAGCTCCGCGGCACCAACTTCCCTCCTGACGGCCCCGTAATGCAGAAG
AAGACAATGGGCTGGGAAGCATCCACCGAGCGGTTGTACCCCGAGGACGTCGTGCTGAAGGGCGACATTA
AGATGGCCCTGCGCCTGAAGGACGGCGGTCGCTACCTGGCGGACTTCAAGACCACCTACAGGGCCAAGAA
GCCCGTGCAGATGCCCGGCGCTTTCAACATCGACCGCAAGTTGGACATCACATCCCACAACGAGGACTAC
ACCGTGGTGGAACAGTACGAACGCTCCGTGGCCCGCCACTCCACCGGCTAAAGCGGCCGCGACTCTAGAT
CATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAAC
CTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAA
GCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACT
CATCAATGTATCTTAAGGTTCTGTGAATTCAGATCTCCGGGGATCTAATTCAATTAGAGACTAATTCAAT
TAGAGCTAATTCAATTAGGATTAATTCAATTAGAGACTAATTCAATTAGAGCTAATTCAATTAGGATTAA
TTCAATTAGAGACTAATTCAATTAGAGCTAATTCAATTAGGATCCAAGCTTATCGATTTCGAACCCTCGA
CCGCCGGAGTATAAATAGAGGCGCTTCGTCTACGGAGCGACAATTCAATTCAAACAAGCAAAGTGAACAC
GTCGCTAAGCGAAAGCTAAGCAAATAAACAAGCGCAGCTGAACAAGCTAAACAATCGAAGAATCAAAATG
GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG
GCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCAT
CTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGC
TTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCC
AGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGA
CACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAG
CTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGA
ACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCC
CATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGAC
CCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGG
ACGAGCTGTACAAGTAAAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAA
TTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTGG
TACCGGGCCCCCCCTCGAGGTCGACGGTATCGATAAGCTTGATATCTATAACAAGAAAATATATATATAA



TAAGTTATCACGTAAGTAGAACATGAAATAACAATATAATTATCGTATGAGTTAAATCTTAAAAGTCACG
TAAAAGATAATCATGCGTCATTTTGACTCACGCGGTCGTTATAGTTCAAAATCAGTGACACTTACCGCAT
TGACAAGCACGCCTCACGGGAGCTCCAAGCGGCGACTGAGATGTCCTAAATGCACAGCGACGGATTCGCG
CTATTTAGAAAGAGAGAGCAATATTTCAAGAATGCATGCGTCAATTTTACGCAGACTATCTTTCTAGGGT
TAA 

 

piggybac ITR: 238 bp(L), 305 bp(R) 

Gryllus actin promoter: 826 bp 
 
GAP43 fragment (palmitoylation sites): 60 bp 
 
mScarlet3: 672 bp 
 
SV40 polyadenylation signal: 122 bp 
 
Pax-6 homeodomain binding site: 11 bp x 9 
 
Drosophila hsp70 promoter (minimal): 125 bp 
 
EGFP: 717 bp 
 
SV40 polyadenylation signal: 121 bp 
 



pXL[Ofact-H2B-mScarlet3-SV40T] = 4650 bp 

TTAACCCTAGAAAGATAATCATATTGTGACGTACGTTAAAGATAATCATGTGTAAAATTGACGCATGTGT
TTTATCGGTCTGTATATCGAGGTTTATTTATTAATTTGAATAGATATTAAGTTTTATTATATTTACACTT
ACATACTAATAATAAATTCAACAAACAATTTATTTATGTTTATTTATTTATTAAAAAAAAACAAAAACTC
AAAATTTCTTCTATAAAGTAACAAAACTTTTATCGAATTCCTGCAGCCCGGGGGATCCACTAGCGCTACC
GGACTCAGATCTCGAGCGGGGAGATTTCTCGCCTTTCCTTAGTGAGGAGTGGAGAGAGACTGTGGATATA
TATATATATATCCACACGTACACATTTATATATGGTAGATAATATCTCTAAGAATTTGATTCTTTGACTG
CACGCCACCGACATGCCAACCATCCAGAGGTTAATTATATTTAGGAAATTTGGTTTAGGAATCCTTAAAA
ATAAACATTTGTTAAAACCTCGACATAGACTTCCTTCTTGATTCTTATACTTGACACTACATTGTGGTTA
ATTTAAGGTTGCTCGGGGAAAATCATTCAGACATGTAATAAAATAGAAACGGATTTTGAACTTAATTTCT
GTTTACAGTTAGATAAAGAATTGTATTGCTATATAATGTACACACTGGACTGTCTGTGCCTGTGCTTATC
CTAGTAAATCGGCTTAACTAATAACCCTTCTTATAGAGGTAGATTGGTTGAGAAGATGACTTTCGTTTCC
AACATTAAAACAGAAACAAAATTACTTCTGTTTGGGTACTTATATAAAACCTGTAAGAAAGCGAACCATA
ATAAGCTGTCAAGAAGAGCCCGGACCACAATGCCTAGGTCAGGTAGAAGCTGGTAGAGAGATTTGGCAGA
GGGCAGACCCATTGATGAGAGAATGGGCATGAATGGGAGTTTTAAAGGGAATCGGGAGAGTTTTAGAGCC
TCAGGGATAGGGACTCTCGCGTCAGACGACATTTCGACAGGGGCTTAACGGAATTGCACCAGGAATTAGG
GATATTGTAGGGGACGGACGGGAGACTTGGAGGGACTCTCAGCGCTACTAGGATTCGGAAATATTTCCAG
TGACAGAACGGGAAATGGACTCCGCCTGCCTGCAAATGCATGTTCAATAATAAAAACTGGCTGAGAGATA
TTTACAAAGGCGGCTCTTACTAAATGCCGGCGAGCTGGAGGGATTTCTCCCTCGCCGCGGGCTCCGCCAA
TCAGCGGGCTCCATCCGTTTTATGCCCATATATGGTAAGAGCGGCGGTCGAGGCCGCTGGTGGGGGAAGG
CGGGTCCACCTCCCTCCTCCCCCCCGACTCCCGGCTTTTCCCCCTCACAGCTATACCATACTTAACCCAA
TTGTTGTTATAATTTTTTTAATTACTCATTTTTTCCCATAAAAAAAACTGTATCGTGAAATCCGCTACCG
GGAAGGCGTATTATCAGCGGAATAGTGAAGTATTTGTGAGTGGCGGAGGAGGCGACACCCCCCGGATCGG
GCGAGTCCACTCTCCTCCTGGAGACCAACGGCTCAATCCTCCTTCACTCCCGTCAATTGTGTGATAGTGT
ACGCATTGGCTCTCGCCTCCTTCGTCCAGTAAAGGTAAGTCTTGCAGAGAAATCTCACTATTTCCTACAC
TTACAGTAAATACTCTACATCCCTACTCTTCTAATAGTACTAACCGTTTGTATATTGATATTTAAAGTGA
AGGGGCCGGACTTTACTCCCGAATGAGTGCCGGTAGGACCTCGCAAACGTGTTGCCTTCGTTTTCATTCT
CTCGTCCTCTAAGTAAATTTAACTCCGGTATTTCGGGACGTCCACAGCCAGAATTAAACTTGGATCTCTT
CCAATATCTATGTTTAGGGAATGGTTTACTACGGTAGCGCCATTGACTGGAGCGCTATTTGTGTACTGAT
GAGAGTAGAGATGGCTCCTGGCCTATCTTGCCCTACCCCAAGTGTGGCGGTAAATCAGTTTTACCGGCTC
TTTTAGGCCGGAATTGTGTATTCCCTCGACCGTACTGCCATATAAGGAGATGTGCAGAGAGAGGGCGTGG
AGGGGCGGGGGCCGGTGGAGGGGGACGGCCTATATCACCCTCGGGACCCCTGCCCAAGCCACCAGTCCGA
CTTCACAGCTCAAACAGTACTCTGCGTACTATTTATTTATTTATTTTTAATAAGTAAGTGACTTCTCAAT
AACCTCTTAAAGAGTGGGTGTGGATTATAGTGCTACTTATATTAATCTATTAGTGCTCATCAGTGAATCG
TGTTTTATGTGATATGAGTGATTCAAAGTGAAACTTAATGGATTTACAATTAAATCTTCAGGGTCAGATT
ATAGCATTTGGTCAAGCTTCCCGAGAGGTAAAATTTTTCCCTATTCCCTCTAGGCCAATTGGATTTTAAA
TCAAGCATCCAATTGTCAAAATTAATTCATCTTATAGCTACTGGAAATATCTGGAATTATGTGAAACTCA
TTCAGTAAAACCCCCCATTTATTTAACATGTGTTATAACTTAGTTGTATTTTAAATCACATGTACACTGA
CTTCAATTCACACAGGATGCCTGTAAAGTGATTTATTTAGTATTTTTTTTTTACAATATTTAGAATATTT
TCAAATTATGTACTGTAAAATGCTTGACTATCTGTTGTTCTGAAACCCTTGAAGGCACTCTCTGATTTTA
TGGATACCTTCCATAGGATTTTAATTTTAGTTTTTGTTTTTCAGCTTATTTAACTAACCCAAAACAAATT
CTGCAGGTCGACATGCCGCCCAAGACTAGCGGAAAGGCCGCGAAGAAGGCCGGTAAGGCCCAGAAGAATA
TCTCCAAGGGAGACAAGAAGAAGAAGCGCAAGAGGAAGGAAAGCTACGCCATCTACATCTACAAGGTGTT
GAAGCAGGTCCATCCTGACACCGGCATCTCCAGCAAGGCGATGAGCATCATGAACAGTTTTGTCAATGAC



ATTTTCGAGCGCATCGCCGCCGAGGCTTCCCGCCTGGCGCACTACAACAAGCGCTCTACCATCACCTCGC
GGGAGATCCAGACCGCTGTGCGTCTCCTTCTGCCCGGCGAGCTGGCGAAGCACGCTGTCAGCGAAGGCAC
TAAGGCTGTCACCAAGTACACCAGCTCCAAGAAGGATCCACCGGTCGCCACCATGGATAGCACCGAGGCA
GTGATCAAGGAGTTCATGCGGTTCAAGGTGCACATGGAGGGCTCCATGAACGGCCACGAGTTCGAGATCG
AGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAGGGTGACCAAGGGTGGCCC
CCTGCCCTTCTCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAGGGCCTTCACGAAGCACCCC
GCCGACATCCCCGACTACTGGAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCG
AGGACGGCGGCGCTGTGTCCGTGGCCCAGGACACCTCCCTGGAGGACGGCACCCTGATCTACAAGGTGAA
GCTCCGCGGCACCAACTTCCCTCCTGACGGCCCCGTAATGCAGAAGAAGACAATGGGCTGGGAAGCATCC
ACCGAGCGGTTGTACCCCGAGGACGTCGTGCTGAAGGGCGACATTAAGATGGCCCTGCGCCTGAAGGACG
GCGGTCGCTACCTGGCGGACTTCAAGACCACCTACAGGGCCAAGAAGCCCGTGCAGATGCCCGGCGCTTT
CAACATCGACCGCAAGTTGGACATCACATCCCACAACGAGGACTACACCGTGGTGGAACAGTACGAACGC
TCCGTGGCCCGCCACTCCACCGGCTAAAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGT
AGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATT
GTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAA
ATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGGCGTAAA
TTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATA
GGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTT
AGATCTTAATACGACTCACTATAGGGCGAATTGGGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATA
AGCTTGATATCTATAACAAGAAAATATATATATAATAAGTTATCACGTAAGTAGAACATGAAATAACAAT
ATAATTATCGTATGAGTTAAATCTTAAAAGTCACGTAAAAGATAATCATGCGTCATTTTGACTCACGCGG
TCGTTATAGTTCAAAATCAGTGACACTTACCGCATTGACAAGCACGCCTCACGGGAGCTCCAAGCGGCGA
CTGAGATGTCCTAAATGCACAGCGACGGATTCGCGCTATTTAGAAAGAGAGAGCAATATTTCAAGAATGC
ATGCGTCAATTTTACGCAGACTATCTTTCTAGGGTTAA 

 

piggybac ITR: 238 bp(L), 305 bp(R) 

Oncopeltus actin promoter: 2502 bp 
 
Gryllus H2B: 369 bp 
 
mScarlet3: 672 bp 
 
SV40 polyadenylation signal: 122 bp 
 
 
 



pXL[Ofinv2.4kb-QF2;15xQUAS-mScarlet3-SV40T;9xP3-EGFP-SV40T] = 7161 bp 
 
TTAACCCTAGAAAGATAATCATATTGTGACGTACGTTAAAGATAATCATGTGTAAAATTGACGCATGTGT
TTTATCGGTCTGTATATCGAGGTTTATTTATTAATTTGAATAGATATTAAGTTTTATTATATTTACACTT
ACATACTAATAATAAATTCAACAAACAATTTATTTATGTTTATTTATTTATTAAAAAAAAACAAAAACTC
AAAATTTCTTCTATAAAGTAACAAAACTTTTATCGAATTCCTGCAGCCCGGGGGATCCACTAGCGCTACC
GGACTCAGATCTCGAGATGATGAGGTGAAGTGTACTCGAAGTAAGTGGACAGGGCGAGGGTGCTGTGGTC
TTGTCAACAATTCTCTTTCTCACACCCACATTTCATCAGTTCTTCACTGTGTCTCATAAGATGCTTAATG
CTTAAGTATGCTTAGGCCACATCAAAGCTCTGTAAATAAATGTGCTTTGCGCTTTGTGATAAGGCTTTGC
ATGACTTAAAATACTAATATATATAAAAAGAAAACTAAATATTCGCAATACTTTGCGTTATTTCTATTTT
GTGTGTTTGTGAGTGTTGACTACTCTCTCATTCTTCCTCCTGTTATTAATATATATATATTTAATATATG
ACTTTATATATTATATACATATAATTTCTAATTTCCGATTGCGTGATTAGACAAAATGTGAATCGCTAGC
GTTAGACAACTATTGCCGACTGCACCACGTATGCCGCCATGTGTATCCTTGGGAAGCGTGTTTCGCTCCT
TGGTCTTCCTAGCTCTTCCTTCCAGTTATCTTTATCTTCAGAGCTTCCTGTCTTATCAAACTCAACATAA
TTTCAGCAAGACAACACACACTAAATATTGGACTTTTCCATCTTTCACATTTGCAAATCTTCACTACCAA
TATGTCATACCAATGGCATCATAAATTAACCTGTTGTAAGACTCGATGCCCCTCTGAAATTGTCAACTAA
TTTCCTGTGGTTTCCATTTTCCTTGATAGGAATAATACACCTTCCACAATTAGATAATTATGGTATTATA
CATATAAACCTACACAGAGCTATCTATTGAAGTACAGATTATTTTAAGTTTAGTCTTTTGTGATGGGCTA
ATCCACGAGGCTGACTGACGTAATTTGGTTTCATATCCTACATAATTATCGGACGTGATTTGGGTAGGTC
AATATTAGGAAAACCAATATTATATATAAATCATTTTTAACTTCTTTTTTTTTTTTTTAAGTCGTGGTAC
AAGCGTGAATATATTGATTTCTTGTAGGAAATGTACTAAAATCGAATAATCGTATTTATAACAGTTGCCA
TAAAGTTGAAGTAACTGAATAAGTGTAAAATTCAATTCATTACATTTAATGTATAATAACATTTTTAGAG
AGTAAGGCACTAAAAATTGTAGCTGTGCGGTTGAGCGAACCAACTAACAGGTAAAATTCAAATAAAGCAC
TTCATTGCAAAATAGGGGGAGGGGGAGGGGGGAGAGATTTACAGGAGAAACAAATAGAATGCTCGCAGGA
ATCGTGGTTATTATGGTAGGTGTATAGGACTAAAATCTTATCTACAAAAGTGCATTATATTGTAACAGTT
TAATATCCACTGACTTCCAGGACCTCCTTGAGTCATCGGAATGATACAGCTTTATTTTATTTCATTTTAG
AAAATATTTATGGGAAAAATAAATTGTTTCCAGACAGGATAGCTTGCAATGGATTTGAGGATAATAAACT
TGTTCTACTGTACTGTGTGTTTCATGATTTCGAAGTTAGGACAAAATCAAACTTTGGGATCAGCGCCGCG
TACTTGATATAAATTACATTATGTGAAATCTGTTGAAAACGATTAATTGTATGGTCTTCTAAAGAAGGAA
ATGATATTTTATAGCCTCCCATCTGAATTGGAAGGGCCAGTCAACGGAGGTTGCTTTCCATACCAAATTT
ATATTAATTGCAATTGTCAACTTCTTAAATTGGACGTAATGAATATTACTTCCCCTACTAAAGGGGTGTT
GATGGTAATCGCAACCCTCGATGAATACGATTGCTCAAAGTGTCTATTGTCTTAGGCTGTTGAGCTCCTA
AAAAAGAAAGGCTGTCAATCGCATTCATTAGCAACGAAAATGATTCTAACTGGATACATAACCACACAGG
ACGAGAAAGACCAACTATTTCTTCCTGCGAAAAGAATATTTAGAGGCTAATTTGATTACATTCTTCATTC
AAAGAGAAAACTGATTTCCATCAAAATTAAAAATTAACTGTCAGAACACTCAACGAATTGATATGTAATC
GATGATACACATCGATGATAGTCTTCCCACATAGATAATTAATTCATGAGTGAGAGGGCGTGAGTGAGGG
GAAGGGAGGGGAGGAGAGGCGCGGTAAGTGCATAATCATTTCATCAGTCCTTAATAAACATATAGTGGGT
GGGAGGGGCCGGCCGATATATGTAATCTGGCTAATAACTTGATCTGGAGGGGCGGTGGTGGGGGAGCAGG
GGAGGGGAGCCATCGCGGGGCGAGGCCGGTGGAGGGGAGGTCGGCACCCTGATTGGCCGAGAGCGGGGAG
TGGGCGGCGGTGAGGGGGCGGGGCCTTGTCGGACACGCCCACCGCCCCCTCCCCACCACCGCACAGCGCT
CTCCCGACTTTGAAATCTTAGTTAGAAGCTGTCAGCCGTTGACAGAAGCTCTCAATCGGATGTAGTGAGG
CGAGGCCGGCCAACATGCCACCCAAGCGCAAAACGCTTAACGCTGCGGCTGAGGCTAACGCTCATGCCGA
CGGACACGCCGACGGAAACGCCGACGGACACGTGGCCAATACGGCCGCGTCCTCGAATAATGCGAGGTTC
GCTGATCTCACTAACATCGATACTCCGGGTCTGGGACCCACAACTACGACCCTGCTCGTGGAACCAGCAC
GCTCAAAGCGTCAACGAGTGTCCCGCGCATGCGACCAGTGCCGTGCAGCCCGAGAGAAATGCGACGGAAT
ACAGCCTGCGTGTTTCCCGTGCGTTTCCCAGGGAAGGTCCTGCACTTATCAGGCTTCGCCGAAAAAGAGG
GGAGTTCAAACCGGTTATATTCGTACGCTGGAGCTCGCCCTCGCCTGGATGTTTGAAAATGTCGCGCGTT
CCGAAGATGCCTTGCATAACCTCCTCGTCCGTGACGCCGGACAAGGATCAGCTCTGCTCGTTGGTAAAGA
TTCGCCGGCTGCCGAGCGACTCCATGCCCGTTGGGCTACTAGCCGTGTCAATAAGAGCATTACCCGCCTC
CTCCGTCAGTTGGAGCTCCCTCCTACCGCCACGGCTACGGCCTCGATAATGCCGCACGTGATGGAGCAGC
CTCTCAGTACCAGCATTAACCCCGTCAACGACCGCTTCAACGGTATTCCCAACCCCACTCCGTATAACTC
CGATGCAGCTCTCGATGCTATCACTCAGACCAACGATTATGGAAGCGTAAATACACATGGTATCCTCTCT



ACTTACCCGCCACCGGCTACGCACCTTAATGAAGCTTCCGTCGCTCTCGCTCCCGGTGGCGCCCCCCCCC
GACCGCCTCCTCCGTATGTTGACAGCACGACCAATCACCCGCCGTACCACTCGAATCTGGTTCCAATGGC
GAACTTTGGTTACTCGACCGTTGATTACGATGCCATGGTTGACGATTTGGCTAGCATTGAATACACGGAC
GCTGTGGATGTCGACCCACAGTTTATGACCAATCTGGGATTCGTTCCTGGATGTAACTTCTCCGACATTA
ATACATACGAACAGTGATGACGTCTATCGATACCGTCGACTAAAGCCAAATAGAAAATTATTCAGTTCCT
GGCTTAAGTTTTTAAAAGTGATATTATTTATTTGGTTGTAACCAACCAAAAGAATGTAAATAACTAATAC
ATAATTATGTTAGTTTTAAGTTAGCAACAAATTGATTTTAGCTATATTAGCTACTTGGTTAATAAATAGA
ATATATTTATTTAAAGATAATTGCGTTTTTATTGTCAGGGAGTGAGTTTGCTTAAAAACTCGTTTAGATC
CCGGTCACGTGTCACTGGGTCAGTGGGTAATCGCTTATCCTCGGATAAACAATTATCCTCACGGGTAATC
GCTTATCCGCTCGGGTAATCGCTTATCCTCGGGTAATCGCTTATCCTTGGGTAATCGCTTATCCTCGGAT
AAACAATTATCCTCACGGGTAATCGCTTATCCGCTCGGGTAATCGCTTATCCTCGGGTAATCGCTTATCC
TTGGGTAATCGCTTATCCTCGGATAAACAATTATCCTCACGGGTAATCGCTTATCCGCTCGGGTAATCGC
TTATCCTCGGGTAATCGCTTATCCTTTCACGTTGGGACTCAGTGAGGAGGACCTGAATTCCTGCAGCCCG
AGCGGAGACTCTAGCGAGCGCCGGAGTATAAATAGAGGCGCTTCGTCTACGGAGCGACAATTCAATTCAA
ACAAGCAAAGTGAACACGTCGCTAAGCGAAAGCTAAGCAAATAAACAAGCGCAGCTGAACAAGCTAAACA
ATCTGCAGTAAAGTGCAAGTTAAAGTGAATCAATTAAAAGTAACCAGCAACCAAGTAAATCAACTGCAAC
TACTGAAATCTGCCAAGAAGTAATTATTGAATACAAGAAGAGAACTCTGAATAGGGAATTGGGAATTCGT
TAACAGATCGGGGGATCAATTCGTTAACATGGATAGCACCGAGGCAGTGATCAAGGAGTTCATGCGGTTC
AAGGTGCACATGGAGGGCTCCATGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCT
ACGAGGGCACCCAGACCGCCAAGCTGAGGGTGACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGACATCCT
GTCCCCTCAGTTCATGTACGGCTCCAGGGCCTTCACGAAGCACCCCGCCGACATCCCCGACTACTGGAAG
CAGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGCTGTGTCCGTGG
CCCAGGACACCTCCCTGGAGGACGGCACCCTGATCTACAAGGTGAAGCTCCGCGGCACCAACTTCCCTCC
TGACGGCCCCGTAATGCAGAAGAAGACAATGGGCTGGGAAGCATCCACCGAGCGGTTGTACCCCGAGGAC
GTCGTGCTGAAGGGCGACATTAAGATGGCCCTGCGCCTGAAGGACGGCGGTCGCTACCTGGCGGACTTCA
AGACCACCTACAGGGCCAAGAAGCCCGTGCAGATGCCCGGCGCTTTCAACATCGACCGCAAGTTGGACAT
CACATCCCACAACGAGGACTACACCGTGGTGGAACAGTACGAACGCTCCGTGGCCCGCCACTCCACCGGC
TAAAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAA
CCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCA
GCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATT
CTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGGTTCTGTGAATTCAGATCTCCGGGGATCTAA
TTCAATTAGAGACTAATTCAATTAGAGCTAATTCAATTAGGATTAATTCAATTAGAGACTAATTCAATTA
GAGCTAATTCAATTAGGATTAATTCAATTAGAGACTAATTCAATTAGAGCTAATTCAATTAGGATCCAAG
CTTATCGATTTCGAACCCTCGACCGCCGGAGTATAAATAGAGGCGCTTCGTCTACGGAGCGACAATTCAA
TTCAAACAAGCAAAGTGAACACGTCGCTAAGCGAAAGCTAAGCAAATAAACAAGCGCAGCTGAACAAGCT
AAACAATCGAAGAATCAAAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTC
GAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACG
GCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCAC
CCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCC
GCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCG
CCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGA
CGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAG
CAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCG
ACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCAC
CCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCC
GCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAAACTTGTTTATTGCAGCTTATAATGGTTACA
AATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTC
CAAACTCATCAATGTATCTTGGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATAAGCTTGATATCTA
TAACAAGAAAATATATATATAATAAGTTATCACGTAAGTAGAACATGAAATAACAATATAATTATCGTAT
GAGTTAAATCTTAAAAGTCACGTAAAAGATAATCATGCGTCATTTTGACTCACGCGGTCGTTATAGTTCA
AAATCAGTGACACTTACCGCATTGACAAGCACGCCTCACGGGAGCTCCAAGCGGCGACTGAGATGTCCTA



AATGCACAGCGACGGATTCGCGCTATTTAGAAAGAGAGAGCAATATTTCAAGAATGCATGCGTCAATTTT
ACGCAGACTATCTTTCTAGGGTTAA 

 

piggybac ITR: 238 bp(L), 305 bp(R) 

Oncopeltus invected 2.4-kb upstream: 2435 bp 
 
QF2: 1050 bp 
 
hsp70 terminator: 257 bp 
 
15xQUAS: 290 bp 
 
Drosophila hsp70 promoter: 241 bp 
 
mScarlet3: 672 bp 
 
SV40 polyadenylation signal: 122 bp 
 
Pax-6 homeodomain binding site: 11 bp x 9 
 
Drosophila hsp70 promoter (minimal): 125 bp 
 
EGFP: 717 bp 
 
SV40 polyadenylation signal: 121 bp 
 

 
 



>0xNLS-hyPBase

MPRSPEFAATMGSSLDDEHILSALLQSDDELVGEDSDSEVSDHVSEDDVQSDTEEAFIDEVHEV
QPTSSGSEILDEQNVIEQPGSSLASNRILTLPQRTIRGKNKHCWSTSKPTRRSRVSALNIVRSQ
RGPTRMCRNIYDPLLCFKLFFTDEIISEIVKWTNAEISLKRRESMTSATFRDTNEDEIYAFFGI
LVMTAVRKDNHMSTDDLFDRSLSMVYVSVMSRDRFDFLIRCLRMDDKSIRPTLRENDVFTPVRK
IWDLFIHQCIQNYTPGAHLTIDEQLLGFRGRCPFRVYIPNKPSKYGIKILMMCDSGTKYMINGM
PYLGRGTQTNGVPLGEYYVKELSKPVHGSCRNITCDNWFTSIPLAKNLLQEPYKLTIVGTVRSN
KREIPEVLKNSRSRPVGTSMFCFDGPLTLVSYKPKPAKMVYLLSSCDEDASINESTGKPQMVMY
YNQTKGGVDTLDQMCSVMTCSRKTNRWPMALLYGMINIACINSFIIYSHNVSSKGEKVQSRKKF
MRNLYMGLTSSFMRKRLEAPTLKRYLRDNISNILPKEVPGTSDDSTEEPVMKKRTYCTYCPSKI
RRKASASCKKCKKVICREHNIDMCQSCF 

EPVMKKRTYCTYCPSKIRRKASASCKKCKKVI = predicted endogenous NLS 

Data File 2



>1xNLS-hyPBase 

MPKKKRKVPRSPEFAATMGSSLDDEHILSALLQSDDELVGEDSDSEVSDHVSEDDVQSDTEEAF
IDEVHEVQPTSSGSEILDEQNVIEQPGSSLASNRILTLPQRTIRGKNKHCWSTSKPTRRSRVSA
LNIVRSQRGPTRMCRNIYDPLLCFKLFFTDEIISEIVKWTNAEISLKRRESMTSATFRDTNEDE
IYAFFGILVMTAVRKDNHMSTDDLFDRSLSMVYVSVMSRDRFDFLIRCLRMDDKSIRPTLREND
VFTPVRKIWDLFIHQCIQNYTPGAHLTIDEQLLGFRGRCPFRVYIPNKPSKYGIKILMMCDSGT
KYMINGMPYLGRGTQTNGVPLGEYYVKELSKPVHGSCRNITCDNWFTSIPLAKNLLQEPYKLTI
VGTVRSNKREIPEVLKNSRSRPVGTSMFCFDGPLTLVSYKPKPAKMVYLLSSCDEDASINESTG
KPQMVMYYNQTKGGVDTLDQMCSVMTCSRKTNRWPMALLYGMINIACINSFIIYSHNVSSKGEK
VQSRKKFMRNLYMGLTSSFMRKRLEAPTLKRYLRDNISNILPKEVPGTSDDSTEEPVMKKRTYC
TYCPSKIRRKASASCKKCKKVICREHNIDMCQSCF 

 

PKKKRKV = SV40 NLS 

EPVMKKRTYCTYCPSKIRRKASASCKKCKKVI = predicted endogenous NLS 

 

 



>3xNLS-hyPBase 

MPKKKRKVPKKKRKVPKKKRKVPRSPEFAATMGSSLDDEHILSALLQSDDELVGEDSDSEVSDH
VSEDDVQSDTEEAFIDEVHEVQPTSSGSEILDEQNVIEQPGSSLASNRILTLPQRTIRGKNKHC
WSTSKPTRRSRVSALNIVRSQRGPTRMCRNIYDPLLCFKLFFTDEIISEIVKWTNAEISLKRRE
SMTSATFRDTNEDEIYAFFGILVMTAVRKDNHMSTDDLFDRSLSMVYVSVMSRDRFDFLIRCLR
MDDKSIRPTLRENDVFTPVRKIWDLFIHQCIQNYTPGAHLTIDEQLLGFRGRCPFRVYIPNKPS
KYGIKILMMCDSGTKYMINGMPYLGRGTQTNGVPLGEYYVKELSKPVHGSCRNITCDNWFTSIP
LAKNLLQEPYKLTIVGTVRSNKREIPEVLKNSRSRPVGTSMFCFDGPLTLVSYKPKPAKMVYLL
SSCDEDASINESTGKPQMVMYYNQTKGGVDTLDQMCSVMTCSRKTNRWPMALLYGMINIACINS
FIIYSHNVSSKGEKVQSRKKFMRNLYMGLTSSFMRKRLEAPTLKRYLRDNISNILPKEVPGTSD
DSTEEPVMKKRTYCTYCPSKIRRKASASCKKCKKVICREHNIDMCQSCF 

 

PKKKRKVPKKKRKVPKKKRKV = 3x SV40 NLS 

EPVMKKRTYCTYCPSKIRRKASASCKKCKKVI = predicted endogenous NLS 

 

 

 



>5xNLS-hyPBase 

MPKKKRKVPKKKRKVPKKKRKVPKKKRKVPKKKRKVPRSPEFAATMGSSLDDEHILSALLQSDD
ELVGEDSDSEVSDHVSEDDVQSDTEEAFIDEVHEVQPTSSGSEILDEQNVIEQPGSSLASNRIL
TLPQRTIRGKNKHCWSTSKPTRRSRVSALNIVRSQRGPTRMCRNIYDPLLCFKLFFTDEIISEI
VKWTNAEISLKRRESMTSATFRDTNEDEIYAFFGILVMTAVRKDNHMSTDDLFDRSLSMVYVSV
MSRDRFDFLIRCLRMDDKSIRPTLRENDVFTPVRKIWDLFIHQCIQNYTPGAHLTIDEQLLGFR
GRCPFRVYIPNKPSKYGIKILMMCDSGTKYMINGMPYLGRGTQTNGVPLGEYYVKELSKPVHGS
CRNITCDNWFTSIPLAKNLLQEPYKLTIVGTVRSNKREIPEVLKNSRSRPVGTSMFCFDGPLTL
VSYKPKPAKMVYLLSSCDEDASINESTGKPQMVMYYNQTKGGVDTLDQMCSVMTCSRKTNRWPM
ALLYGMINIACINSFIIYSHNVSSKGEKVQSRKKFMRNLYMGLTSSFMRKRLEAPTLKRYLRDN
ISNILPKEVPGTSDDSTEEPVMKKRTYCTYCPSKIRRKASASCKKCKKVICREHNIDMCQSCF 

 

PKKKRKVPKKKRKVPKKKRKVPKKKRKVPKKKRKV = 5x SV40 NLS 

EPVMKKRTYCTYCPSKIRRKASASCKKCKKVI = predicted endogenous NLS 

 

 



>0xNLS-minos 

MVRGKPISKEIRVLIRDYFKSGKTLTEISKQLNLPKSSVHGVIQIFKKNGNIENNIANRGRTSA
ITPRDKRQLAKIVKADRRQSLRNLASKWSQTIGKTVKREWTRQQLKSIGYGFYKAKEKPLLTLR
QKKKRLQWARERMSWTQRQWDTIIFSDEAKFDVSVGDTRKRVIRKRSETYHKDCLKRTTKFPAS
TMVWGCMSAKGLGKLHFIEGTVNAEKYINILQDSLLPSIPKLSDCGEFTFQQDGASSHTAKRTK
NWLQYNQMEVLDWPSNSPDLSPIENIWWLMKNQLRNEPQRNISDLKIKLQEMWDSISQEHCKNL
LSSMPKRVKCVMQAKGDVTQF 

 

>3xNLS-minos 

MPKKKRKVPKKKRKVPKKKRKVVRGKPISKEIRVLIRDYFKSGKTLTEISKQLNLPKSSVHGVI
QIFKKNGNIENNIANRGRTSAITPRDKRQLAKIVKADRRQSLRNLASKWSQTIGKTVKREWTRQ
QLKSIGYGFYKAKEKPLLTLRQKKKRLQWARERMSWTQRQWDTIIFSDEAKFDVSVGDTRKRVI
RKRSETYHKDCLKRTTKFPASTMVWGCMSAKGLGKLHFIEGTVNAEKYINILQDSLLPSIPKLS
DCGEFTFQQDGASSHTAKRTKNWLQYNQMEVLDWPSNSPDLSPIENIWWLMKNQLRNEPQRNIS
DLKIKLQEMWDSISQEHCKNLLSSMPKRVKCVMQAKGDVTQF 

 

PKKKRKVPKKKRKVPKKKRKVV = 3x SV40 NLS 




