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 31 
Abstract  32 
 33 
Zebrafish provide an excellent model for in vivo cell biology studies due to their amenability to live 34 
imaging. Protein visualization in zebrafish has traditionally relied on overexpression of fluorescently tagged 35 
proteins from heterologous promoters, making it difficult to recapitulate endogenous expression patterns 36 
and protein function. One way to circumvent this problem is to tag the proteins by modifying their 37 
endogenous genomic loci. Such an approach is not widely available to zebrafish researchers due to 38 
inefficient homologous recombination and the error-prone nature of targeted integration in zebrafish. Here, 39 
we report a simple approach for tagging proteins in zebrafish on their N- or C termini with fluorescent 40 
markers by inserting PCR-generated donor amplicons into non-coding regions of the corresponding 41 
genes. Using this approach, we generated endogenously tagged alleles for several genes critical for 42 
epithelial biology and organ development including the tight junction components ZO-1 and Cldn15la, the 43 
trafficking effector Rab11a, and the ECM receptor β1 integrin. Our approach facilitates the generation of 44 
knock-in lines in zebrafish, opening the way for accurate quantitative imaging studies.  45 
  46 
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Introduction 47 
 48 
Live imaging of fluorescently tagged proteins is an important tool for understanding gene function. In 49 
zebrafish, protein visualization has traditionally relied on overexpression studies in which tagged proteins 50 
are generated by microinjection of synthetic mRNA or by random integration of small transgenes (Kwan et 51 
al., 2007). These approaches are inherently limited because overexpression seldom recapitulates 52 
endogenous gene expression levels and spatiotemporal patterns. Large bacterial artificial chromosome 53 
(BAC) transgenes (Bussmann and Schulte-Merker, 2011, Navis et al., 2013, Alvers et al., 2014, 54 
Rodriguez-Fraticelli et al., 2015, Fuentes et al., 2016) can recapitulate the endogenous expression pattern 55 
and levels if they include the necessary regulatory sequences. However, regulatory sequences can reside 56 
hundreds of kilobases up- and downstream from the gene of interest and may be too far away to be 57 
included on a BAC transgene. Moreover, expression levels of BAC transgenes have been demonstrated 58 
to vary depending on the genomic insertion site (Fuentes et al., 2016) and the number of BAC transgene 59 
copies that are inserted (Chandler et al., 2007). The most accurate way to recapitulate physiological gene 60 
expression level and pattern is to tag the gene directly at its endogenous genomic locus to produce fusion 61 
proteins (Gibson et al., 2013), an approach commonly referred to as knock-in (KI). Recently, with the 62 
advent of CRISPR-Cas9 gene editing, KI has become feasible in cell lines and many model organisms 63 
(Dickinson et al., 2015, Koles et al., 2016, Dewari et al., 2018, Gao et al., 2019, Cronan and Tobin, 2019). 64 
In zebrafish, homology-based methods for generating KI lines have been described (Hoshijima et al., 65 
2016, Wierson et al., 2020, Ranawakage et al., 2021). However, the available methods are difficult to 66 
implement and rely on inefficient DNA repair pathways, which are required for the precise integration of 67 
DNA the size of fluorescent protein sequences into the genome (Peng et al., 2014). As a result, only a few 68 
zebrafish KI lines expressing fluorescently tagged fusion proteins have been reported thus far. Moreover, 69 
endogenous N-terminal tagging, with the exception of the insertion of small peptides (Hoshijima et al., 70 
2016, Ranawakage et al., 2021), has not been feasible in zebrafish. To circumvent these challenges, we 71 
devised a simple KI approach where precise integration is not needed for expression of endogenously 72 
tagged proteins. We targeted non-coding regions of genes, such as introns and 5’ untranslated regions (5’ 73 
UTRs), for integration of targeting cassettes that code for fluorescent proteins. In this manner, imprecise 74 
integration events do not affect the expression of the tagged proteins because non-coding sequences 75 
targeted by CRISPR-Cas9 are removed from the transcripts during RNA splicing. We used this approach 76 
to generate stable zebrafish KI lines for several proteins tagged on their N- or C-terminus by integrating 77 
the sequence for fluorescent proteins at the endogenous genomic loci. KI tagging in zebrafish opens the 78 
door for quantitative imaging studies, such as quantifying endogenous protein levels. As proof of principle, 79 
we measured the concentration of endogenous eGFP-Rab11a molecules on apical vesicles within 80 
different epithelial organs.  81 
 82 
Results and Discussion 83 
 84 
To establish a method for endogenously tagging proteins in zebrafish, we devised an approach to 85 
integrate cassettes coding for fluorescent proteins into non-coding regions of genes. For C-terminal 86 
tagging, we used CRISPR-Cas9 to induce a double strand DNA (dsDNA) break in the intron preceding the 87 
last exon (Fig. 1A). We induced cutting in the intron at least 100 base pairs (bp) upstream of the last exon 88 
to minimize potential interference with pre-mRNA splicing (Fig. 1A). Together with Cas9 and the gRNA, we 89 
co-injected linear dsDNA PCR donor amplicons spanning part of the last intron and the coding sequence 90 
of the last exon of the gene of interest fused to the coding sequence of a fluorescent protein and a 91 
polyadenylation (polyA) sequence (Fig. 1B). The intron serves as a splice acceptor element. Integration of 92 
the donor can proceed through non-homologous end joining (NHEJ) at the 5’ and 3’ ends (Fig. 1C). 93 
Provided the cassette integrates in the correct orientation, expression of the modified transcript can 94 
tolerate errors, such as insertion-deletion mutations (INDELs), at integration boundaries because these 95 
sequences are removed during RNA splicing (Fig. 1D). Tagging the C-terminus of many proteins can 96 
impair their function. To circumvent this potential limitation, we also devised a strategy to add tags to the 97 
N-terminus of proteins. We induced dsDNA breaks in non-coding regions upstream of the start codon of 98 
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the gene of interest using CRISPR-Cas9 (Fig, 1E). As described above, we co-injected a PCR donor 99 
amplicon, but the N-terminal tagging repair donors contain an approximately 500 bp homology arm (the 100 
endogenous sequence upstream from the dsDNA break). The homology arm was fused to the remaining 101 
upstream non-coding sequence, the coding sequence of a fluorescent protein, the coding sequence of the 102 
endogenous exon that harbors the start codon, and a portion of the following intron, which functions as a 103 
splice donor element (Fig. 1F). To promote homology-directed repair (HDR)-mediated integration at the 5’ 104 
end of the repair donor in the UTR, we mutated the gRNA target site in the repair donor (Fig. 1F). 105 
Integration of the 3’ end of the N-terminal repair donor does not require precise insertion by HDR because 106 
the intronic portion of the donor sequence is removed from transcripts during RNA splicing. (Fig. 1G-H).  107 
 108 
For certain endogenously tagged alleles, such as p2A-Cre or fusions to low-expressing genes, visual 109 
screening of a fluorescent protein is not feasible in the absence of other markers or transgenes. Therefore, 110 
we also devised a slightly modified approach for inserting larger sequences. We constructed a donor 111 
plasmid in which an endogenous splice acceptor element and the coding sequence of the last exon is 112 
cloned upstream of a tag of interest followed by a polyA sequence. The splice acceptor element in the 113 
donor plasmid is targeted and linearized by the same gRNA target site as the endogenous genomic intron. 114 
Integration of the donor and expression of the modified transcript follows similar principles as described for 115 
PCR donors, but this approach allows for the addition of larger cassettes that include transgenesis 116 
markers. Using this strategy, insertions can be identified based on the expression of the transgenesis 117 
marker but orientation of the insertion and expression of the tagged protein need to be confirmed by 118 
sequencing across the modified genomic region and by immunohistochemistry, respectively. 119 
 120 
Using these approaches, we tagged several genes that have critical roles in epithelial biology and 121 
morphogenesis at their endogenous genomic loci. We injected a knock-in (KI) cocktail containing Cas9 122 
protein, sgRNAs or synthetic crRNA/tracrRNA complexes, and PCR donor amplicons or plasmid into 1-cell 123 
stage embryos. We then visually screened embryos for fluorescence and compared it to the reported 124 
spatiotemporal mRNA expression patterns of the endogenous transcripts (Howe et al., 2021). We 125 
consistently observed expression of the fusion proteins in 1-5% of the injected embryos. Injected embryos 126 
with fluorescent protein expression showed varying levels of mosaicism (Fig. S1A-C). This mosaicism, 127 
combined with the highly restricted subcellular localization and endogenous levels of some proteins like 128 
aPKC (encoded by prkci) and ZO1(encoded by tjp1a), required us to use confocal microscopy to identify 129 
embryos with insertions of fluorescent protein encoding repair donor sequences (Fig. S1A-C).  130 
 131 
To optimize conditions for endogenous tagging in zebrafish, we focused on rab11a because this gene 132 
exhibits widespread expression throughout embryonic and larval stages and insertion of the repair donor 133 
can easily be scored by visual screening (Fig. S2A). We prepared PCR donor amplicons for rab11a while 134 
modifying the gRNA target site position and mutating the gRNA sequence on the donor. We also 135 
compared dsDNA and single-stranded DNA (ssDNA) as repair donors. Although mutating the gRNA target 136 
site on the donor was not required for KI, this resulted in a >2-fold increase in efficiency (Fig. S2B-C). 137 
However, inducing dsDNA breaks on both the 5’ and 3’ ends of the integration site did not enhance KI 138 
efficiency, nor did using ssDNA as repair donor instead of dsDNA (Fig. S2B-C). 139 
 140 
To determine the germline transmission efficiency of our approach, we targeted three genes (cldn15la, 141 
rab11a, and tjp1a) and raised only those injected embryos that showed mosaic expression to adulthood 142 
(F0). We then outcrossed 3–5 F0 animals for each target to wild-type (WT) fish and determined the 143 
percentage of stably expressing F1 embryos. cldn15la and tjp1a, targeted for C-terminal tagging of the 144 
gene products, showed similar levels of germline transmission rates (Fig. S3). Overall, targeting cldn15la 145 
and tjp1a resulted in 26.9% and 17.1% of F1 progeny showing expression, respectively (Fig. S3). 146 
Interestingly, we observed similar levels of efficiency despite using tdTomato (~1400 bp) as a tag for 147 
cldn15la and eGFP (~700 bp) for tjp1a, suggesting that insertion sizes in this range likely do not impact KI 148 
efficiency. For N-terminal tagging, we compared rab11a KI using dsDNA or ssDNA as donor repair 149 
sequences. Similar to F0 expression efficiency, using ssDNA as a repair donor did not improve the 150 
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efficiency of obtaining stably expressing F1 embryos (Fig. S3), indicating that simple dsDNA PCR donor 151 
amplicons are effective for KI in zebrafish.   152 
 153 
We next monitored the spatiotemporal expression patterns and subcellular localization of endogenously 154 
tagged proteins in stably expressing F2 larvae. ZO1 (Tjp1a) is a peripheral component of tight junctions 155 
and is localized cortically in epithelial cells (Zihni et al., 2016). ZO1-tdTomato showed widespread 156 
expression in epithelial organs through the body at embryonic and larval stages, with enrichment in the 157 
lens, floor plate, neural tube, vasculature, and intestine (Fig. 2A). In the eye, ZO1-tdTomato was present in 158 
the lens epithelium and was also enriched in closely apposed lens fiber cells (Fig. 2B, Movie 1). Close 159 
examination of ZO1-tdTomato in the trunk revealed enrichment within the dorsal aorta, caudal vein, 160 
intersegmental vessels, and notochord sheath cells (Fig. 2C, Movie 2). ZO1-tdTomato also labeled 161 
epithelial cells throughout the otic capsule, including sensory cells of cristae and those lining the canals 162 
(Fig. 2D, Movie 3). We also generated a line expressing endogenously tagged ZO1-eGFP and when 163 
crossed to the ZO1-tdTomato line, the two proteins showed identical expression patterns and co-localized 164 
intracellularly (Fig. S4A). In the epidermis, endogenously tagged ZO1 was highly expressed in lateral line 165 
neuromasts while in periderm cells it showed enrichment at tricellular junctions (Fig. S4B-C).  166 
 167 
To specifically label intestinal epithelial cells (IECs), we targeted cldn15la, which encodes a member of the 168 
claudin family of tetraspanin membrane proteins that regulate tight junction assembly and function. 169 
Cldn15la is an atypical member of the claudin family that is not restricted to tight junctions and is instead 170 
localized along basolateral membranes (Alvers et al., 2014). Similar to the transgenic TgBAC(cldn15la-171 
GFP)pd1034 allele (Alvers et al., 2014), endogenously tagged Cldn15la-tdTomato was expressed in all IECs 172 
(Fig. 2E-F), where it was present on basolateral membranes throughout gut development (Fig. 2G-H). Of 173 
note, unlike the TgBAC(cldn15la-GFP)pd1034 allele which is homozygous lethal, TgKI(cldn15la-174 
tdTomato)pd1249 was well tolerated in homozygous animals. 175 
 176 
To visualize cell-ECM adhesions with an endogenous protein in live zebrafish, we generated an itgb1b-177 
tdTomato KI line. Consistent with prior studies (Martinez-Morales et al., 2009, Sidhaye and Norden, 2017), 178 
Itgb1b-tdTomato was clearly enriched at the basal membrane of the cells in the optic cup at 28 hpf. We 179 
also confirmed prominent enrichment of Itgb1b-tdTomato in myotendinous junctions at the somite 180 
boundaries (JüLich et al., 2005). These observations suggest that itgb1b-tdTomato faithfully reports the 181 
localization of Itgb1b in live zebrafish.  182 
 183 
To establish a zebrafish model for in vivo studies of membrane trafficking, we generated a KI line 184 
expressing N-terminally tagged eGFP-Rab11a. Live imaging revealed that eGFP-Rab11a is nearly 185 
ubiquitously expressed and enriched in epithelial organs (Fig. 3A, Movie 4). In transverse sections of the 186 
posterior intestine, eGFP-Rab11a was highly expressed and localized apically in lysosome-rich 187 
enterocytes (LREs) (Park et al., 2019) and epithelial cells of the pronephros (Fig. 3B). The apical 188 
localization of eGFP-Rab11a in zebrafish IECs resembles that of endogenous Rab11a by immunostaining 189 
(Levic et al., 2020). Among lower expressing tissues, eGFP-Rab11a was still easily detected in transverse 190 
sections of skeletal muscle, notochord sheath cells, and notochord vacuolated cells (Fig. 3C). Live 191 
imaging revealed dynamic movement of eGFP-Rab11a in the cytoplasm of notochord vacuolated cells 192 
(Movie 5). We also noted high enrichment of eGFP-Rab11a in lateral line neuromasts by live imaging (Fig. 193 
3A). Within neuromasts, eGFP-Rab11a expression was restricted to hair cells, where it was enriched 194 
apically near stereocilia of the apical membrane (Fig. 3D). eGFP-Rab11a was also present at basal 195 
puncta that may represent contact sites from neurons that innervate neuromasts (Fig. 3D). Accordingly, 196 
we detected enriched expression of eGFP-Rab11a in tracts and projections of neurons that underlie 197 
neuromasts (Fig. 3E-F).   198 
 199 
Having shown that proteins can be tagged endogenously we tested whether our KI lines can be used to 200 
determine their relative cellular abundance. To explore this question, we adapted a microscopy-based 201 
approach to measure the concentration of GFP molecules on diffraction limited vesicles on zebrafish 202 
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tissue sections to estimate the number of eGFP-Rab11a molecules per vesicle. While this technique is 203 
commonly used in in vitro models (Clayton, 2018, Marques et al., 2019, Escamilla-Ayala et al., 2020), 204 
quantitative imaging of animal tissues can be obscured by factors such as autofluorescence and light 205 
scattering. Therefore, to establish baseline standards, we measured the photon emission of purified eGFP 206 
particles when imaged on zebrafish tissue sections. We collected intestinal tissue sections of eGFP-207 
negative WT larvae (Fig. 4A), incubated a solution of purified eGFP at low concentration, and then 208 
crosslinked eGFP particles to the tissue surface by fixation (Fig. 4B). We collected accumulated photon 209 
counts of eGFP particles and then photobleached them (Fig. 4C). During photobleaching we monitored 210 
signal intensity and inferred the original number of eGFP molecules in the particle based on the signal 211 
decay profile (Fig. 4D). Using this approach, we identified eGFP particles containing 1-3 molecules that 212 
exhibited a linear increase in photon emission (Fig. 4E-F). Coincidentally, background level emission from 213 
tissue autofluorescence generated approximately the same number of photon counts as a single eGFP 214 
molecule, on average (Fig. 4F). Next, we prepared eGFP-Rab11a KI larvae and performed single particle 215 
imaging of diffraction limited apical vesicles on tissue sections (Fig. 4G-H) using identical processing and 216 
imaging conditions as described above. Although Rab11a expression levels vary by more than 2-fold at 217 
the mRNA levels in LREs vs. IECs (Park et al., 2019), endogenously tagged eGFP-Rab11a concentration 218 
on apical vesicles did not change in proportion (Fig. 4I). However, the relative distribution profile for LREs 219 
did reveal an increase in the fraction of vesicles containing >3 molecules (Fig. 4J), possibly reflecting a 220 
pool of vesicles that function in protein uptake in these specialized enterocytes (Park et al., 2019).  221 
 222 
In this study, we describe a simple and effective approach to tag genes with targeting cassettes encoding 223 
fluorescent proteins at their endogenous genomic loci in zebrafish. While CRISPR and Zinc Finger 224 
Nuclease gene editing have been used to generate knock-in zebrafish lines to study promoter activity 225 
(Kimura et al., 2014, Hoshijima et al., 2016, Li et al., 2019), there are few published examples of C-226 
terminally tagged KI fusion lines (Cronan and Tobin, 2019) and, with the exception of small peptide 227 
insertions (Hoshijima et al., 2016, Ranawakage et al., 2021), there are no reported examples of stable 228 
zebrafish KI lines of N-terminally tagged proteins. This scarcity may reflect the highly error prone nature of 229 
HDR in zebrafish. Our approach is unique because integration errors, such as INDELs, in non-coding 230 
gene regions can still mediate proper expression at the protein level because integration boundaries are 231 
excluded by RNA splicing. During the preparation of this manuscript, a similar endogenous tagging 232 
approach was reported for cultured mammalian cells (Zhong et al., 2021). Additionally, a related technique 233 
for targeted protein trapping by intronic insertion of artificial exons has been demonstrated to work for 234 
cultured mammalian cells (Serebrenik et al., 2019). In contrast to these examples, we sought to minimize 235 
the integration of undesired plasmid DNA elements by injecting PCR donor amplicons that only encode 236 
the relevant functional elements. Following this approach, we generated stable zebrafish KI fusion lines for 237 
several integral membrane and membrane associated proteins critical for epithelial development and cell 238 
physiology. Using quantitative imaging, we used one of these stable lines to measure the concentration of 239 
eGFP-Rab11a molecules on apical vesicles in different epithelial organs. Importantly, because genes are 240 
tagged at the endogenous locus, the zebrafish lines presented here improve accuracy and allow 241 
experimental approaches not feasible with traditional transgenic lines. These include the abilities to 242 
recapitulate spatiotemporal expression patterns of endogenous genes and to precisely quantify protein 243 
levels using single particle imaging or related techniques like fluorescence correlation spectroscopy (Wang 244 
et al., 2018). They also can facilitate uncovering protein interaction networks and dynamics without 245 
overexpression artifacts (Ahmed et al., 2018) and acute manipulation of protein function using conditional 246 
loss-of-function approaches such as degron-mediated protein depletion (Daniel et al., 2018, Yamaguchi et 247 
al., 2019). One factor that can impact expression levels of endogenously tagged proteins is the 3’ UTR 248 
used in the repair donor sequence. The 3’ tagged lines shown here have exogenous polyA sequences that 249 
may alter stability of the modified transcript. If known, the endogenous 3’ UTR and polyA sequence can be 250 
substituted in the 3’ repair donor to recapitulate mRNA stability levels more accurately. By contrast, genes 251 
tagged with 5’ insertions, such as eGFP-rab11a, will result in transcripts containing the endogenous 3’UTR 252 
that can more closely provide endogenous expression levels. Finally, because our KI approach relies on 253 
splice donor and acceptor elements, our method can be adapted to generate internal insertions at precise 254 
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codon positions for targets such as membrane proteins containing signal peptide sequences that cannot 255 
be tagged at their C-termini.       256 
  257 
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Materials and methods 258 
 259 
Zebrafish maintenance 260 
Zebrafish (Danio rerio) were used in accordance with Duke University Institutional Animal Care and Use 261 
Committee (IACUC) guidelines and NYU School of Medicine under the approval from protocol number 262 
170105–02. Zebrafish stocks were maintained and bred as previously described (Westerfield, 2007). 263 
Genotypes were determined by PCR and DNA sequencing or phenotypic analysis. Male and female 264 
breeders from 3–18 months of age were used to generate fish for all experiments. 1–7 dpf zebrafish larvae 265 
from the Ekkwill (EK) or AB/TL background were used in this study. Strains generated in this study are: 266 
TgKI(tjp1a-tdTomato)pd1224, TgKI(tjp1a-eGFP)pd1252, TgKI(cldn15la-tdTomato)pd1249, TgKI(itgb1b-267 
tdTomato)sk108, TgKI(eGFP-rab11a)pd1244. Embryos and larvae were anesthetized with 0.4 mg/ml MS-222 268 
(Sigma, A5040) dissolved in embryo media for handling when necessary.  269 
 270 
Generation of C-terminal PCR donors 271 
We first generated a series of donor vectors to expedite production of C-terminal knock-in constructs. In 272 
the pUC19 vector backbone, we constructed a multiple cloning site, a fluorescent protein coding sequence 273 
or other tag lacking the start codon (eGFP, mLanYFP, mScarlet, tdTomato, p2A-QF2, p2A-eGFP, p2A-274 
mScarlet, or p2A-Venus-PEST), a stop codon, a second multiple cloning site, and the zebrafish ubb poly-275 
adenylation sequence. This fragment was flanked by forward and revers PCR primer sites to generate 276 
PCR donor amplicons for all targets using the same primers, pUC19_forward 5’-277 
GCGATTAAGTTGGGTAACGC-3’ and pUC19_reverse 5’- TCCGGCTCGTATGTTGTGTG-3’. A gene 278 
fragment spanning from the middle of the last intron through the last coding sequence codon of the exon 279 
was cloned into the donor vector in frame with the fluorescent protein coding sequence using the following 280 
primers: tjp1a-forward 5’- cttgctagcAGTTTCGATGACCACAGGGT-3’, tjp1a-reverse 5’- 281 
cctctcgagGAAATGGTCAATAAGCACAGACA-3’, cldn15la-forward 5’- 282 
cttccgcggGTTTCACGTCAGAAATTGTCGG-3’, cldn15la-reverse 5’- 283 
cttctcgagGACGTAGGCTTTGGATGTTTC-3’. PCR donor amplicons were purified using the Nucleospin 284 
Gel and PCR Clean-up kit (Machery-Nagel, distributed by Takara Bio USA). PCR products were not gel 285 
purified. The final product was dried on column at 60°C for 10 minutes and then eluted with water and 286 
stored at -20°C. C-terminal donor vectors will be deposited to Addgene. 287 
 288 
Generation of N-terminal PCR donors for rab11a 289 
A gene fragment spanning from 446 base pairs upstream from the 5’ UTR through 491 base pairs 290 
downstream of the end of exon 1 was cloned into pCS2+ with the following primers: rab11a-forward 5’-291 
cttctcgagGAACTTACGAGCTGGATTTGTGC-3’ and rab11a-reverse 5-292 
ctttctagaTGACAGCGTCGGTCACAGTT-3’. A small multiple cloning site was added before the start codon 293 
of exon 1 by site directed mutagenesis (Q5 SDM Kit, New England Biolabs) using the primers rab11a-294 
MCS-SDM-forward 5’- tactagttccATGGGGACACGAGACGAC-3’ and rab11a-MCS-SDM-reverse 5’- 295 
agaccggtaggCTCGATCAAAACAAAAGCGC-3’. eGFP was cloned into the multiple cloning site using the 296 
primers GFP-forward 5’-cttaccggtgccgccaccATGGTGAGCAAGGGCGAGGA-3’ and GFP-reverse 5’- 297 
cttactagtCTTGTACAGCTCGTCCATGCC-3’. The gRNA target sites used for genomic targeting were 298 
mutated in the donor plasmid using site directed mutagenesis with the primers: gRNA-1-SDM-forward 5’- 299 
aacagcgaactGTCGCCTCCACTTTCCTT-3’, gRNA-1-SDM-reverse 5’- 300 
atctccgctgtaGCACTGCAGTCTGTCTGT-3’, gRNA-2-SDM-forward 5’- 301 
actcgagcagagCAAACAAACTCCTGCTCTTC-3’, gRNA-2-SDM-reverse 5’- 302 
cgagctagcataTTAGCTGGCCTTTACTGT-3’. PCR donors were generated as described above using the 303 
primers: rab11a-donor-forward 5’-GAACTTACGAGCTGGATTTGTGC-3’ and rab11a-donor-reverse 5-304 
ctttctagaTGACAGCGTCGGTCACAGTT-3’. For ssDNA production in Fig. S2, PCR of the same donor 305 
plasmid was performed using the same primers, but the forward primer was phosphorylated. After PCR 306 
ssDNA was generated using the Guide-it Long ssDNA Production System (Takara Bio USA) using the 307 
manufacturer’s recommendations. ssDNA was purified using the Nucleospin Gel and PCR Clean-up kit 308 
(Machery-Nagel, distributed by Takara Bio USA) with buffer NTC used as recommended by the 309 
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manufacturer. ssDNA conversion was verified used gel electrophoresis and the product was stored at -310 
80°C.         311 
 312 
Generation of N-terminal PCR donors for prkci 313 
A gene fragment spanning from 488 base pairs upstream from the 5’UTR through 61 base pairs 314 
downstream from exon 1 was cloned into pDONR221 using a BP reaction (ThermoFisher) using the 315 
primers prkci-BP-forward 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTCctatctaggtatatgggccctc-3’ and 316 
prkci-BP-reverse 5’- GGGGACCACTTTGTACAAGAAAGCTGGGTcgcaatcctgagaataagtgaga-3’. The 317 
gRNA target site in intron 1 was mutated by PCR during initial cloning (the reverse cloning primer was 318 
mutagenic), and the gRNA target site sequence was verified independently in a population of WT fish. 319 
Next a multiple cloning site was inserted before the start codon of exon 1 using the primers prkci-MCS-320 
SDM-forward 5’- tactagttccATGCCCACGCTGCGGGAC-3’ and prkci-MCS-SDM-reverse 5’- 321 
agaccggtaggTATGGACTATCCGTACTCCTGCTAGC-3’. eGFP was cloned to the site using the primers 322 
GFP-forward 5’-cttaccggtgccgccaccATGGTGAGCAAGGGCGAGG-3’ and GFP-reverse 5’- 323 
cttactagtCTTGTACAGCTCGTCCATGCC-3’. PCR donors were generated as described above using the 324 
primers prkci-forward-donor 5’-tatctaggtatatgggccctc-3’ and prkci-reverse-donor 5’-325 
gcaatagtgcgaataagtgaga-3’. 326 
 327 
Generation of plasmid donors for itgb1b 328 
A genomic fragment spanning the last 29 bp of itgb1b exon 8 to the end of itgb1b exon 9 was cloned into 329 
the pUC19 plasmid (exon numbering is based on transcript ID: ENSDART00000161711.2). A linker 330 
sequence coding for amino acids GGPVAT was inserted after the codon for the last amino acid of itgb1b 331 
and the fragment was fused to the tdTomato coding sequence followed by the SV40 polyA signal 332 
sequence. A gRNA target site was designed to target both the donor plasmid, thereby linearizing it in the 333 
intron, and the endogenous genomic intron.  334 
 335 
Production of guide RNA (gRNA) 336 
Guide RNA (gRNA) target sites were identified using CRISPRscan (Moreno-Mateos et al., 2015) and 337 
gRNAs were synthesized by in vitro transcription using an oligo-based template method (Yin et al., 2015) 338 
using the MEGAshortscript T7 Transcription Kit (ThermoFisher). gRNAs were precipitated by ammonium 339 
acetate/isopropanol, resuspended in water, and stored at -80°C. For itgb1b, crRNA and the tracrRNA were 340 
purchased from IDT, and the cRNA was designed using the Custom Alt-R CRISPR-Cas9 guide RNA 341 
Design Tool (IDT). gRNA target sites used in this study were: cldn15la, 5’-342 
GtTTCACGTCAGAAATTGTCGGG-3’ and 5’-GGATTTCTCTAGATTATGACCGG-3’; prkci, 5’-343 
GcATTCTCACTTATTCTCAACGG-3’; rab11a, 5’-gGCAGCGGAGAGGACAGCGACGG-3’ and 5’-344 
CCGGCTAGCTCACTTCGAGCAcC-3’; tjp1a, 5’-tGCGAATAGGGGTTGATAATGGG-3’ and 5’-345 
GaGTTTCGATGACCACAGGGTGG-3’; crRNA for itgb1b, 5’- GGAGGTCTTGATGTAGGATT-3’.   346 
 347 
Microinjections and visual screening 348 
Early 1-cell stage embryos were injected with 1-2 nL of a knock-in cocktail consisting of gRNA (final 349 
concentration 30-50 pg/nL), dsDNA or ssDNA PCR donors (final concentration 5-10 pg/nL) Cas9 protein 350 
tagged with a nuclear localization sequence (PNA Bio CP-01) (final concentration 300-500 pg/nL), and 351 
phenol red (final concentration 0.05%). We observed mortality rates of 10-20% for dsDNA-injected 352 
embryos and 40-50% for ssDNA-injected embryos. For itgb1b, the injection mix containing Cas9-NLS 353 
protein, crRNA, tracrRNA and the plasmid harboring the itgb1b targeting cassette was heat-activated at 354 
37°C and injected into one-cell stage wild-type embryos. Embryos were visually screened daily between 355 
1–5 dpf for fluorescence using an Axio Zoom V16 microscope (Zeiss). Embryos suspected of showing 356 
fluorescence were mounted in 0.7% low melting point agarose and imaged by confocal microscopy on a 357 
Leica SP8 microscope using an HC FLUOTAR VISIR 25x/0.95 NA water immersion objective (Leica). 358 
Positive embryos were recovered from anesthesia and raised to adulthood.  359 
 360 
Isolation of stable alleles 361 
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Injected embryos showing expression of fluorescently tagged proteins were raised and crossed to WT fish. 362 
The positive F1 embryos were raised and crossed to WT fish. The integration site was sequenced at the 363 
F2 generation and the lines were designated allele numbers. With the exception of Fig. S1-S2, all imaging 364 
data presented are from animals of the F2 or greater generation  365 
   366 
Imaging and image processing 367 
All imaging was performed on a Leica SP8 confocal microscope. Live imaging was conducted with a 368 
FLUOTAR VISIR 25x/0.95 NA or HC PL APO CS2 20x/0.75 water immersion objectives (Leica), and cross 369 
sections with an HC PL APO CS2 63x/1.40 oil immersion objective (Leica). Whole animals were imaged in 370 
tiling mode and the data were stitched in Leica LAS software. Imaging data were processed in ImageJ/FIJI 371 
(NIH) to prepare 3D reconstructions using native plugins. To enhance visualization of some images, data 372 
were pseudo-colored using default lookup tables (LUTs) in ImageJ/FIJI. LUT scales are presented in the 373 
figure panels. Post-processing for linear changes in brightness were performed in photoshop using the 374 
levels tool.  375 
 376 
Single particle imaging 377 
6 dpf GFP-negative larvae were fixed in 4% paraformaldehyde in PBS pH 7.5 overnight at 4°C, rinsed in 378 
PBS, and then embedded in 5% low melting point agarose. 200 µm sections were collected using a Leica 379 
VT1000S vibratome (Levic et al., 2020). Sections were incubated with 340 ng/mL purified eGFP, which 380 
was generated as we previously described (Park et al., 2019), overnight at 4°C. The solution was then 381 
gently aspirated and then sections were fixed in 4% paraformaldehyde in PBS pH 7.5 for 30 minutes at 382 
room temperature. Sections were rinsed in PBS and then mounted on glass slides in 90% glycerol 383 
buffered with 10 mM Tris, pH 8 with 1% N propyl-gallate added. Sections were imaged near the coverslip 384 
surface with a Leica SP8 confocal microscope using an HC PL APO CS2 63x/1.40 oil immersion objective. 385 
Excitation was performed with a 20 mW 488 nm laser operating at 0.2% power, and scans were 386 
performed at 400 Hz with a pixel size of 50 nm. Emission spectra were collected from 498-550 nm using a 387 
HyD detector operating in photon counting mode with 10x line accumulation and at 10% gain. 388 
Experimental samples (eGFP-Rab11a larvae) were processed identically. Raw 12-bit images were 389 
analyzed in ImageJ/FIJI. Photon counts of 5 pixel2 ROIs of eGFP particles were collected and analyzed by 390 
linear regression using Graphpad Prism. Photon counts experimental samples were interpolated from the 391 
linear regression analysis of purified eGFP particles to infer the number of eGFP molecules per vesicle.   392 
  393 
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Figure 1 431 

 432 
Figure 1. Knock-in fusion gene tagging in zebrafish using splice donor and acceptor arms. (A-D) C-433 
terminal endogenous tagging strategy. (A) An intron upstream from the exon encoding the stop codon is 434 
targeted by CRISPR. (B) A dsDNA PCR donor containing a 5’ splice acceptor element (~200 bp of intron 435 
sequence), last exon coding sequence fused to a fluorescent protein coding sequence, and poly-436 
adenylation sequence is co-injected. (C-D) Expression of the tagged transcript can tolerate error-prone 437 
integration of the PCR donor into the intron as it depends on mRNA splicing rather than precise genomic 438 
editing. (E-H) N-terminal endogenous tagging strategy. (E) A non-coding region upstream from the start 439 
codon is targeted by CRISPR. (F) A dsDNA containing a 5’ homology arm (~500 bp of sequence upstream 440 
from the gRNA target site), 5’ UTR with a mutated gRNA target site, fluorescent protein coding sequence, 441 
first exon coding sequence, and 3’ splice donor element (~100 bp of intron sequence) is co-injected. (G-H) 442 
Expression of the tagged protein occurs either if the 3’ end of the PCR donor is integrated by HDR (G, 443 
upper) or NHEJ (G, lower) because the endogenous first exon does not contain a splice acceptor site.  444 
 445 
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Figure 2 446 

 447 
Figure 2. Endogenous C-terminal tagging of ZO1 (tjp1a) and Cldn15la (cldn15la). (A-D) Live imaging 448 
3d reconstructions of TgKI(tjp1a-tdTomato)pd1224 heterozygous larvae. Cyan boxes in panel A show 449 
representative ROIs for panels B-D. For panel D: White dotted line, otic capsule; green dotted lines, 450 
cristae; magenta dotted lines, canals and septum. Panels A-C are pseudo-colored with the ImageJ/FIJI 451 
Magenta Hot LUT. Panel D is pseudo-colored with the ImageJ/FIJI Cyan Hot LUT. Animals are 7 dpf (A), 452 
5 dpf (B), and 3 dpf (C-D). Scale bars are 500 µm (A), 20 µm (B), and 50 µm (C-D). (E-F) Live imaging of 453 
the intestine of a 7 dpf TgKI(cldn15la-tdTomato)pd1249 heterozygous larva. Panel E is pseudo-colored with 454 
the ImageJ/FIJI Magenta Hot LUT. Scale bars are 200 µm (E) and 10 µm (F). (G-H) Transverse sections 455 
of the mid-intestine at the stages of lumen opening (2 dpf) (G) and onset of larval feeding (5 dpf) (H). 456 
Scale bars are 20 µm. (I-K) Live imaging of a 28 hpf TgKI(itgb1b-tdTomato)sk108 heterozygous embryo. 457 
Cyan boxes in Panel I are representative ROIs for panels J-K, which are pseudo-colored according to the 458 
LUT scale shown. Scale bars are 200 µm (I) and 50 µm (J-K). 459 
 460 
 461 
 462 
 463 
 464 
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Figure 3 465 

 466 
Figure 3. Endogenous N-terminal tagging of Rab11a (rab11a). (A) Live imaging 3d reconstruction of 5 467 
dpf TgKI(eGFP-rab11a)pd1244 heterozygous larva. Magenta boxes show representative ROIs for panels B-468 
E. Scale bars is 500 µm. (B) Transverse section through the posterior mid-intestine (LREs) and pronephric 469 
ducts. Scale bars are 20 µm. (C) Transverse section through the notochord. Scale bars is 20 µm. (D) 470 
Whole mount image of a neuromast. Scale bars are 5 µm. (E) Live lateral image of neurons innervating 471 
the terminal lateral line neuromasts (outlined by dotted line). Image is pseudo-colored according to the 472 
LUT scale shown. Scale bars is 20 µm. (F) Schematic summarizing expression and localization of Rab11a 473 
within neuromasts.  474 
 475 
 476 
 477 
 478 
 479 
 480 
 481 
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Figure 4 486 

 487 
Figure 4. Tissue-specific Rab11a expression levels do not strongly affect its concentration on 488 
apical vesicles of the intestine or pronephros. (A-D) Schematic outlining single particle imaging to 489 
measure photon emission of purified GFP on zebrafish tissue. Intestinal sections of GFP-negative larvae 490 
are collected (A) and GFP solution (340 ng/mL) is incubated with and crosslinked onto the tissue surface 491 
(B). Photon counts of GFP particles are collected and the particles are photobleached to background-level 492 
intensity (C). The number of GFP molecules per particle are inferred by the decay profile. (E-F) Single 493 
particle photon count imaging (E) and linear regression analysis of purified GFP photon emission when 494 
imaged on intestinal tissue sections. Scale bars are 0.5 µm. (G) Transverse section of mid-intestine 495 
enterocytes of a TgKI(eGFP-rab11a)pd1244 heterozygous larva. Cyan box shows a representative ROI of a 496 
group of apical vesicles used for single particle imaging. (H) Pseudo-colored photon count images of 497 
apical vesicles of mid-intestine enterocytes (IECs), posterior mid-intestine lysosome-rich enterocytes 498 
(LREs), and pronephric duct epithelial cells (PN). Photon count intensity LUT scale is shown on the right. 499 
Scale bars are 1 µm. (I) Plot of average GFP-Rab11a concentration values from apical vesicles. Data 500 
points are average values from tissue sections of individual larvae. n=4 larvae for each organ (20 vesicles 501 
per animal). Data were not significantly different (One-way ANOVA). (J) Relative frequency plot of the data 502 
used for panel I. LREs vs. IECs, p<0.05; LREs vs. PN, p<0.01; IECs vs. PN, not significant (One-way 503 
ANOVA). n=80 vesicles per organ.    504 
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Figure S1 506 

 507 
Figure S1. Examples of mosaicism in injected embryos (F0s). (A-B) Live imaging of a 5 dpf eGFP-508 
aPKC (encoded by prkci/has) F0 larva. Cyan arrows point to the apical cortex. Panels A-B are pseudo-509 
colored with the ImageJ/FIJI Cyan Hot LUT. Scale bars are 50 µm (A) and 20 µm (B). (C) Live imaging of 510 
a 5 dpf ZO1-tdTomato (encoded by tjp1a) F0 larva. Panel C is pseudo-colored with the ImageJ/FIJI 511 
Magenta Hot LUT. Magenta arrow points to apical the cortex. Scale bars is 50 µm. The dotted line marks 512 
the intestinal epithelium. 513 
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Figure S2 515 

 516 
Figure S2. Variables affecting F0 efficiency for N-terminal endogenous tagging. (A-B) Representative 517 
examples of mosaic expression of eGFP-Rab11a in injected larvae (F0s). The broad spatial expression 518 
patterns and high expression levels of eGFP-Rab11a allow for simple visual screening to test PCR donor 519 
variables to optimize endogenous tagging. Panel A is original confocal live image, and panel B is pseudo-520 
colored with the ImageJ/FIJI Cyan Hot LUT to enhance visualization of lower expressing cell-types. Scale 521 
bars are 50 µm. (C) 1-cell stage embryos were injected with a knock-in cocktail containing Cas9 protein, 522 
while the PCR donor and gRNAs varied. The cyan bolt indicates the relative position of the gRNA 523 
(upstream or downstream from the insertion site or both). The magenta line indicates when the PAM site 524 
for the gRNA was mutated on the PCR donor. For experiment 4, linear single-stranded DNA (ssDNA) was 525 
used rather than dsDNA PCR donors. The numbers to the right indicate the total number of surviving 526 
larvae that were visually screened for fluorescence. (D) Plot of F0 expression efficiency rates for the 527 
experiments in panel C.  528 
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Figure S3 530 

 531 
Figure S3. Germline transmission efficiency rates following visual screening of injected larvae. 1-532 
cell stage embryos were injected with knock-in cocktails for different genes and then visually screened for 533 
fluorescence. The larvae showing expression were raised to maturity and then outcrossed. 3-5 animals 534 
were outcrossed per condition, and the F1 progeny were visually screened for fluorescence. The 535 
germlines of F0 adults have mosaic integration, so the knock-in alleles do not show Mendelian 536 
segregation in the F1 embryos. The data plotted indicates the levels of mosaicism present in the F0 537 
generation.    538 
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Figure S4 540 

 541 
Figure S4. Colocalization of compound heterozygous tagged ZO1 (tjp1a) alleles and localization to 542 
tricellular junctions. (A) Transverse sections of a TgKI(tjp1a-eGFP)pd1252;TgKI(tjp1a-tdTomato)pd1224 543 
compound heterozygous larva at 5 dpf. Scale bars are 10 µm. (B) Live imaging of the epidermis of a 5 dpf 544 
TgKI(tjp1a-eGFP)pd1252 larva. Panel B is pseudo-colored with the ImageJ/FIJI Cyan Hot LUT. Scale bars is 545 
20 µm. (C) Schematic illustrating the enriched localization of endogenously tagged ZO1 to tricellular (TC) 546 
junctions.  547 
  548 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 9, 2021. ; https://doi.org/10.1101/2021.07.08.451679doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.08.451679
http://creativecommons.org/licenses/by-nc-nd/4.0/


Movie 1. Rotating 3D reconstruction of ZO1-tdTomato expression in the lens. Data are from Fig. 2B. 549 
 550 
Movie 2. Rotating 3D reconstruction of ZO1-tdTomato expression in the embryonic trunk. Data are 551 
from Fig. 2C. 552 
 553 
Movie 3. Rotating 3D reconstruction of ZO1-tdTomato expression in the otic capsule. Data are from 554 
Fig. 2D. 555 
 556 
Movie 4. Rotating 3D reconstruction eGFP-Rab11a expression in 5 dpf whole larvae. Data are from 557 
Fig. 3A. 558 
 559 
Movie 5. Live imaging of eGFP-Rab11a vesicle dynamics in notochord vacuole cells. Data are 560 
related to Fig. 3C. Data were acquired at 1 frame every 3 seconds.  561 
 562 
Supplementary file 1. Sequence file for the genomic integration site of TgKI(tjp1a-tdTomato)pd1224. 563 
 564 
Supplementary file 2. Sequence file for the genomic integration site of TgKI(tjp1a-eGFP)pd1252. 565 
 566 
Supplementary file 3. Sequence file for the genomic integration site of TgKI(cldn15la-tdTomato)pd1249. 567 
 568 
Supplementary file 4. Sequence file for the genomic integration site of TgKI(itgb1b-tdTomato)sk108. 569 
 570 
Supplementary file 5. Sequence file for the genomic integration site of TgKI(eGFP-rab11a)pd1244. 571 
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