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Abstract 16 
 17 
The CRISPR/Cas9 system has been used to generate fluorescently labelled fusion 18 
proteins by homology directed repair in a variety of species. Despite its revolutionary 19 
success, there remains an urgent need for increased simplicity and efficiency of 20 
genome editing in research organisms. Here, we establish a simplified, highly efficient 21 
and precise strategy for CRISPR/Cas9 mediated endogenous protein tagging in medaka 22 
(Oryzias latipes). We use a cloning-free approach that relies on PCR amplified donor 23 
fragments containing the fluorescent reporter sequences flanked by short homology 24 
arms (30-40bp), a synthetic sgRNA and streptavidin tagged Cas9. We generate six 25 
novel knock-in lines with high efficiency of F0 targeting and germline transmission. 26 
Whole Genome Sequencing (WGS) results reveal single-copy integration events only 27 
at the targeted loci. We provide an initial characterization of these fusion-protein lines, 28 
significantly expanding the repertoire of genetic tools available in medaka. In 29 
particular, we show that the mScarlet-pcna knock-in line has the potential to serve as 30 
an organismal-wide label for proliferative zones and an endogenous cell cycle reporter. 31 
 32 
 33 
 34 
 35 
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Introduction 37 
 38 
The advent of gene editing tools (Wang et al., 2016, Jinek et al., 2012, Cong et al., 39 
2013) in conjunction with the expansion of sequenced genomes and engineered 40 
fluorescent proteins (Chudakov et al., 2010, Shaner et al., 2013, Bindels et al., 2017) 41 
has revolutionized the ability to generate endogenous fusion protein Knock-In (KI) 42 
lines in a growing number of organisms (Paix et al., 2015, Paix et al., 2017b, Paix et 43 
al., 2017a, Gratz et al., 2014, Kanca et al., 2019, Wierson et al., 2020, Gutierrez-Triana 44 
et al., 2018, Hisano et al., 2015, Auer and Del Bene, 2014, Yoshimi et al., 2016, Yao 45 
et al., 2017, Cong et al., 2013, Dickinson et al., 2015, Leonetti et al., 2016). These 46 
molecular markers expressed at physiological levels are central to our understanding 47 
of cellular and tissue level dynamics during embryonic development (Gibson et al., 48 
2013). To this end researchers have utilized the Streptococcus pyogenes CRISPR 49 
associated protein 9 (Cas9) and a programmed associated single-guide RNA (sgRNA) 50 
to introduce a Double Strand Break (DSB) at a pre-defined genomic location (Jinek et 51 
al., 2012, Cong et al., 2013). Cell DNA repair mechanisms are triggered by the DSB 52 
and it has been shown that providing DNA repair donors with homology arms that 53 
match those of the targeted locus can lead to integration of the donor constructs 54 
containing fluorescent reporter sequences in the genome by the process of Homology 55 
Directed Repair (HDR) (Danner et al., 2017, Jasin and Haber, 2016, Ceccaldi et al., 56 
2016, Hoshijima et al., 2016, Shin et al., 2014, Zu et al., 2013). Despite its success, 57 
HDR mediated precise single-copy KI efficiencies in vertebrate models can still be low 58 
and the process of generating KI lines remains cumbersome and time-consuming. 59 
Recent reports have improved the methodology by the usage of 5’ biotinylated long 60 
homology arms that prevent concatemerization of the injected dsDNA (Gutierrez-61 
Triana et al., 2018) or by linking the repair donor to the Cas9 protein (Gu et al., 2018). 62 
In addition, repair donors with shorter homology arms in combination with in vivo 63 
linearization of the donor plasmid have been shown to mediate efficient Knock-Ins in 64 
Zebrafish and in mammalian cells (Wierson et al., 2020, Hisano et al., 2015, Cristea et 65 
al., 2013, Auer et al., 2014, Ota et al., 2014, Shin et al., 2014). 66 
 67 
In this work we establish a simplified, highly efficient and precise strategy for 68 
CRISPR/Cas9 mediated endogenous protein tagging in medaka (Oryzias latipes). Our 69 
approach relies on the use of biotinylated PCR amplified donor fragments that contain 70 
the fluorescent reporter sequences flanked by short homology arms (30-40bp), by-71 
passing the need for cloning or in vivo linearisation. We use this approach to generate 72 
and characterize a series of novel knock-in lines in medaka fish (Table 1 and Table 73 
S1). By utilizing Whole Genome Sequencing (WGS) with high coverage in 74 
conjunction with Sanger sequencing of edited loci, we provide strong evidence for 75 
precise single-copy integration events only at the desired loci. In addition to generating 76 
an endogenous ubiquitous nuclear label and novel tissue specific reporters, the knock-77 
in lines allow us to record cellular processes, such as intracellular trafficking and stress 78 
granule formation in 4D during embryonic development, significantly expanding the 79 
genetic toolkit available in medaka. Finally, we provide proof of principle evidence 80 
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that the endogenous mScarlet-pcna knock-in we generate serves as a bona fide 81 
proliferative cell label and an endogenous cell cycle reporter, with broad application 82 
potential in a vertebrate model system.  83 
 84 
 85 

Results 86 
 87 
A simplified, highly efficient strategy for CRISPR/Cas9 mediated fluorescent 88 
protein knock-ins in medaka 89 
 90 
To simplify the process of generating fluorescent protein knock-ins in teleosts we 91 
utilized PCR amplified dsDNA donors with short homology arms (30-40bp). 92 
Biotinylated 5’ ends were used to prevent in vivo concatemerization (Gutierrez-Triana 93 
et al., 2018, Auer et al., 2014, Winkler et al., 1991) and a Strepdavidin tagged Cas9 94 
(Cas9-mSA) was used to increase binding affinity to the biotinylated donor constructs 95 
(Gu et al., 2018). This approach by-passes the need for cloning, as homology arms are 96 
already included in the amplification primers, and the use of a second gRNA for in vivo 97 
plasmid linearisation (Hoshijima et al., 2016, Shin et al., 2014, Zu et al., 2013). The 98 
three-component mix;  biotinylated PCR amplified dsDNA donors, synthetic sgRNA 99 
and Cas9-mSA mRNA (Tables S2/S3/S4/S5) was injected into 1 cell-stage medaka 100 
embryos (Figure 1 and Figure S1, for a detailed protocol see Files S1 and S2). We 101 
targeted a list of seven genes with a variety of fluorescent proteins (Figure 1, Figure 102 
S1, Table 1 and Table S4), both N and C terminus tags were attempted (a list of all 103 
genomic loci targeted can be found in Table S1). Targeting efficiency in F0 ranged 104 
from 11% to 59% of embryos showing mosaic expression (Table 1 and Table S1). 105 
Control injections with the actb sgRNA, Cas9-mSA mRNA and the donor eGFP 106 
construct without homology arms showed no evidence of eGFP positive cell clones in 107 
F0 (Table S1), while the same construct with homology arms resulted in 39% of 108 
surviving injected embryos showing mosaic expression of eGFP (Table 1 and Table 109 
S1). The germline transmission efficiency of fluorescent F0 fish ranged from 25% to 110 
100% for the different targeted loci (Table 1 and Table S1). For F0s with germline 111 
transmission the range of positive F1 embryos obtained was between 6.6% and 50%. 112 
Using this method we were able to establish six stable knock-in lines. Importantly, a 113 
single injection round was sufficient to generate a knock-in line for most targeted loci 114 
(5/6; Table 1 and Tables S1/S6). As previously reported, the actb-eGFP tag was 115 
embryonic lethal (Gutierrez-Triana et al., 2018) and we could not obtain a knock-in 116 
line for that locus. Combined, our results provide evidence that highly efficient 117 
targeting of endogenous loci with large inserts (~800bp) is possible in medaka using 118 
our simplified KI approach (Figure 1 and Figure S1). In addition to being highly 119 
efficient, our method is rapid and simple-to-implement, as it relies on PCR 120 
amplification of the linear donor construct and hence alleviates the need for any 121 
additional cloning or in vivo plasmid linearization (Figure S1).  122 
 123 
 124 
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Precise, single copy Knock-Ins of fluorescent protein reporters 125 
 126 
We next assessed the specificity and precision of the approach. It is possible that either 127 
concatemerization of inserts or off-target integrations could occur after foreign DNA 128 
delivery and a CRISPR/Cas9 mediated DSBs (Gutierrez-Triana et al., 2018, Doench et 129 
al., 2016, Fu et al., 2013, Paix et al., 2017a, Won and Dawid, 2017, Yan et al., 2013, 130 
Hackett et al., 2007, Wierson et al., 2020, Wierson et al., 2019). To identify off-target 131 
insertions genome-wide and verify single-copy integration we performed next 132 
generation Whole Genome Sequencing (WGS) with high coverage (for details of 133 
WGS, see material and methods) on three knock-in lines (Figure 1B-D); eGFP-cbx1b, 134 
mScarlet-pcna and mNeonGreen-myosinhc . For the eGFP-cbx1b KI line, we could 135 
only identify paired-end eGFP reads anchored to the endogenous cbx1b locus and 136 
nowhere else in the genome (Figure S2). Likewise, in the mScarlet-pcna line, mScarlet 137 
reads only mapped to the endogenous pcna locus (Figure S2). For the mNeonGreen-138 
myosinhc line, mNeonGreen sequences mapped to the myosinhc locus (Figure S2), but 139 
paired-end analysis yielded a second, weakly supported partial insertion of 140 
mNeonGreen at an intronic region in the edf1 gene. We were not able to confirm the 141 
latter insertion by subsequent PCR and hence it remains unclear whether this a false 142 
positive prediction or a mosaic insertion of very low frequency. Combined, the whole 143 
genome sequencing results therefore provide strong evidence that the method we report 144 
results in single-copy insertions only at the targeted locus. In addition to WGS, 145 
genotyping F1 adults followed by Sanger sequencing confirmed the generation of 146 
single-copy in-frame fusion proteins in the eGFP-cbx1b, mScarlet-pcna and 147 
mNeonGreen-myosin-hc lines (Figure S2). In 5/6 cases homology directed repair 148 
(HDR) resulted in precise, scarless integrations (Figure S2), while in one case we could 149 
detect a partial duplication (21 base pairs) within the 5’ homology arm, 22 base pairs 150 
upstream of the start codon (for details see Materials and Methods). Overall, the 151 
method we present here shows high precision and specificity enabling the rapid 152 
generation of endogenously tagged alleles in a vertebrate model.  153 
 154 
Visualisation of endogenous protein dynamics enables in vivo recording of 155 
cellular processes in medaka   156 
 157 
As a proof of principle, we employed the simplified CRISPR/Cas9 strategy to generate 158 
a series of endogenous fusion protein knock-in medaka lines (Table 1 and Tables 159 
S1/S6, Figures S3/S4/S5/S6). Here, we provide an initial characterization of six of 160 
these novel knock-in lines that are made available to the community, to label cell 161 
compartments (nucleus), cell processes (cell cycle, intra-cellular trafficking, stress 162 
granule formation), cell-adhesion (adherens junctions) and specific cell types (muscle 163 
cells).  164 
 165 
Ubiquitous nuclear marker 166 
 167 
To generate a ubiquitously expressed nuclear label reporter line, we targeted the cbx1b 168 
(Chromobox protein homolog) locus with eGFP. Cbx1b is a member of the chromobox 169 
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DNA binding protein family and is a known component of heterochromatin that is 170 
expressed ubiquitously (Lomberk et al., 2006, Nielsen et al., 2001, Gilmore et al., 171 
2016). Chromobox proteins are involved in several important functions within the 172 
nucleus, such as transcription, nuclear architecture, and DNA damage response 173 
(Luijsterburg et al., 2009). We generated an eGFP-cbx1b KI by targeting eGFP to the 174 
N-terminus of the cbx1b coding sequence in medaka. The resulting line expresses 175 
eGFP in all nuclei of every tissue examined, and serves as the first endogenous 176 
ubiquitous nuclear label in teleosts (Figures 1B/2A, Figure S3 and Supplementary 177 
Movie 1, n>10 embryos). 178 
 179 
Proliferative cell marker 180 
 181 
With the goal of generating an endogenous cell cycle reporter, we targeted the pcna 182 
(Proliferating cell nuclear antigen) locus to generate a mScarlet-pcna fusion protein. 183 
Pcna is an essential protein regulator of DNA replication and integrity in eukaryotic 184 
cells (Moldovan et al., 2007, Maga and Hubscher, 2003, Mailand et al., 2013). It has 185 
been previously shown that cells that exit the cell cycle, e.g. post-mitotic differentiated 186 
cell types, express very low levels of Pcna (Zerjatke et al., 2017, Thacker et al., 2003, 187 
Yamaguchi et al., 1995, Buttitta et al., 2010). This has led researchers to utilize Pcna 188 
as a highly conserved marker for proliferating cells (Zerjatke et al., 2017, Barr et al., 189 
2016, Leonhardt et al., 2000, Leung et al., 2011, Piwko et al., 2010, Alunni et al., 2010). 190 
In addition to being a specific label for cycling cells, the appearance of nuclear speckles 191 
of Pcna within the nucleus is a hallmark of cells in late S phase of the cell cycle 192 
(Zerjatke et al., 2017, Barr et al., 2016, Leonhardt et al., 2000, Leung et al., 2011, 193 
Piwko et al., 2010, Santos et al., 2015). More recently, endogenously tagged Pcna has 194 
been used in mammalian cell lines to dynamically score all the different cell cycle 195 
stages (Zerjatke et al., 2017, Held et al., 2010, Piwko et al., 2010, Santos et al., 2015). 196 
We targeted the first exon of pcna with mScarlet with high efficiency (28% mosaic 197 
expression in F0s, and 50% germline transmission) and generated the mScarlet-pcna 198 
KI line (Figures 1C/2B, n>10 embryos). Using stage 40 medaka embryos, we detected 199 
mScarlet-Pcna positive cells within the epidermis, specifically in supra-basal 200 
epidermal cells (Figure 2B). A subset of these cells showed nuclear speckles of 201 
mScarlet-Pcna that likely represent replication foci and are a characteristic marker for 202 
late S phase (Figure 2B, yellow arrowheads). We validate the use of this line both as 203 
an organismal wide label for proliferative zones, and an endogenous cell cycle reporter 204 
in later sections. 205 
 206 
 207 
Intra-cellular trafficking 208 
 209 
To generate a reporter line allowing monitoring sub-cellular trafficking of endosomes 210 
and exosomes, we targeted Rab11a (Ras-Related Protein), a small GTPase and known 211 
marker of intra-cellular trafficking organelles in vertebrates (Welz et al., 2014, Cullen 212 
and Steinberg, 2018, Stenmark, 2009). We generated an N-terminus tagged eGFP-213 
rab11a allele that labels sub-cellular trafficking organelles (Figure 2C, Figure S5 and 214 
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Supplementary Movies 2/3/4). As a proof of principle, we detected high levels of 215 
eGFP-rab11a in cells of the spinal cord (Figure 2C yellow arrowhead) and in 216 
neuromasts of the lateral line (Figure 2C magenta arrowhead, Figure S5, 217 
Supplementary Movie 4, n=6 embryos). Using the eGFP-rab11a KI line, we were also 218 
able to observe dynamics of intra-cellular organelle trafficking in vivo both in 219 
individual skin epithelial cells in the mid-trunk region and in the caudal fin region of 220 
developing medaka embryos (Supplementary Movies 2/3, n=4) validating the utility of 221 
this line as a sub-cellular trafficking marker in medaka.  222 
 223 
Stress granule marker 224 
 225 
We were able to generate a g3b1-eGFP KI line by targeting eGFP to the 11th exon of 226 
the medaka g3bp1 gene. G3bp1 (GTPase activating protein SH3-domain binding 227 
protein) is a DNA/RNA-binding protein and an initiating factor involved in stress 228 
granule formation (Irvine et al., 2004, Yang et al., 2020). Stress granules are non-229 
membrane bound cell compartments, which form under cellular stress and accumulate 230 
non-translating mRNA and protein complexes, and play an important role in cellular 231 
protection by regulating mRNA translation and stability (Decker and Parker, 2012, 232 
Protter and Parker, 2016). Under normal conditions G3bp1-eGFP is expressed in the 233 
cytoplasm (Figure 2F, Supplementary Movie 5, n=8 embryos) but upon stress 234 
(temperature shock), we observe that the protein changes its localization and 235 
accumulates in cytoplasmic foci corresponding to forming stress granules (Figure 2F’ 236 
yellow arrowheads, Supplementary Movie 5, n=8 embryos). This is consistent with 237 
previous reports showing similar changes in the localization of G3bp1 in response to 238 
stress in a number of organisms (Guarino et al., 2019, Wheeler et al., 2016, Kuo et al., 239 
2020). The initial characterization of the g3bp1-eGFP line shows its potential to serve 240 
as a real-time in vivo reporter for the dynamics of stress granules formation in a 241 
vertebrate model.  242 
 243 
 244 
Muscle cell marker 245 
 246 
To label muscle cells, we targeted muscular myosin heavy chain with mNeonGreen. 247 
Myosins are a highly conserved class of motor proteins implicated in actin 248 
microfilament reorganization and movement (Sellers, 2000, Hartman and Spudich, 249 
2012). We generated an N-terminus fusion of mNeonGreen-myosinhc KI that 250 
exclusively labels muscle cells (Figures 1D/2D and Figure S4, n>10 embryos). In the 251 
medaka myotome, we were able to observe mNeonGreen-myosinhc chains of 252 
individual sarcomeres (A-bands separated by the I-bands), indicating that tagged 253 
Myosinhc is incorporated correctly in muscle fibers (Taylor et al., 2015, Loison et al., 254 
2018). We use this line to record the endogenous dynamics of Myosinhc during muscle 255 
growth in vivo for the first time to the best of our knowledge, in a vertebrate model 256 
(Supplementary Movie 6 n=9 embryos). The mNeonGreen-myosinhc line therefore 257 
enables the in vivo recording of endogenous Myosinhc dynamics during myogenesis 258 
in medaka. 259 
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 260 
Cell adhesion marker 261 
 262 
Cadherins are a highly conserved class of trans-membrane proteins that are essential 263 
components of cell-cell adhesion and are thus expressed on cellular membranes 264 
(Leckband and de Rooij, 2014). A large number of cadherin genes exist in vertebrates 265 
where they exhibit tissue specific expression patterns and are implicated in various 266 
developmental processes (Halbleib and Nelson, 2006). We decided to tag the C-267 
terminus of medaka cadherin 2 (cdh2, n-cadherin) with eGFP. cdh2 is known to be 268 
expressed primarily in neuronal tissues in a number of vertebrates (Harrington et al., 269 
2007, Suzuki and Takeichi, 2008). The cdh2-eGFP KI line shows cellular membrane 270 
expression in a variety of neuronal and non-neuronal tissues including the spinal cord, 271 
the notochord (Figure 2E, n=5 embryos) and neuromasts of the lateral line (Figure S5, 272 
Supplementary Movie 7, n=5 embryos), in addition to the developing heart (data not 273 
shown) (Chopra et al., 2011). The high expression of cdh2 in both differentiated 274 
notochord cell types (Figure 2E, Figure S5) has not been previously reported in medaka 275 
but is not unexpected as this tissue experiences a high level of mechanical stress and 276 
requires strong cell-cell adhesion (Lim et al., 2017, Adams et al., 1990, Garcia et al., 277 
2017, Seleit et al., 2020). The cdh2-eGFP KI is thus the first endogenously tagged 278 
cadherin family member in teleosts and can be used to study dynamics of n-cadherin 279 
distribution in vivo during vertebrate embryogenesis (Supplementary Movie 8). 280 
 281 
mScarlet-pcna: an organismal-wide marker for proliferative zones 282 
 283 
We reasoned that the novel mScarlet-pcna line can act as an organismal-wide bona fide 284 
marker for the location of proliferative cells within any tissue or organ of interest. We 285 
therefore decided to generate double transgenic animals with eGFP-cbx1b as a 286 
ubiquitous nuclear marker and mScarlet-pcna as a label for cycling cells (Figure 3A-287 
C’’). As a proof of principle, we set out to investigate the location of proliferative zones 288 
in a number of organs and tissues in medaka. We began by assessing the position of 289 
proliferative cells in neuromast organs of the lateral line (Seleit et al., 2017b, Pinto-290 
Teixeira et al., 2015, Romero-Carvajal et al., 2015). Neuromasts are small rosette 291 
shaped sensory organs located on the surface of teleost fish that sense the direction of 292 
water flow and relay the information back to the Central Nervous System (CNS) (Seleit 293 
et al., 2017a, Romero-Carvajal et al., 2015, Jones and Corwin, 1993, Wada et al., 2013). 294 
They consist of four cell types: differentiated Hair Cells (HCs) in the very center, 295 
underlying Support Cells (SCs), a ring of Mantle Cells (MCs) and neuromast Border 296 
Cells (nBCs) (Seleit et al., 2017b, Dufourcq et al., 2006). Previous work in medaka has 297 
established MCs to be the true life-long neural stem cells within mature neuromast 298 
organs (Seleit et al., 2017b). While the eGFP-cbx1b labels all neural cells within a 299 
mature neuromast organ (HCs, SCs and MCs) (Figure 3A), mScarlet-pcna expression 300 
matches the previously reported location of proliferative MCs (Seleit et al., 2017b) 301 
(Figure 3A’-A’’, white arrowhead). Neither the differentiated HCs nor the SCs directly 302 
surrounding them show evidence of Pcna expression in mature neuromast organs under 303 
homeostatic conditions in medaka (Figure 3A-A’’, n=10 neuromast organs). Our 304 
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results validate the utility of mScarlet-pcna as an in vivo marker of proliferative cells. 305 
Previous work has shown that nBCs are induced to form from epithelial cells that come 306 
into contact with neuromast precursors during organ formation and that these induced 307 
cells become the stem cell niche of mature neuromast organs (Seleit et al., 2017b). 308 
However, an open question is whether transformed nBCs are differentiated, post-309 
mitotic cells or whether they remain cycling. Utilizing the mScarlet-pcna line we were 310 
able to observe nBCs (4/42) in late S-phase of the cell cycle, as evident by the presence 311 
of nuclear speckles, in mature neuromast organs (Figure 3A’-A’’, yellow arrowheads). 312 
This provides direct evidence that nBCs retain the ability to divide and are thus not 313 
post-mitotic cells. 314 
 315 
Next, we turned our attention to the optic tectum, which is essential for integrating 316 
visuomotor cues in all vertebrates (Lavker and Sun, 2003, Alunni et al., 2010, Nguyen 317 
et al., 1999). We show that proliferative cells in the optic tectum of medaka are located 318 
at the lateral, caudal and medial edge of the tectum in a crescent-like topology (Figure 319 
3B-B’’). Moreover, mScarlet-pcna expression is graded, with the more central cells 320 
gradually losing expression of Pcna (Figure 3B’, n=4 embryos). This is in line with 321 
previous histological findings using BrdU stainings in similarly staged medaka 322 
embryos (Nguyen et al., 1999, Alunni et al., 2010). We next analyzed the expression 323 
of mScarlet-pcna in the developing pectoral fin (Figure 3C-C’’ n=4 embryos). We 324 
found that cells located proximally expressed the highest levels of mScarlet-pcna, with 325 
mScarlet-pcna expression decreasing gradually along the proximo-distal axis. To the 326 
best of our knowledge this proliferation pattern has not been previously reported and 327 
our data provides evidence that the differentiation axis of the pectoral fin is spatially 328 
organized from proximal to distal in medaka. Lastly, we reveal that proliferative cells 329 
are present in the spinal cord of stage 40 medaka embryos, a finding that has not been 330 
previously reported, and we show that these mscarlet-pcna positive cells occur in 331 
clusters preferentially located on the dorsal side of the spine (Figure S6, n=4). The 332 
newly developed mScarlet-pcna therefore acts as a stable label of proliferative cells 333 
and as such can be used to uncover the location of proliferation zones in vivo within 334 
organs or tissues of interest in medaka. 335 
 336 
 337 
mScarlet-pcna: an endogenous cell cycle reporter 338 
 339 
In addition to its use as a marker for cells in S-phase, it has been shown that 340 
endogenously-tagged Pcna can be used to determine all other cell cycle phases. This is 341 
based on the fact that both the levels and dynamic distribution of Pcna shows 342 
reproducible characteristics in each phase of the cell cycle (Held et al., 2010, Piwko et 343 
al., 2010, Santos et al., 2015, Zerjatke et al., 2017). To assess whether the endogenous 344 
mScarlet-Pcna line recapitulates these known characteristic expression features during 345 
the cell cycle, we aimed to quantitatively analyze endogenous mScarlet-Pcna levels in 346 
individual cells during their cell cycle progression. To this end, we imaged skin 347 
epithelial cells located in the mid-trunk region of medaka embryos (Figure 4A-D, 348 
Figures S7/S8). Cells in the G1 phase of the cell cycle have been shown to decrease 349 
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the levels of Pcna within the nucleus over time (Figure S7, Supplementary Movie 9, 350 
n= 9 epithelial cells) (Zerjatke et al., 2017). On the other hand, cells progressing 351 
through to S phase have been shown to increase the levels of Pcna expression within 352 
the nucleus over time (Leonhardt et al., 2000, Piwko et al., 2010, Leung et al., 2011, 353 
Santos et al., 2015, Barr et al., 2016, Zerjatke et al., 2017, Held et al., 2010). All the 354 
tracked epithelial cells that eventually underwent a cellular division during our time-355 
lapse imaging showed an increase in nuclear intensity of mScarlet-Pcna over time 356 
(Figure 4A-B, n= 9 epithelial cells). Late S phase is categorized by the occurrence of 357 
nuclear speckles of Pcna marking the presence of replication foci (Leonhardt et al., 358 
2000, Piwko et al., 2010, Leung et al., 2011, Santos et al., 2015, Barr et al., 2016, 359 
Zerjatke et al., 2017), which we observe in every dividing epithelial cell prior to cell 360 
division (Figure 4A, Supplementary Movie 10, n= 9 epithelial cells). The S/G2 361 
transition is marked as the point of peak pixel intensity distribution of endogenous Pcna 362 
within the nucleus (Zerjatke et al., 2017), which we are able to obtain for each dividing 363 
cell by a combination of 3D surface plots and histograms of pixel intensity distributions 364 
over time (Figure 4C-C’’’, Figures S7/S8 and Supplementary Movies 10/11/12, n= 9 365 
epithelial cells). While the M phase is marked with a sharp decrease in nuclear levels 366 
of Pcna (Zerjatke et al., 2017), which can be consistently seen in the endogenous 367 
mScarlet-pcna intensity tracks of epithelial cells undergoing division (Figure 4B, 368 
Figures S7/S8, Supplementary Movies 10/11/12, n= 9 epithelial cells). Cells are in the 369 
G2 phase of the cell cycle in the time frame between the S/G2 transition point to the 370 
beginning of M phase. We therefore provide first evidence that the mScarlet-pcna line 371 
recapitulates known dynamics of Pcna within the nucleus (Held et al., 2010, Piwko et 372 
al., 2010, Santos et al., 2015, Zerjatke et al., 2017) and that it can therefore be utilized 373 
as an endogenous ‘all-in one’ cell cycle reporter in vertebrates. 374 
 375 
 376 

 377 

Discussion 378 
 379 
Despite the CRISPR/Cas9 system being repurposed as a broad utility genome editing 380 
tool almost a decade ago (Jinek et al., 2012, Cong et al., 2013) and despite its 381 
revolutionary impact as a method to generate knock-ins by homology directed repair 382 
(Wang et al., 2016, Danner et al., 2017, Jasin and Haber, 2016, Ceccaldi et al., 2016), 383 
there is still a paucity of precise, single-copy fusion protein lines in vertebrates, in 384 
general, and in teleost fish in particular. In fact, in medaka there are a total of three 385 
validated single-copy fusion protein lines reported prior to this work (Gutierrez-Triana 386 
et al., 2018) while in zebrafish only a handful of lines have been generated (Wierson 387 
et al., 2020, Hisano et al., 2015, Hoshijima et al., 2016, Shin et al., 2014, Wierson et 388 
al., 2019). This underscores the complexity of generating and validating precise single-389 
copy fusion protein knock-in lines in teleost models. Previous techniques to generate 390 
large KIs (such as fluorescent reporters) required the usage of plasmid vectors 391 
commonly containing long homology arms (>200bp) (Zu et al., 2013, Auer and Del 392 
Bene, 2014, Shin et al., 2014). Problems arising during and after injection include DNA 393 
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concatemerization of the donor construct (Gutierrez-Triana et al., 2018, Auer et al., 394 
2014, Winkler et al., 1991), in addition to possible imprecise and off-target integration 395 
of either the fluorescent protein sequence or the plasmid backbone (Auer et al., 2014, 396 
Gutierrez-Triana et al., 2018, Won and Dawid, 2017, Wierson et al., 2020, Cristea et 397 
al., 2013, Shin et al., 2014, Wierson et al., 2019, Yao et al., 2017). The vast majority 398 
of reported HDR mediated knock-ins in teleosts rely on in vivo linearization of the 399 
plasmid donors. This strategy is utilized due to the observation that, although linear 400 
dsDNA donors can drive HDR, they might be prone to degradation, concatemerization, 401 
and are generally thought to be more toxic than plasmid donors (Auer et al., 2014, 402 
Cristea et al., 2013, Shin et al., 2014, Ota et al., 2014). Plasmid donors therefore contain 403 
an additional guide RNA sequence to drive in vivo linearization in order to synchronize 404 
the availability of the linear DNA donor with Cas9 activity (Auer et al., 2014, Cristea 405 
et al., 2013, Shin et al., 2014, Lisby and Rothstein, 2004, Ota et al., 2014). We reasoned 406 
that directly injecting PCR amplified linear DNA with short homology arms (~35bp) 407 
could be highly effective since these donors are relatively small (~780 bp) compared 408 
to plasmids (several kbs) , and therefore a small quantity of donors (~10 ng/ul) will 409 
provide a large number of molecules (~20 nM) available to engage the HDR machinery 410 
following the Cas9 induced DSB. Building on recent improvements in CRISPR/Cas9 411 
knock-in strategies, we used 5’ biotinylated primers in order to limit in vivo 412 
concatemerization of the donor construct (Gutierrez-Triana et al., 2018), and synthetic 413 
sgRNAs were used to increase the efficiency of DSBs by Cas9 (Paix et al., 2015, Kroll 414 
et al., 2021, Hoshijima et al., 2019, Li et al., 2019). In addition, we utilized a 415 
monomeric streptavidin tagged Cas9 that has a high affinity to the biotinylated donor 416 
fragments to increase targeting efficiency (Gu et al., 2018). We report that this 417 
approach is a highly efficient, precise and scalable strategy for generating single-copy 418 
fusion proteins (Table1 and Table S1). Since the repair donors are synthesized by PCR 419 
amplification, we eliminate the need for both cloning and a second gRNA for in vivo 420 
linearization. Very recently a similar approach to the one we present here showed the 421 
potential to generate KI lines in zebrafish by targeting non-coding regions with PCR 422 
amplified donor constructs (Levic et al., 2021). All in all, the strategy we utilize 423 
significantly simplifies the process of endogenous protein tagging in a vertebrate 424 
model.  425 
 426 
An important aspect of any knock-in strategy to generate fusion proteins is its 427 
precision. The validation process of single copy insertions is complicated in approaches 428 
that use long homology arms (>200bps) to generate knock-ins as concatemerization 429 
cannot be easily ruled out. Locus genotyping by PCR and Sanger sequencing is difficult 430 
when using primers external to the repair donor due to the large size of the expected 431 
fragment. Internal primers within the donor (junction-PCR) have been used to avoid 432 
this limitation, but this can lead to PCR artefacts and crucially, it does not rule out 433 
concatemerization of the injected dsDNA (Won and Dawid, 2017, Gutierrez-Triana et 434 
al., 2018, Wierson et al., 2020). Southern blotting is considered the gold standard to 435 
assess single-copy integration (Wierson et al., 2020, Gutierrez-Triana et al., 2018, Won 436 
and Dawid, 2017). While it has its advantages, Southern Blotting depends on 437 
experimental design (genomic DNA digestion strategy) and probe design/sensitivity, 438 
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and therefore cannot exclude that part of the donor construct or part of the vector 439 
backbone integrates elsewhere in the genome. Indeed, it has been reported that plasmid 440 
donors can lead to additional unwanted insertions in the genome (Won and Dawid, 441 
2017, Wierson et al., 2020). We address those issues by performing WGS with high 442 
coverage on knock-in lines and provide evidence that our approach yields single-copy 443 
integration only at the desired locus (Figure S2). In addition, utilizing repair donors 444 
with short homology arms on both ends (30-40bp) simplifies the validation of the 445 
insertion by using primers that sit outside the targeting donor fragment. These external 446 
primers can then be used for genotyping of the full insertion by simple PCR followed 447 
by Sanger sequencing to know the precise nature of the edit (Figure S2). We show that 448 
the usage of donor fragments with short homology arms, in combination with high 449 
coverage WGS, to be important aspects in validating the precision of single-copy 450 
CRISPR/Cas9 mediated knock-in lines in vertebrate models. 451 
 452 
We were able to generate six novel endogenous protein fusion lines that significantly 453 
expand the repertoire of genetic tools to track cellular dynamics in medaka. The eGFP-454 
cbx1b KI line is the first reported endogenous ubiquitous nuclear marker in teleosts 455 
(Nielsen et al., 2001, Lomberk et al., 2006, Gilmore et al., 2016). The generation of 456 
truly ubiquitous lines by transgene over-expression in teleost fish (Centanin et al., 457 
2014, Burket et al., 2008) is a difficult endeavor and requires constant monitoring for 458 
variegation and silencing (Goll et al., 2009, Akitake et al., 2011, Burket et al., 2008, 459 
Stuart et al., 1990). Yet these ubiquitous fluorescent reporter lines are invaluable tools 460 
for researchers. Ubiquitous fusion-proteins expressed from the endogenous locus avoid 461 
potential issues with transgene over-expression and variegation. The highly conserved 462 
cbx1b locus could therefore provide an alternative strategy to generate faithful 463 
ubiquitous nuclear markers in other teleosts and non-model organisms. In addition, this 464 
locus could serve as a landing site for ubiquitous expression of genetic constructs (for 465 
e.g. utilizing a T2A peptide) in medaka (Li et al., 2019, Kim et al., 2011). Next, we 466 
validate the use of g3bp1-eGFP knock-in as a stress granule formation marker, and 467 
utilizing 4-D live-imaging show the formation of stress granules in response to 468 
temperature shock in real-time, as previously shown in other models using a variety of 469 
stress conditions(Guarino et al., 2019, Kuo et al., 2020, Wheeler et al., 2016, Decker 470 
and Parker, 2012, Protter and Parker, 2016). This line can therefore be used both as an 471 
in vivo marker of stress conditions and to study the process of stress granule formation. 472 
The eGFP-rab11a line serves as an intra-cellular trafficking (Welz et al., 2014, Cullen 473 
and Steinberg, 2018) marker that allows us to dynamically follow exosomes and 474 
endosomes in vivo. We report that both neuromasts and the spinal cord show 475 
substantially higher expression of rab11a than other tissues, the basis of this remains 476 
unclear but could indicate that these tissues exhibit higher levels of protein turn-over. 477 
Despite being a highly conserved protein involved in myogenesis (Sellers, 2000, 478 
Hartman and Spudich, 2012), no endogenous KI of any myosin family member has 479 
been reported in teleosts. The mNeonGreen-myosinhc knock-in enables the detection 480 
and recording of endogenous myosin dynamics in vivo during muscle growth in a 481 
vertebrate model. We also generate cdh2-eGFP as the first reported fusion-protein line 482 
for a Cadherin family member in teleosts (Leckband and de Rooij, 2014, Halbleib and 483 
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Nelson, 2006) and show that it is primarily expressed in neuronal tissues including the 484 
spinal cord and neuromasts. Since N-cadherin has been shown to be involved in 485 
Epithelial–Mesenchymal Transition (EMT) (Harrington et al., 2007, Suzuki and 486 
Takeichi, 2008, Desclozeaux et al., 2008), this line can be used to study dynamical 487 
changes in N-cadherin distribution in vivo facilitating our understanding of EMT and 488 
other fundamental cell adhesion processes in vertebrates. Lastly, we generate and 489 
characterize the mScarlet-pcna knock-in line and discuss its usage and implications 490 
across teleosts below. 491 
 492 
An overarching goal of developmental and stem cell biology is to discover the location 493 
of stem and progenitor cells in different organs and tissues, followed by a molecular 494 
characterization of their properties (Rhee et al., 2006, Nowak et al., 2008, Snippert et 495 
al., 2010, Buczacki et al., 2013, Lu et al., 2012, Lavker and Sun, 2003). Major advances 496 
have relied on finding resident stem cell markers that differentiates stem cells from 497 
other cell types within the same tissue, followed by BrdU/IdU staining to confirm their 498 
proliferative abilities (Nguyen et al., 1999, Rhee et al., 2006, Nowak et al., 2008, 499 
Nowak and Fuchs, 2009, Alunni et al., 2010, Snippert et al., 2010, Lu et al., 2012, 500 
Buczacki et al., 2013, Stolper et al., 2019, Tsingos et al., 2019). However, BrdU/IdU 501 
staining requires the sacrifice of the animal precluding the ability to perform 4D live-502 
imaging to analyze stem cell behavior in vivo over time. The medaka knock-in line 503 
with endogenously labeled Pcna that we present here helps to circumvent this 504 
limitation. In addition, since Pcna is expressed exclusively in cycling cells (Yamaguchi 505 
et al., 1995, Thacker et al., 2003, Buttitta et al., 2010, Zerjatke et al., 2017), it has the 506 
potential to be used to discover the location of proliferative zones in vivo within any 507 
organ or tissue of interest. We provide proof of principle evidence that the mScarlet-508 
pcna KI line acts as a bona fide marker for proliferative zones in a variety of tissues in 509 
medaka fish. This line therefore represents an important new tool for stem cell research 510 
in medaka. A similar strategy could be adopted to generate endogenously tagged Pcna 511 
both in the teleost field and in other organisms. 512 
 513 
In addition to its use as a bona fide marker for proliferative zones, we provide evidence 514 
that the mScarlet-pcna line can be used as an endogenous cell cycle reporter in medaka. 515 
It has previously been shown that both the levels and dynamic distribution of Pcna are 516 
indicative of the different the cell cycle phases (Held et al., 2010, Piwko et al., 2010, 517 
Santos et al., 2015, Zerjatke et al., 2017). This led researchers to successfully utilize it 518 
as an ‘all-in-one’ cell cycle reporter in mammalian cells (Held et al., 2010, Piwko et 519 
al., 2010, Santos et al., 2015, Zerjatke et al., 2017). By quantitatively tracking 520 
endogenous Pcna levels during one cell cycle in epidermal cells of medaka fish, we 521 
were able to confirm the dynamic nature of mScarlet-pcna expression, which correlated 522 
with the previously described behavior of the Pcna protein within the nucleus of other 523 
vertebrates (Held et al., 2010, Piwko et al., 2010, Santos et al., 2015, Zerjatke et al., 524 
2017). As such, we provide proof of principle evidence that the mScarlet-pcna line can 525 
be successfully used as an endogenous cell cycle reporter in a teleost model. Using the 526 
visualization of endogenous Pcna for cell cycle phase classification offers an attractive 527 
alternative to cell cycle reporters that rely on the insertion of two-colour transgenes, 528 
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such as the FUCCI system (Sugiyama et al., 2009, Dolfi et al., 2019, Araujo et al., 529 
2016, Bajar et al., 2016, Oki et al., 2014, Sakaue-Sawano et al., 2008). First, by using 530 
endogenous fusion proteins there is no requirement for over-expression of cell cycle 531 
regulators. Second, the potential issue with transgene variegation and silencing is 532 
avoided (Akitake et al., 2011, Goll et al., 2009, Burket et al., 2008, Stuart et al., 1990). 533 
Finally, utilizing a single color cell-cycle reporter allows its simultaneous use with 534 
other fluorescent reporters during live-imaging experiments. Due to the high 535 
conservation of Pcna in eukaryotes, developing Pcna reporters in other model 536 
organisms using a similar strategy is an attractive possibility to pursue. 537 
 538 
 539 
 540 
 541 
 542 
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 544 
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Figure legends 569 
 570 
Figure 1: Cloning-free single copy CRISPR/Cas9 mediated KI lines in medaka 571 
(A) Schematic diagram of cloning-free CRISPR knock-in strategy. The injection mix 572 
consists of three components, a sgRNA targeting the gene of interest, Cas9-mSA 573 
mRNA and the PCR amplified donor plasmid containing short homology arms on both 574 
ends (30-40bp) and the fluorescent protein of interest with no ATG and no Stop codon. 575 
Note that the 5’ ends of the PCR donor fragment are biotinylated (Btn). The mix is 576 
injected in one-cell staged medaka embryos and the injected fishes are screened for 577 
potential in-frame integrations mediated by Homology-Directed Repair (HDR).  578 
(B) eGFP-cbx1b F1 CRISPR KI line stage 40 medaka embryos. eGFP-Cbx1b labels 579 
all nuclei. n>10 embryos. Scale bar = 100µm  580 
(C) mScarlet-pcna F1 CRISPR KI line stage 40 medaka embryos. mScarlet-Pcna labels 581 
exclusively cycling cells. n>10 embryos. Scale bar = 100µm.  582 
(D) mNG-myosinhc F1 CRISPR KI line stage 40 medaka embryos. line. mNG-583 
Myosinhc labels exclusively muscle cells. n>10 embryos. Scale bar = 100µm. 584 
 585 
Figure 2: Tissue and organelle specific expression of six CRISPR/Cas9 KI lines in 586 
medaka 587 
(A) eGFP-cbx1b F1 stage 40 medaka embryo. eGFP-Cbx1b labels all nuclei. Nuclei in 588 
the spinal cord of medaka are highlighted (Yellow arrowhead). n>10 embryos. Scale 589 
bar = 30µm.  590 
(B) mScarlet-pcna F1 stage 40 medaka embryo. mScarlet-Pcna is localized in the 591 
nuclei of cycling cells. mScarlet-Pcna is visible in skin epithelial cell nuclei located in 592 
the mid-trunk region of a medaka embryo. The localization of Pcna as speckles within 593 
the nucleus indicates cells in S phase of the cell cycle (Yellow arrowheads). n= 10 594 
embryos. Scale bar = 20µm.  595 
(C) eGFP-rab11a F1 stage 40 medaka embryo. Expression of the membrane 596 
trafficking marker eGFP-Rab11a is evident in the caudal fin region. eGFP-Rab11a is 597 
strongly expressed in the spinal cord (Yellow arrowhead) and lateral line neuromasts 598 
(Magenta arrowhead). n=6 embryos. Scale bar = 30µm.  599 
(D) mNG-myosinhc F1 stage 40 medaka embryo. mNG-Myosinhc is expressed solely 600 
in muscle cells. Myofibrils containing chains of individual sarcomere can be seen 601 
(mNG-Myosinhc labels the Myosin A band inside each sarcomere). n>10 embryos. 602 
Scale bar = 30µm.  603 
(E) cdh2-eGFP F1 stage 40 medaka embryo. Cdh2-eGFP is localized at cell 604 
membranes in several tissues, including the spinal cord (Magenta arrowhead) and the 605 
notochord (Yellow arrowhead). n= 5 embryos. Scale bar= 50µm. 606 
(F-F’) g3bp1-eGFP F1 stage 34-35 medaka embryo. Time-lapse imaging of G3bp1-607 
eGFP dynamics under normal and stress conditions. (F) G3bp1-eGFP localizes to the 608 
cytoplasm under physiological conditions. (F’) under stress conditions (temperature 609 
shock), G3bp1-eGFP localizes to stress granules (Yellow arrowheads). Time in hours. 610 
n= 8 embryos. Scale bar= 50µm. 611 
 612 
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Figure 3: mScarlet-pcna line acts as an organismal-wide marker for proliferative 613 
zones 614 
(A-A’’) (eGFP-cbx1b) (mScarlet-pcna) double positive stage 40 medaka embryo. 615 
Maximum projection of a mature secondary neuromast (center of image) within the 616 
lateral line system. surrounded by epithelial cells labelled by: endogenous eGFP-617 
Cbx1b in (A) and endogenous mScarlet-Pcna in (A’). The merge is shown in (A’’). (A) 618 
eGFP-Cbx1b is a ubiquitous nuclear marker and labels all cell types within a mature 619 
neuromast. Those are: Hair Cells (HCs) in the center of a neuromast, surrounded by 620 
Support Cells (SCs) and an outer ring of Mantle Cells (MCs) surrounded by the 621 
elongated neuromast Border cells (nBCs). (A’) mScarlet-Pcna labels cycling cells, 622 
which are located at the very edge of the mature neuromast organ, a proportion of 623 
Mantle Cells (MCs) express mScarlet-Pcna (white arrowheads). Neuromast border 624 
cells (nBCs) also express mScarlet-Pcna. Speckles can be seen in several mScarlet-625 
Pcna positive nBC nuclei (yellow arrowheads), indicating cells in late S phase of the 626 
cell cycle. (A’’) Merged image. n= 10 neuromast organs. Scale bar = 20µm. 627 
(B-B’’) (eGFP-cbx1b) (mScarlet-pcna) stage 40 medaka embryo. Single Z-slice 628 
showing the medaka optic tectum. (B) eGFP-Cbx1b is a ubiquitous nuclear marker (B’) 629 
whereas mScarlet-Pcna labels a subset of cells at the outer periphery of the optic 630 
tectum, indicating the position of proliferative cells in this tissue. A graded expression 631 
of mScarlet-Pcna is observed, with more central cells in the optic tectum losing the 632 
expression of mScarlet-Pcna. (B’’) Merged image. n= 4 embryos. Scale bar = 30µm. 633 
(C-C’’) Maximum projection of the pectoral fin of stage 40 medaka embryos. (C) 634 
eGFP-Cbx1b is a ubiquitous nuclear marker (C’) while a subset of cells is labeled by 635 
mScarlet-Pcna indicating the position of proliferative cells. Note the proximal to distal 636 
gradient of mScarlet-Pcna expression, with proliferative cells at the base of the fin (left) 637 
and differentiated cells at the outer edges of the fin (right) (C’’) Merged image. n=4 638 
embryos. Scale bar = 50µm. 639 
 640 
Figure 4: Quantitative live cell-tracking of endogenous mScarlet-Pcna levels 641 
enables cell cycle phase classification 642 
(A-A’’’) Selected frames from a time-lapse imaging of a mScarlet-Pcna positive skin 643 
epidermal cell nucleus (yellow circle) undergoing cell division. The different phases 644 
of the cell cycle are deduced from mScarlet-Pcna expression as highlighted within the 645 
panels. Late S phase can be distinguished by the presence of nuclear speckles that 646 
correspond to replication foci. n= 9 skin epithelial cells. Time in hours.  647 
(B-B’’’) 3D surface plots of cell from (A). The S/G2 transition is marked as the point 648 
of peak pixel intensity distribution within the nucleus, which is reached at 15:40h (B’) 649 
and is equivalent to the largest width of mscarlet-Pcna pixel intensity distribution 650 
shown in panel D (red arrow). n= 9 skin epidermal cells. 651 
(C) Normalized mScarlet-Pcna intensity within the nucleus from cell in (A) over the 652 
course of one cell division. Vertical dashed red lines demarcate the different cell cycle 653 
phases based on the intensity and dynamic distribution of mScarlet-Pcna within the 654 
nucleus. Initially an increase of endogenous mScarlet-Pcna expression over time 655 
indicates cells in S phase of the cell cycle. M phase is characterized by a sharp drop in 656 
nuclear mScarlet-Pcna levels begining at 20:00h.  657 
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(D) Width of pixel intensity distribution over time on cell from (A). The S/G2 transition 658 
is marked as the point of peak pixel intensity distribution within the nucleus, which is 659 
reached at 15:40h and is equivalent to the largest width of mscarlet-Pcna pixel intensity 660 
distribution (red arrow). n= 9 skin epidermal cells. 661 
 662 
Supplementary Figure 1: Schematic representation of mNeonGreen-myosinhc 663 
tagging strategy 664 
(A) PCR amplification of mNeonGreen-HAtag-Linker (Green, Orange and Purple) 665 
using primers homologous to the extremity of the insert and containing flanking 666 
sequence corresponding to the homology arms (Blue) for insertion at the ATG of 667 
myosinhc gene (Yellow). The primers contain 5’end Biotins (Brown circle).  668 
(B) Insertion of mNeonGreen-HAtag-Linker just downstream the ATG of myosinhc 669 
(Yellow) following Cas9-mSA / sgRNA DNA induced cut. Lower letters denote 670 
noncoding sequence, upper letters coding sequence, bold the sgRNA PAM, underlined 671 
the sequence upstream the PAM recognized by the sgRNA, blue letters the sequence 672 
homologous between the myosinhc locus and the PCR donor. 673 
 674 
Supplementary Figure 2. Alignment of whole genome sequencing reads (WGS) to 675 
fluorescent protein sequences: 676 
(A) eGFP integration in cbx1b locus. Paired-end sequenced reads from eGFP-cbx1b 677 
F1 embryos, 2 biological replicates (gDNA1 and gDNA2) from the same F0 founder 678 
are shown in the upper and lower panel, coloured in grey for concordant mappings and 679 
coloured in turquoise/purple for inter-chromosomal paired-ends with one mate mapped 680 
to chr19 (left panel) and one mate mapped to eGFP (right panel). The predicted 681 
integration site is shown as a vertical dashed line with soft-clipped reads (shown as 682 
coloured bases) to the left and right of the integration site. Above the sequenced reads 683 
is the basepair-level coverage histogram. Coverage of eGFP-cbx1b_gDNA1 is 20.4X 684 
and for eGFP-cbx1b_gDNA2 is 23.6X. 685 
(B) mScarlet integration in pcna locus. Paired-end sequenced reads from mScarlet-686 
pcna F1 embryos, coloured in grey for concordant mappings and coloured in 687 
turquoise/green for inter-chromosomal paired-ends with one mate mapped to chr9 (left 688 
panel) and one mate mapped to mScarlet (right panel). The predicted integration site is 689 
shown as a vertical dashed line with soft-clipped reads (shown as coloured bases) to 690 
the left and right of the integration site. Above the sequenced reads is the basepair-691 
level coverage histogram. Coverage of mScarlet-pcna is 14.4X. 692 
(C) mNeongreen integration in myosinhc locus: Paired-end sequenced reads from 693 
mNG-myosinhc F1 embryos, coloured in grey for concordant mappings and coloured 694 
in dark grey/purple for inter-chromosomal paired-ends with one mate mapped to chr8 695 
(left panel) and one mate mapped to mNeonGreen (right panel). The predicted 696 
integration site is shown as a vertical dashed line with soft-clipped reads (shown as 697 
coloured bases) to the left and right of the integration site. Above the sequenced reads 698 
is the basepair-level coverage histogram. Paired-end analysis yielded a second, weakly 699 
supported insertion of mNeonGreen at chr12:9083923 which could not be confirmed 700 
by PCR, suggesting that this is a false positive prediction or a mosaic insertion of very 701 
low frequency. Coverage of mNG-myosinhc is 14.5X.  702 
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(D) Sanger sequencing read from eGFP-cbx1b F1 fin-clipped adult shows scarless 703 
integration of eGFP into the cbx1b locus in both 5’ and 3’ junctions  704 
(E) Sanger sequencing reads from mScarlet-pcna F1 fin-clipped adult shows scarless 705 
integration of mScarlet into the pcna locus at the 3' junction. While the 5’ junction 706 
shows correct in-frame fusion of endogenous pcna to mscarlet, we were able to detect 707 
a partial duplication of the 5’ homology arm that occured 22bp upstream of the start 708 
codon of endogenous pcna (for details see materials and methods).  709 
(F) Sanger sequencing reads from mNG-myosinhc F1 fin-clipped adult shows scarless 710 
integration of mNeonGreen into the myosinhc locus in both 5’ and 3’ junctions. 711 
 712 
Supplementary Figure 3: Ubiquitous nuclear expression of eGFP-cbx1b 713 
(A) Anterior head region of eGFP-cbx1b F1 stage 40 medaka embryo. eGFP-Cbx1b is 714 
expressed ubiquitously with a nuclear localization. n>10 embryos. Scale bar = 100µm. 715 
(B) Maximum projection of spinal cord and notochord in the mid-trunk region of 716 
eGFP-cbx1b stage 40 medaka embryo. All nuclei are labeled by eGFP-Cbx1b. n>10 717 
embryos. Scale bar = 30µm 718 
(C) A subset of epithelial cell nuclei positive labeled by eGFP-Cbx1b. n>10 embryos. 719 
Scale bar = 30µm.  720 
(D) Partial view of the gut of eGFP-cbx1b KI stage 40 medaka embryo. Gut microvilli 721 
are positive for eGFP-Cbx1b (Yellow arrowhead). >10 embryos. Scale bar = 30µm. 722 
 723 
Supplementary Figure 4: Muscle specific expression of mNG-myosinhc 724 
(A) Muscle cells of mNG-myosinhc F1 stage 40 medaka embryo. mNG-Myosinhc is 725 
expressed in muscle cells of the posterior tail region and forms myofibrils, view of 726 
myofibrils from Figure 2D. n=10 embryos. Scale bar = 50µm. 727 
(B-C) Pectoral fin of mNG-myosinhc F1 stage 40 medaka embryo. mNG-Myosinhc is 728 
expressed in muscles of the pectoral fin, and myofibrils radiate from the base of the 729 
pectoral fin. (C) is a close up of (B). n=10 embryos. Scale bar=50µm.  730 
(D) Body trunk of mNG-myosinhc F1 stage 40 medaka embryo. mNG-Myosinhc is 731 
expressed in muscle cells in the body trunk. Close-up of muscle cells from Figure 2D. 732 
n=10 embryos. Scale bar =50µm  733 
 734 
Supplementary Figure 5: Tissue-specific expression of eGFP-rab11a and cdh2-735 
eGFP KI lines 736 
(A) Neuromasts of eGFP-rab11a F1 stage 40 medaka embryo. eGFP-rab11a is 737 
strongly expressed in the posterior lateral line neuromasts and posterior lateral line 738 
nerve. Ventral primary neuromasts strongly express eGFP-Rab11a (magenta 739 
arrowheads), as well as secondary neuromasts located at the horizontal myoseptum 740 
(yellow arrowheads). n=10 embryos. Scale bar = 100µm.  741 
(B) Anterior region of eGFP-rab11a F1 stage 40 medaka embryo. eGFP-Rab11a is 742 
strongly expressed in the optic tectum (magenta arrowhead) and in the optic vesicle 743 
sensory organs (yellow arrowhead). n=10 embryos. Scale bar = 50µm. 744 
(C) Close-up on a ventral primary neuromast of eGFP-rab11a F1 stage 40 medaka 745 
embryo. Strong expression of eGFP-Rab11a in neuromast cells (magenta arrowhead) 746 
and the lateral line nerve (yellow arrowhead). n=10 embryos. Scale bar = 10µm.  747 
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(D) Spinal cord of eGFP-rab11a F1 stage 40 medaka embryo. eGFP-Rab11a is 748 
strongly expressed in the spinal cord. n=10 embryos. Scale bar = 10µm.  749 
(E) Eye of cdh2-eGFP F1 stage 40 medaka embryo. Cdh2-eGFP is strongly expressed 750 
in elongated cells covering the retina. n=10 embryos. Scale bar = 30µm 751 
(F) expression of cdh2-eGFP F1 in stage 40 medaka embryo. Cdh2-eGFP is expressed 752 
in the spinal cord (magenta arrowhead) and notochord sheath cells (yellow arrowhead). 753 
n=10 embryos. Scale bar = 50µm. 754 
(G) Notochord of cdh2-eGFP F1 stage 40 medaka embryo. Cdh2-eGFP is expressed 755 
in notochord vacuolated cells (yellow arrowhead). n=10 embryos.Scale bar = 30µm.  756 
(H) Neuromast support and hair cells of cdh2-eGFP F1 stage 40 medaka embryo. 757 
Neuromast support and hair cells within a mature primary neuromast organ express 758 
high levels of Cdh2-eGFP. n=10 embryos. Scale bar =10µm. 759 
 760 
Supplementary Figure 6: Proliferative cells in the anterior spinal cord 761 
(A) Maximum projection of the anterior spinal cord of an (eGFP-cbx1b) (mScarlet-762 
pcna) double KI stage 40 medaka embryo. eGFP-Cbx1b (Green) is expressed in all 763 
anterior spinal cord nuclei. n=4 embryos. Scale bar= 30µm.  764 
(B) A subset of anterior spinal cord cells are positive for mScarlet-Pcna (Magenta) 765 
indicating the existence of cycling cells. mScarlet-Pcna positive cells (yellow 766 
arrowheads) are more clustered towards the dorsal side of the spinal cord. n=4 767 
embryos. Scale bar= 30µm.  768 
(C) Merged image of anterior spinal cord with eGFP-Cbx1b (Green) (A) and mScarlet-769 
Pcna (Magenta) (B). n=4 embryos. Scale bar= 30µm. 770 
 771 
Supplementary Figure 7: Quantification of endogenous mScarlet-pcna levels 772 
utilized for cell cycle phase classification 773 
(A-A’) Selected frames from a time-lapse of a mScarlet-Pcna positive epithelial cell 774 
nucleus that did not undergo cell division over the course of the time-lapse (A, yellow 775 
dashed circle). Time in hours. Quantification of normalized mScarlet-Pcna levels 776 
shows a decrease of endogenous expression over time indicative of cells in the G1 777 
phase of the cell cycle (A’, n= 9 cells).  778 
(B) Tracking of endogenous mScarlet-Pcna dynamics in 9 epithelial cell nuclei that do 779 
not undergo cell division over the course of the time-lapse (black line = mean). 780 
Endogenous mScarlet-Pcna levels decrease over time indicative of cells in the G1 781 
phase of the cell cycle.  782 
(C) Tracking of endogenous mScarlet-Pcna dynamics in 9 epithelial cell nuclei that 783 
undergo cellular division (black line = mean). Endogenous mScarlet-Pcna levels 784 
increase over time, indicative of cells in the S phase of the cell cycle. 785 
(D) Individual traces of normalized mScarlet-Pcna expression in 9 epithelial cells 786 
shown in (B). The tracked cells did not divide over the course of the time-lapse. 787 
Normalized intensity of mScarlet-Pcna decreases over time indicative of cells in the 788 
G1 phase of the cell cycle. 789 
(E) Individual traces of normalized mScarlet-Pcna expression in 9 epithelial cells 790 
shown in (C). The tracked cells underwent a cell division over the course of the time-791 
lapse. Normalized intensity of mScarlet-Pcna increases over time indicative of cells in 792 
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the S phase of the cell cycle. The beginning of the sharp drop in endogenous mScarlet-793 
Pcna intensity marks entry into M phase. 794 
 795 
Supplementary Figure 8: mScarlet-pcna histograms of pixel intensity distribution 796 
during cell cycle progression 797 
(A) Width of mScarlet-Pnca pixel intensity over the course of one cell cycle, the S/G2 798 
transition corresponds to the point of peak pixel intensity distribution within the 799 
nucleus and is marked by a red arrow. Data from (A-B) is shown in Figure 4. 800 
(B-B’’’) Histograms of pixel intensity distribution within the nucleus of the same cell 801 
shown in Figure 4A over the course of one cell cycle. The different phases of the cell 802 
cycle are marked in red based on the combination of endogenous intensity profiles, 3D 803 
surface plots and histograms of pixel intensity distributions. The S/G2 transition is 804 
reached in 15:40 and marks the point of peak pixel intensity distribution within the 805 
nucleus. M phase is marked by a sharp drop in endogenous mScarlet-Pcna expression. 806 
n= 9 epithelial cells. 807 
 808 
Supplementary Movie 1: Z-stack through the caudal fin region of a stage 39-40 cbx1-809 
eGFP medaka embryo. eGFP-Cbx1b is expressed in all nuclei of the different cell types 810 
in the caudal fin region. n>10 embryos. Scale bar = 30µm 811 
 812 
Supplementary Movie 2: Live-imaging in the caudal fin region of a stage 39-40 813 
eGFP-rab11a medaka embryo. eGFP-Rab11a is an intra-cellular trafficking marker 814 
and localises to intra-cellular vesicles. Notice the dynamics of vesicle trafficking in 815 
epithelial cells, neuromasts (magenta arrowhead) and peripheral lateral line nerve 816 
(yellow arrowhead). Time in minutes. n=4 embryos. Scale bar =10 µm. 817 
 818 
Supplementary Movie 3: Live-imaging of skin epithelial cells in the mid-trunk region 819 
of a stage 39-40 eGFP-rab11a medaka embryo. On the left panel is a merged view of 820 
epithelial cells in bright-field and eGFP-Rab11a in green. On the right panel, eGFP-821 
Rab11a in grey scale. eGFP-Rab11a vesicles are prominently displayed as granules 822 
within the cytoplasm of epithelial cells. Time in minutes n=4 embryos. Scale bar 823 
=10µm. 824 
 825 
Supplementary Movie 4: Z-stack through the caudal fin region of a stage 39-40 826 
eGFP-rab11a medaka embryo. eGFP-Rab11a is strongly expressed in the caudal 827 
neuromast and peripheral lateral line nerve. And is also expressed in epithelial cells, 828 
the notochord, the spinal cord. n=4 embryos. Scale bar = 30µm. 829 
 830 
Supplementary Movie 5: Live-imaging of stage 34-35 g3bp1-eGFP under normal 831 
conditions (temperature 21°C) reveals the cytoplasmic localisation of G3bp1-eGFP in 832 
epithelial and muscle cells in the mid trunk region of medaka embryos. Upon stress 833 
conditions (temperature shift to 34 °C, 60 minutes after the beginning of the time-834 
lapse), G3bp1-eGFP localization begins to shift into localized clusters of Stress 835 
Granule puncta. Time in hours. n=7 embryos. Scale bar = 50µm. 836 
 837 
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Supplementary Movie 6: Live-imaging of stage 34 mNG-myosinhc medaka embryo 838 
during muscle formation. Muscle cell growth is driven by local buckling of individual 839 
muscle cells. Muscle growth and expression of mNG-Myosinhc does not seem to be 840 
polarised in an anterior-posterior or dorsal-ventral axis. Instead muscle cells have a 841 
heterogenous expression of mNG-Myosinhc that increases as muscle cells grow in 842 
length and mature. Time in hours. n=9 embryos .Scale bar =50µm. 843 
 844 
Supplementary Movie 7: Z-stack through the posterior trunk region of a stage 39-40 845 
cdh2-eGFP medaka embryo. Cdh2-eGFP is expressed on the cellular membranes of 846 
neuronal tissue including neuromasts, the spinal cord and the notochord. n=3 embryos. 847 
Scale bar =50 µm. 848 
 849 
Supplementary Movie 8: Live-imaging of the dorsal side of a cdh2-eGFP medaka 850 
embryo at the 12 somite stage reveals the endogenous dynamics of Cdh2-eGFP at high 851 
temporal resolution. Time in minutes. n=2. Scale bar=30 µm.  852 
 853 
Supplementary Movie 9: Live-imaging of stage 39-40 mScarlet-Pcna positive non-854 
dividing epithelial cell nucleus (shown in Figure 4C). Intensity profiles were extracted 855 
from within the nucleus (yellow circle). The cell does not divide over the course of the 856 
time-lapse. A decrease of mScarlet-Pcna levels over time is indicative of cells in the 857 
G1 phase of the cell cycle. Time in hours. n=9 mScarlet-Pcna positive non-dividing 858 
epithelial cells. Scale bar =5 µm. 859 
 860 
Supplementary Movie 10: Live-imaging of stage 39-40 mScarlet-Pcna positive 861 
epithelial cell nucleus undergoing cell division (shown in Figure 4D). Intensity profiles 862 
were extracted from within the nucleus (yellow circle). An increase of mScarlet-Pcna 863 
levels over time is indicative of cells in the S phase of the cell cycle. The appearance 864 
of nuclear speckles is indicative of cells in late S phase. The S/G2 transition is marked 865 
as the point of peak pixel intensity distribution within the nucleus (yellow circle). The 866 
sharp drop of endogenous mScarlet-Pcna levels is indicative of cells in M phase. Time 867 
in hours. n=9 mScarlet-Pcna positive and dividing epithelial cells. Scale bar =15 µm. 868 
 869 
Supplementary Movie 11: Left panel: mScarlet-Pcna positive epithelial cell nucleus 870 
undergoing cell division (shown in Figure 4A). Middle panel: histogram of pixel 871 
intensity distribution of mScarlet-Pcna within the nucleus of the tracked cell. Right 872 
panel: frequency distribution width obtained from the histogram of pixel intensity 873 
distribution. Peak pixel intensity distribution is reached at 15:40h and is used to mark 874 
the S/G2 transition. Time in hours. n=9 dividing epithelial cells. Scale bar =15 µm. 875 
 876 
Supplementary Movie 12: Left panel: 3D surface plot of mScarlet-Pcna positive 877 
epithelial cell nucleus undergoing cell division (from Figure 4A). Middle panel: 878 
normalized endogenous mScarlet-Pcna levels of epithelial cell (from Figure 4A). Right 879 
panel: histogram of pixel intensity distribution. Time in hours. n=9 epithelial cells that 880 
undergo cell division. 881 
 882 
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Supplementary File S1: Detailed protocol for cloning-free CRISPR insertion of 883 
fluorescent reporters in medaka 884 
 885 
Supplementary File S2: Detailed sequence design for mNeonGreen-HAtag-Linker-886 
myosinhc tagging 887 
 888 
Table 1: Quantification of targeting efficiency 889 
 890 
Table S1: Experimental and targeted loci details 891 
 892 
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Materials and Methods 922 
 923 
Animal husbandry and ethics 924 
Medaka (Oryzias latipes) (Iwamatsu, 2004, Naruse et al., 2004, Kasahara et al., 2007) 925 
were maintained as closed stocks in a fish facility built according to the European 926 
Union animal welfare standards and all animal experiments were performed in 927 
accordance with European Union animal welfare guidelines. Animal experimentation 928 
was approved by The EMBL Institutional Animal Care and Use Committee (IACUC) 929 
project code: 20/001_HD_AA. Fishes were maintained in a constant recirculating 930 
system at 27-28°C with a 14hr light / 10hr dark cycle. 931 

Cloning-free CRISPR/Cas9 Knock-Ins 932 
A detailed step-by-step protocol for the cloning-free approach is provided in Files 933 
S1/S2. A detailed list of all repair donors, PCR primers, fluorescent protein sequences 934 
and sgRNAs used is provided in Tables S1-S6. Briefly, for the preparation of Cas9-935 
mSA mRNA: the pCS2+Cas9-mSA plasmid was a gift from Janet Rossant (Addgene 936 
#103882) (Gu et al., 2018). 6-8 µg of Cas9-mSA plasmid was linearized by Not1-HF 937 
restriction enzyme (NEB #R3189S). The 8.8kb linearized fragment was cut out from a 938 
1.5% agarose gel and DNA was extracted using QIAquick Gel Extraction Kit (Qiagen 939 
#28115). In vitro transcription was performed using mMachine SP6 Transcription Kit 940 
(Invitrogen #AM1340) following the manufacturer’s guidelines. RNA cleanup was 941 
performed using RNAeasy Mini Kit (Qiagen #74104). sgRNAs were manually selected 942 
using previously published recommendations (Paix et al., 2017a, Paix et al., 2019, 943 
Doench et al., 2016, Gagnon et al., 2014) and in silico validated using CCTop and 944 
CHOPCHOP (Labun et al., 2019, Stemmer et al., 2015) (Table S5). The genomic 945 
coordinates of all genes targeted can be found in Table S1. Synthetic sgRNAs used in 946 
this study were ordered from Sigma-Aldrich (spyCas9 sgRNA, 3nmole, HPLC 947 
purification, no modification). PCR repair donor fragments were prepared as described 948 
previously (Paix et al., 2014, Paix et al., 2017b, Paix et al., 2015, Paix et al., 2016) and 949 
a detailed protocol is provided in File S1. Briefly the design includes approx. 30-40bp 950 
of homology arms and a fluorescent protein sequence with no ATG or Stop codon 951 
(Tables S2/S4). PCR amplifications were performed using Phusion or Q5 high fidelity 952 
DNA polymerase (NEB Phusion Master Mix with HF buffer #M0531L or NEB Q5 953 
Master Mix # M0492L). MinElute PCR Purification Kit (Qiagen #28004) was used for 954 
PCR purification. Primers were ordered from Sigma-Aldrich (25nmole scale, desalted) 955 
and contained Biotin moiety on the 5’ ends for repair donor synthesis. A list of all 956 
primers and fluorescent protein sequences used in this study can be found in Table 957 
S3/S4. The injection mix in medaka contains the sgRNA (15-20 ng/ul) + Cas9-mSA 958 
mRNA (150 ng/ul) + repair donor template (8-10 ng/ul). For injections, male and 959 
female medakas are added to the same tank and fertilized eggs collected 20 minutes 960 
later. The mix is injected in 1-cell staged medaka embryos (Iwamatsu, 2004), and 961 
embryos are raised at 28°C in 1XERM (Seleit et al., 2017a, Seleit et al., 2017b, 962 
Rembold et al., 2006). A list of KI lines generated and maintained in this study can be 963 
found in Table S6. 964 
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 965 
Live-imaging sample preparation 966 
Embryos were prepared for live-imaging as previously described (Seleit et al., 2017a, 967 
Seleit et al., 2017b). 1X Tricaine (Sigma-Aldrich #A5040-25G) was used to anesthetize 968 
dechorionated medaka embryos (20 mg/ml – 20X stock solution diluted in 1XERM). 969 
Anesthetized embryos were then mounted in low melting agarose (0.6 to 1%) 970 
(Biozyme Plaque Agarose #840101). Imaging was done on glass-bottomed dishes 971 
(MatTek Corporation Ashland, MA 01721, USA). For g3bp1-eGFP live-imaging, 972 
temperature was changed from 21°C to 34°C after one hour of imaging. 973 

 974 
Microscopy and data analysis 975 
For all embryo screening, a Nikon SMZ18 fluorescence stereoscope was used. All live-976 
imaging, except for g3bp1-eGFP and cdh2-eGFP embryos, was done on a laser-977 
scanning confocal Leica SP8 (CSU, White Laser) microscope, 20x and 40x objectives 978 
were used during image acquisition depending on the experimental sample. For the 979 
SP8 confocal equipped with a white laser, the laser emission was matched to the 980 
spectral properties of the fluorescent protein of interest. g3bp1-eGFP line live-imaging 981 
was performed using a Zeiss LSM780 laser-scanning confocal with a temperature 982 
control box and an Argon laser at 488 nm, imaged through a 20x plan apo objective 983 
(numerical aperture 0.8). For cdh2-eGFP 4D live-imaging was performed on a 984 
Luxendo TruLive SPIM system using a 30X objective. Open-source standard 985 
ImageJ/Fiji software (Schindelin et al., 2012) was used for analysis and editing of all 986 
images post image acquisition. Stitching was performed using standard 2D and 3D 987 
stitching plug-ins on ImageJ/Fiji. For quantitative values on endogenous mScarlet-988 
pcna dynamics ROI manager in ImageJ/Fiji was used to define fluorescence intensity 989 
within the nucleus of tracked cells (Yellow circle in Figure 4 and Supplementary Movie 990 
S10/11), fluorescent intensity measurements were then extracted from the time-series 991 
and the data was normalized by dividing on the initial intensity value in each time-992 
lapse movies. Data was plotted using R software. Pixel intensity distribution within 993 
nuclei were analyzed using a custom python based script. Individual live-cell tracks 994 
were plotted using PlotTwist (Goedhart, 2020). 995 

Fin-clips, genotyping and sanger sequencing 996 
Individual adult F1 fishes were fin-clipped for genotyping PCRs. Briefly, fish were 997 
anesthetized in 1X Tricaine solution. A small part of the caudal fin was cut by sharp 998 
scissors and placed in a 2ml Eppendorf tube containing 50ul of fin-clip buffer. The fish 999 
were recovered in small beakers and were transferred back to their tanks. Eppendorf 1000 
tubes were then incubated overnight at 65°C. 100µl of H2O was then added to each 1001 
tube and then the tubes were incubated for 10-15 min at 90°C. Tubes were then 1002 
centrifuged for 30 minutes at 10,000 rpm in a standard micro-centrifuge. Supernatant 1003 
was used for subsequent PCRs. Fin-clip buffer is composed of 100 ml 2M Tris pH 8.0, 1004 
5 ml 0.5M EDTA pH 8.0, 15 ml 5M NaCl, 2.5 ml 20% SDS, H2O to 500 ml, sterile 1005 
filtered. 50 ul of proteinase K (20 mg/ml) was added to 1 ml fin clip buffer before use. 1006 
2ul of genomic DNA from fin-clips was used for genotyping PCRs. A list of all 1007 
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genotyping primers used in this study can be found in Table S3. After PCRs the edited 1008 
and WT amplicons were sent to Sanger sequencing (Eurofins Genomics). Sequences 1009 
were analyzed using Geneious software (Figure S2). In-frame integrations were 1010 
confirmed by sequencing for eGFP-cbx1b, mScarlet-pcna, mNeonGreen-myosinhc and 1011 
eGFP-rab11a. We were able to detect an internal partial duplication of the 5’ 1012 
homology arm in the mScarlet-pcna line that does not affect the protein coding 1013 
sequence nor the 5’ extremity of the homology arm itself. Specifically, 22 base pairs 1014 
upstream of the Start codon of pcna (and within the 5’ homology arm); we detect a 21 1015 
bp partial duplication of the 5’ homology arm and a 7bp insertion GGTCGAC 1016 
indicative that the repair mechanism involved can lead to errors (Paix et al., 2017a). 1017 
The 5’ homology junction itself is unaltered and precise. 1018 
 1019 
Whole Genome Sequencing (WGS) 1020 
5 to 10 positive F1 medaka embryos (originating from the same F0 founder) of the 1021 
eGFP-cbx1b, mScarlet-pcna and mNeonGreen-myosinhc lines were snap frozen in 1022 
liquid nitrogen and kept at -80°C in 1.5ml Eppendorf tubes. Genomic DNA was 1023 
extracted using DNeasy Blood and Tissue Kit (Qiagen #69504) according to the 1024 
manufacturer’s guidelines. The libraries were prepared on a liquid handling system 1025 
(Beckman i7 series) using 200 ng of sheared gDNA and 10 PCR cycles using the 1026 
NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB #E7645S). The DNA 1027 
libraries were indexed with unique dual barcodes (8bp long), pooled together and then 1028 
sequenced using an Illumina NextSeq550 instrument with a 150 PE mid-mode in 1029 
paired-end mode with a read length of 150bp. Sequenced reads were aligned to the 1030 
Oryzias latipes reference genome (Ensembl! Assembly version ASM223467v1) using 1031 
BWA mem version 0.7.17 with default settings (Li and Durbin, 2009). The reference 1032 
genome was augmented with the known inserts for eGFP, mScarlet and mNeonGreen 1033 
to facilitate a direct integration discovery using standard inter-chromosomal structural 1034 
variant predictions. The insert sequences are provided in Tables S2/S4. After the 1035 
genome alignment, reads were sorted and indexed using SAMtools (Li et al., 2009). 1036 
Quality control and coverage analyses were performed using the Alfred qc 1037 
subcommand (Rausch et al., 2019). For Structural Variant (SV) discovery, aligned 1038 
reads were processed with DELLY v0.8.7 (Rausch et al., 2012) using paired-end 1039 
mapping and split-read analysis. SVs were filtered for inter-chromosomal SVs with 1040 
one breakpoint in one of the additional insert sequences (eGFP, mScarlet and 1041 
mNeonGreen). Plots shown in Figure S2 are adapted from Integrative Genomics 1042 
Viewer (IGV) (Thorvaldsdottir et al., 2013). The estimated genomic coordinates for 1043 
integration are: eGFP-cbx1b (chr19:19,074,552), mScarlet-pcna (chr9:6,554,003) and 1044 
mNeonGreen-myosinhc (chr8:8,975,799). Coverage of eGFP-cbx1b_gDNA1 is 20.4X 1045 
and eGFP-cbx1b_gDNA2 is 23.6X. Coverage of mScarlet-pcna is 14.4X. Coverage of 1046 
mNeonGreen-myosinhc is 14.5X. Raw sequencing data was deposited in European 1047 
Nucleotide Archive (ENA) under study number ERP127162. Accession numbers are: 1048 
eGFP-cbx1b(1) ERS5796960 (SAMEA8109891), eGFP-cbx1b(2) ERS5796961 1049 
(SAMEA8109892), mScarlet-pcna ERS5796962 (SAMEA8109893) and 1050 
mNeonGreen-myosinhc ERS5796963 (SAMEA8109894). 1051 
 1052 
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Seleit et al., Supp. Figure 4
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Seleit et al., Supp. Figure 5
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Seleit et al., Supp. Figure 6
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Seleit et al., Supp. Figure 7
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Seleit et al., Supp. Figure 8
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