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Abstract 

Since CRISPR-based genome editing technology works effectively in the diploid frog Xenopus 

tropicalis, a growing number of studies have successfully modeled human genetic diseases in this 

species. However, most of their targets were limited to non-syndromic diseases that exhibit 

abnormalities in a small fraction of tissues or organs in the body. This is likely because of the 

complexity of interpreting the phenotypic variations resulting from somatic mosaic mutations 

generated in the founder animals (crispants). In this study, I attempted to model the syndromic 

disease, campomelic dysplasia (CD), by generating sox9 crispants in X. tropicalis. The resulting 

crispants failed to form neural crest cells at neurula stages and exhibited various combinations of jaw, 

gill, ear, heart, and gut defects at tadpole stages, recapitulating part of the syndromic phenotype of CD 

patients. Genotyping of the crispants with a variety of allelic series of mutations suggested that the 

heart and gut defects depend primarily on frame-shift mutations expected to be null, whereas the jaw, 

gill, and ear defects could be induced not only by such mutations but also by in-frame deletion 

mutations expected to delete part of the jawed vertebrate-specific domain from the encoded Sox9 

protein. These results demonstrate that Xenopus crispants are useful for investigating the phenotype-

genotype relationships behind syndromic diseases and examining the tissue-specific role of each 

functional domain within a single protein, providing novel insights into vertebrate jaw evolution.  
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1. Introduction: 
Genome editing technology with clustered regulatory interspaced short palindromic repeats/CRISPR-

associated protein 9 (CRISPR/Cas9) has made a breakthrough in genetic studies through its simplicity 

and effectiveness (Adli, 2018; Dow, 2015). In vertebrates, crispants (F0 generation mutants) have 

been generated using various animal models, including mice, zebrafish, and Xenopus, by introducing 

CRISPR reagents into fertilized eggs (Blitz et al., 2013; Hwang et al., 2013; Nakayama et al., 2013; 

Wang et al., 2013). The resulting mutations generally show mosaicism due to random editing of the 

target loci in each cell at different stages of embryonic development. Therefore, researchers must 

breed F1 or F2 generations to obtain uniform germline transmission and non-mosaic (compound 

heterozygous or homozygous) mutant animals (Aslan et al., 2017; Nakayama et al., 2014). However, 

such mosaicisms are advantageous in certain cases. These include rapid functional analysis of the 

genes whose non-mosaic mutations result in early developmental lethality; somatic mosaicism 

enables the crispants to survive beyond the lethal phase and enables to examine the null phenotype in 

a specific group of cells (Mehravar et al., 2019; Naert et al., 2021; Zhong et al., 2015). Crispants with 

mosaic mutations are also useful for studying gene dosage effects, as demonstrated by mouse Pax6 

crispants exhibiting a correlation between the severity of eye defects and the frequency of mutations 

expected to be null in the allelic series of mutations (Yasue et al., 2017).  

 Xenopus tropicalis and Xenopus laevis have recently emerged as the time- and cost-effective 

models for genetic studies, where CRISPR/Cas9 system works quite efficiently (Aslan et al., 2017; 

Banach et al., 2017; Bharathan & Dickinson, 2019; Bhattacharya et al., 2015; Ezawa et al., 2021; 

Feehan et al., 2017; Kato et al., 2021; Ledford et al., 2017; Nakayama et al., 2013; Ochi et al., 2017; 

Tandon et al., 2017; Tanouchi et al., 2022; Tsujioka et al., 2017; Wen et al., 2019; Wyatt et al., 2021). 

To date, a growing number of studies have successfully modeled human genetic diseases in Xenopus 

crispants, which include defects in the retina, craniofacial structure, kidney, pancreas, left-right axis, 

limb, and cilium (Delay et al., 2018; Getwan et al., 2021; Naert, 2018; Szenker-Ravi et al., 2018; Tam 

& Moritz, 2006; Viet et al., 2020; Wyatt et al., 2021). X. tropicalis is particularly expected to be 

suitable for modeling syndromic diseases, since pleiotropic roles of the human genes responsible for 
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such multi-tissue/organ defects would be conserved in their single orthologs in the diploid genome of 

X. tropicalis but may be partitioned in their duplicated orthologs in the tetraploid genome of X. laevis 

(Hellsten et al., 2010; Session et al., 2016). However, most previous studies in X. tropicalis have 

focused on non-syndromic diseases exhibiting very localized defects or specific aspects of the 

syndromic disease defects. This is likely because of the complexity of interpreting the phenotypic 

variations resulting from somatic mosaic mutations generated in the crispants. Thus, it remains 

elusive whether X. tropicalis crispants are indeed useful in modeling such pleiotropic defects and in 

elucidating phenotype-genotype relationships responsible for the variable appearance of multiple 

defects in human patients with syndromic diseases.  

 To address those questions, I chose to study Campomelic Dysplasia (CD; OMIM 114290), a 

syndromic disease characterized by micrognathia, laryngomalacia, cleft palate, limb deformity, male-

to-female sex reversal, hearing impairment, cardiac, renal, lung, and pancreas defects (Houston et al., 

1983; Kwok et al., 1995; Mansour et al., 1995; Wagner et al., 1994). The CD is caused by 

heterozygous mutations in SOX9 gene that forms a group of SOXE ohnologs with SOX8 and SOX10 

(Bowles et al., 2000; Foster et al., 1994; Wagner et al., 1994). Despite CD being due to single gene 

mutations, the CD patients show a wide range of phenotypic variations in combining these defects. 

Micrognathia, laryngomalacia, cleft palate, and limb deformity are common phenotypes of the 

patients. These phenotypes are often, but not always, accompanied by inner ear abnormalities and/or 

sex reversal. The defects of other tissues/organs accompany these common phenotypes at a lower 

frequency (Calvache et al., 2022). Consistent with the human patient phenotype, mouse Sox9 exhibits 

expression in the neural crest and derived chondrocytes, genital ridge, otic vesicle, endocardium, 

metanephric tubules, lung bud, and pancreatic duct epithelium (Ng et al., 1997; Wright et al., 1995). 

Heterozygous Sox9 mutant mice mimicked the skeletal abnormalities of CD patients, including 

micrognathia, laryngomalacia, cleft palate, and limb deformity, but the recapitulation of other 

tissue/organ defects required the generation of a series of tissue-specific conditional knockout mice, 

due to perinatal lethality of the heterozygotes (Bi et al., 2001). Therefore, although the multiple 
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defects in CD have been independently characterized using different sets of mutant mice, knowledge 

of phenotype-genotype relationships that explain the phenotypic variations in CD is still limited. 

 

 This study generated sox9 crispants in X. tropicalis to model CD and reveal the phenotype-

genotype relationships underlying their phenotypic variations. The Cas9 duplex guide RNP 

complexes (dgRNPs) used in this study were designed to introduce mutations in the first exon of sox9 

encoding a jawed vertebrate-specific amino-terminal domain (JAD, Figure 1a). The resulting alleles 

with frame-shift mutations are expected to be null by failing expression of most part of the Sox9 

protein. The alleles with in-frame deletion mutations are expected to express Sox9 proteins lacking 

part of the JAD. The phenotyping and genotyping analyses in the crispants suggested that the jaw and 

gill defects, which are orthologous to the human micrognathia and laryngomalacia, and inner ear 

defects could be induced not only by the frame-shift mutations but also by the in-frame deletion 

mutations, whereas the defects of other trunk organs depend primarily on the frame-shift mutations. 

The crispants whose sox9 alleles mostly encode the JAD-deficient proteins specifically reduced jaw 

cartilages and formed inwardly concave mouths, suggesting the crucial role of JAD in the evolution of 

jawed vertebrates. 
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2. Materials and methods: 
2.1 crRNA design and preparation of CRISPR/Cas9 ribonucleoproteins (RNPs) 

Two crRNAs (sox9-crRNA1, 5’-CAAGAGAACACUUUCCCCAA-3'; sox9-crRNA2, 5'- 

CCGGCUCUGGCUCCGACACG -3') were designed to target the exon 1 of X. tropicalis sox9 gene 

with CHOPCHOP (http://chopchop.cbu.uib.no) and IDT web tools (https://sg.idtdna.com). Their 

target specificities were verified by searching potential off-target sites in X. tropicalis genome 

sequence, allowing one base mismatch (https://gggenome.dbcls.jp/)(Nakayama et al., 2013). Both 

crRNAs and tracrRNAs were purchased from IDT (IDT Inc., Coralville, USA) and resuspended in 

Nuclease Free Duplex Buffer (IDT) to obtain a final concentration of 100 μM each. As control 

experiments, I disrupted tyrosinase (tyr) locus using a crRNA targeting the same region as reported 

previously (Nakayama et al., 2013). Afterward, each of the crRNAs was incubated in combination 

with the tracrRNA at 95°C for 5 minutes in the duplex buffer and then cooled to room temperature. 

The molecular weight of both crRNA and tracrRNA was used to calculate the final concentration, and 

the resulting 10 μM dgRNA stock was kept at –25°C for further use. Cas9 protein was commercially 

obtained from IDT (#1081059) and incubated with the dgRNA at 37°C for 10 minutes in a buffer 

containing 150 mM KCl and 20 mM Hepes (pH7.5) to prepare duplex guide RNP complexes 

(dgRNPs). After the incubation, the dgRNPs were kept at room temperature and immediately used for 

microinjection.  

2.2 Microinjections 

In vitro fertilization and microinjections were carried out as previously described (Ogino et al., 2006), 

using eggs and sperms of F1 hybrid animals generated by crossing two inbred X. tropicalis strains, 

Nigerian H (Xtr.NigerianHHuarc, RRID: HUARC_1002, Xenbase Identifier: XB-LINE-1153) and 

Nigerian BH (Xtr.NigerianBHHuarc, RRID: HUARC_1003, Xenbase Identifier: XB-LINE-1163) 

(Igawa et al., 2015). These animals were provided by Hiroshima University Amphibian Research 

Center (RRID: SCR_019015) through the National BioResource Project (NBRP) of MEXT. The 

embryos were staged as previously described (Nieuwkoop & Faber, 1956). Dejellyed eggs were 

transferred to an injection medium (6% Ficoll, 0.1% BSA in 0.1×MMR) and kept at 20-22oC. After 
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fertilization, the dgRNPs containing 100 pg of dgRNA and 1 ng of Cas9 protein were injected into the 

animal hemisphere of 1-cell stage embryos in a total volume of 2 nl. The injected embryos were kept 

at 22oC for 3-4 hours in the injection medium, then transferred into 0.1×MMR without the Ficoll for 

further development. In all experiments, eGFP mRNA (40 pg) was co-injected with the dgRNPs as a 

lineage tracer for selecting successfully injected embryos after the gastrulation. The eGFP mRNA was 

prepared as previously described (Ochi et al., 2017). 

2.3 Genotyping  

The tadpoles with uniform GFP fluorescence were collected at stages 42–45 and photographed to 

record their morphological phenotypes. After that, each tadpole was incubated at 95°C for 15 minutes, 

then digested at 55°C for one overnight in the lysis buffer (100 mM Tris-HCl, pH 8.0; 1 mM EDTA; 

0.1% Nonidet P40) along with 10 mg/ml proteinase K treatment. The lysed samples were centrifuged 

at 20,600 g for 15 min, and the resulting supernatants were harvested as crude genomic DNA samples 

and stored at –20°C. The 260-bp target regions were amplified from these crude genomic DNA 

samples using KOD FX Neo DNA polymerase (TOYOBO, Osaka, Japan) with 40 cycles of 

denaturation at 98°C for 10 seconds, annealing at 66°C for 30 seconds, and extension at 69°C for 60 

seconds. The amplified products were cleaned by ExoI/Sap treatment and subjected to Sanger 

sequencing (Chen et al., 2007). The sequences of PCR primers used are as follows: forward primer, 

5’-ATGAAGATGACAGAAGAGCAAGATAAGTGC-3'; reverse primer, 5’-

CCATTAACTCTGACTGGCATCGGTACC-3'. The resulting Sangar chromatograms were analyzed 

with the Inference of CRISPR Edits (ICE) software from Synthego (https://ice.synthego.com/#/) to 

visualize nucleotide sequences of the composite alleles, and to calculate the rate of each allele and the 

total indel rate for each crispant (Conant et al., 2022). The ICE analysis has been shown to produce 

genotyping results consistent with those by next-generation sequencing analysis in previous crispant 

studies (Liang et al., 2022) (Sieliwonczyk et al., 2023). I used the resulting ICE analysis output for 

further analysis only when the R-squared value indicating the reliability of the output was greater than 

the recommended value (0.8) (Conant et al., 2022). Heteroduplex mobility assay (HMA) (Chen et al., 
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2012) was performed with those amplicons using a microchip electrophoresis system for DNA/RNA 

analysis (MCE™ -202 MultiNA; Shimazu, Kyoto, Japan) with the DNA-500 reagent kit. 

2.4 In situ hybridization, histological analysis, and imaging  

Preparation of probes for Xenopus sox9 (Hayashi et al., 2015), snai2 (slug, GenBank: BC054144), 

sox3 (Zygar et al., 1998), and atp1a1 (ATPase Na+/K+ Transporting Subunit Alpha 1) (McCoy et al., 

2008), in situ hybridization with these probes, and breaching of pigments in the stained embryos were 

performed by following the standard protocol (Sive et al., 2000).  

 For histological analysis, tadpoles were fixed for one overnight in Bouin's fixative and stored in 

70% ethanol (Sive et al., 2000). For whole-mount staining analysis of the cranial cartilages, the skin 

on the ventral side of the head was removed after the fixed tadpoles were dehydrated through a graded 

series of ethanol. The resulting tadpoles were subsequently stained with Alcian blue (FUJIFILM 

Wako Pure Chemical Corporation, Japan). For sectioning analysis, the fixed and dehydrated tadpoles 

were cleared with xylene, embedded in paraffin blocks, and sectioned into 8 µm thick slices using a 

microtome. The resulting sections were de-paraffinized, rehydrated, and stained with the Alcian blue 

and Mayer's hemalum solution (Merck/ EMD, Darmstadt, Germany). The stained samples were 

mounted in Malinol (MUTO Pure Chemicals, Tokyo, Japan) and covered with cover glass. More than 

three tadpoles were histologically analyzed for each phenotype category to confirm the reproducibility 

of internal anatomical features. 

 Bright-field and fluorescence images of the embryos were taken using a stereoscopic microscope 

(SMZ1500, Nikon, Tokyo, Japan) with NIS-Elements D Analysis package (4.30.00 64 bit, Nikon).   
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3. Results  
3.1 Generation of sox9 crispants in X. tropicalis 

X. tropicalis sox9 gene consists of three exons (Figure 1a; NM_001016853.2, Xtro_10.0, Chr10: 

30,591,888–30,597,072). The first exon encodes an amino-terminal domain, a dimerization domain, 

and part of the HMG domain (Angelozzi & Lefebvre, 2019). The sequence alignment of jawed and 

jawless vertebrate SoxE-group proteins (Sox8, Sox9, and Sox10 in jawed vertebrates, and SoxE1, 

SoxE2, and SoxE3 in jawless vertebrates) and the ancestral-type SoxE protein in amphioxus 

(Branchiostoma lanceolatum) shows the unique conservation of the amino-terminal domain in jawed 

vertebrate Sox9 proteins (jawed vertebrate-specific amino-terminal domain (JAD); Figure 1b). Since 

Sox8, Sox9, and Sox10 were ohnologs generated by whole genome duplications in the ancestral 

species of vertebrates (Bowles et al., 2000; McCauley & Bronner-Fraser, 2006), the jawed vertebrate 

Sox9 appears to have acquired the JAD-encoding sequence after branching off from the jawless 

vertebrate lineage. This finding is consistent with the previous study that performed comparative 

misexpression analysis of chick and amphioxus Sox9 in chick embryos and suggested 

neofunctionalization of the JAD and carboxyl-terminal domain for the elaboration of neural crest 

during chordate evolution (Tai et al., 2016).  

 Targeting a gene of interest with two independent gRNAs and examining phenotypic 

reproducibility and variation has been established as a standard method for performing F0 embryo 

assays using X. tropicalis (Nakayama et al., 2013). Thus, I designed two guide RNAs, sox9-crRNA1 

and sox9-crRNA2, to target the genomic region encoding a carboxyl-terminal portion of the JAD 

(Figures 1a, b). The CRISPR/Cas9 mutagenesis with this sox9-crRNA1 or sox9-crRNA2 is expected 

to generate a composite allele that consists of in-frame insertions/deletions and/or frame-shift 

insertions/deletions, as in previous crispant studies (Mehravar et al., 2019). In the initial experiment, I 

co-injected eGFP mRNA and the duplex guide RNPs (dgRNPs) prepared from Cas9 protein, 

tracrRNA, and the sox9-crRNA1 or sox9-crRNA2 into one-cell stage X. tropicalis embryos. I then 

selected the embryos that gastrulated normally and showed uniform GFP fluorescence at neurula 

stages (stages 15–17) for further analysis. This is because the uniform GFP fluorescence suggests the 
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uniform distribution of the co-injected dgRNPs throughout the embryo body, and previous studies 

have shown that sox9 knockdown in Xenopus using antisense morpholino oligonucleotides (MOs) 

does not inhibit the gastrulation (Lee et al., 2004; Spokony et al., 2002). I cultured the selected 

embryos by tadpole stages (stages 42–45), and randomly picked six individuals from the groups 

injected with sox9-crRNA1 and sox9-crRNA2, respectively, to assess their mutagenesis efficiency. 

The genomic DNA was extracted from each of these manipulated and uninjected tadpoles, then used 

for amplifying the target regions by PCR. In the HMA, most amplicons prepared from tadpoles 

injected with sox9-crRNA1 or sox9-crRNA2 migrated slowly as heteroduplex bands compared to the 

amplicons prepared from uninjected tadpoles, indicating effective disruption of the sox9 target regions 

in the injected tadpoles (Figure 2a).  

 Next, I sequenced the amplicons prepared from sox9-crRNA1- or sox9-crRNA2-injected 

tadpoles. Representative examples of their Sanger sequencing chromatograms show overlaid 

nucleotide sequences in the target regions, indicating the formation of composite alleles with various 

mutations (Figure 2b). The Sanger chromatograms were subjected to the ICE analysis to examine the 

composition of mutated alleles in each crispant quantitatively. Representative examples of the ICE 

analysis outputs show that the targeted alleles contain in-frame deletions, an in-frame insertion, and 

frame-shift mutations, as expected (Figure 2c). The overall indel rates were more than 75% in those 

analyzed tadpoles injected with sox9-crRNA1 (n = 12) or sox9-crRNA2 (n = 11). No significant 

difference was detected in the indel rates of these two sample groups (Figure 2d). 

 

3.2 Defects in neural crest and other tissue progenitor formation in sox9 crispants 

Since both sox9-crRNA1 and sox9-crRNA2 were found to be effective in disrupting the target region 

of sox9, I chose to use the sox9 crispants generated with the sox9-crRNA1 to examine whether they 

fail to form neural crest progenitors as previously shown in Xenopus sox9 morphants (Lee et al., 2004; 

Spokony et al., 2002). Whole-mount in situ hybridization analysis showed that the number of 

embryos normally expressing the neural crest marker snai2 (slug) was significantly decreased in sox9-
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crRNA1-injected embryos (23/25) compared to their uninjected siblings (1/28) at neural plate stages; 

the expression was reduced but remained in 60% (15/25) and was not detected in 32% (8/25) of the 

injected embryos (Figure 3a). I also found that the number of embryos normally expressing the neural 

plate marker sox3 was significantly decreased in the injected embryos (19/21) compared to their 

uninjected siblings (1/23); the expression appeared to be expanded to the neural crest field in 90% 

(19/21) of the injected embryos (Figure 3b). Such altered expression of snai2 and sox3 in sox9 

crispants is consistent with the previously reported gene expression in sox9 morphants (Lee et al., 

2004; Spokony et al., 2002), suggesting that the sox9-crRNA1-mediated genome editing specifically 

disrupted the sox9 locus. 

 In addition to snai2 and sox3, I examined the effects of the genome editing on the expression of 

sox9. The number of embryos showing sox9 expression normally in the neural crest and presumptive 

otic placode was significantly decreased in sox9-crRNA1-injected embryos (56/60) compared to their 

uninjected siblings (3/71) at the neural plate stages; the expression was reduced but remained in 84% 

(50/60) and was not detected in 10% (6/60) of the injected embryos (Figure 3c). When examined at 

tailbud stages, the number of embryos showing normal sox9 expression in the tissues, including 

pharyngeal arches, otic vesicle, eye, and brain, was significantly decreased in the injected embryos 

(11/12) compared to their uninjected siblings (0/15); the expression was reduced but remained in 92% 

(11/12) of the injected embryos (Figure 3d). The observed reduction of sox9 expression could be 

caused by nonsense-mediated decay (NMD) of mRNAs transcribed from the targeted alleles with 

nonsense or frame-shift mutations, and such NMD could result in down-regulation of the auto-

activation mechanism mediated by direct binding of Sox9 protein to the sox9 promoter (Mead et al., 

2013; Parain et al., 2022; Zeng et al., 2002). The remaining sox9 transcripts detected in the injected 

embryos may contain mRNAs transcribed from the untargeted wild-type alleles and/or the targeted 

alleles with missense or in-frame small deletions. 

 



 13 

3.3 Syndromic phenotype of sox9 crispants including jaw, gills, inner ear, heart, gut, and lung 
defects 

The tadpoles injected with sox9-crRNA1 exhibited various defects in the jaw, gills, inner ear, heart, 

and gut at stages 42–45. The jaw and gill defects were manifested as the formation of an inwardly 

concave mouth (Figure 4a) and a decrease in the gill cavity (Figure 4b, upper panels). Whole-mount 

Alcian blue-staining of the tadpoles revealed that the jaw and gill defects were associated with 

hypoplasia of the cranial cartilages. The upper jaw (palatoquadrate) cartilages were deformed, the 

lower jaw (Meckel's) cartilages were bent inward, and the ceratohyal cartilages were bent inward and 

reduced. The branchial/gill cartilages were reduced but not so severely deformed compared to the jaw 

cartilages (Figure 4b, lower panels) (MacKenzie et al., 2022; Sadaghiani & Thiébaud, 1987). 

Transverse sections of the representative tadpoles stained with Alcian blue and Mayer's hemalum 

solution showed a decrease in palatoquadrate, ceratohyal, and branchial chondrocytes lining the 

deformed buccal cavity compared to uninjected tadpoles (Figure 4c). Fifteen percent of the tadpoles 

injected with sox9-crRNA1 exhibited the jaw and gill defects without apparent defects in the inner 

ear, heart, or gut (n = 73, classified as Category 1 (CA1) in Figures 4h, i). It is noted that I classified 

phenotypes of the analyzed tadpoles into five categories (CA1–5, Figure 4i) since the tadpoles 

injected with sox9-crRNA1 or sox9-crRNA2 showed specific combinatorial patterns of tissue defects. 

The inner ear defects were identified by the loss or reduction of otoliths (Figure 4d, middle panels). 

Eleven percent of the sox9-crRNA1-injected tadpoles exhibited not only the jaw and gill defects but 

also such inner ear defects without apparent defects in the heart or gut (classified as Category 2 (CA2) 

in Figures 4h, i). The heart defects were macroscopically identified by the reduced ventricular size 

and abnormalities in the blood outflow through the truncus arteriosus (Figure 4e, Supplementary 

Movie 1). Transverse section analysis revealed that, as in Sox9 knockout mice, the accumulation of 

extracellular matrix in their endocardial cushion of the outflow tract (cardiac jelly) was severely 

reduced in such injected tadpoles compared to uninjected tadpoles (Figure 4f) (Akiyama et al., 2004; 

Lee & Saint-Jeannet, 2009). Nineteen percent of the sox9-crRNA1-injected tadpoles exhibited heart 

defects in addition to the jaw, gill, and inner ear defects (classified as Category 3 (CA3) in Figures 4h, 

i). The gut defects were also macroscopically identified by the misorientation and loose coiling 
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compared to the gut of uninjected tadpoles (Figure 4e). Transverse section analysis revealed that the 

intestinal lumen was reduced in such injected tadpoles compared to uninjected tadpoles (Figure 4g). 

Twenty-six percent of the sox9-crRNA1-injected tadpoles exhibited gut defects in addition to the jaw, 

gill, inner ear, and heart defects (classified as Category 4 (CA4) in Figures 4h, i). 

 In addition to the defects described above, 12% of the tadpoles injected with sox9-crRNA1 

exhibited a body-bending phenotype (Figure S1, classified as Category 5 (CA5) in Figures 4h, i). 

However, this phenotype was also induced with similar frequency in tadpoles injected with tyr-

crRNA (17%, n = 48), suggesting that it is a nonspecific side effect of the microinjection experiment. 

The remaining tadpoles injected with tyr-crRNA exhibited melanin loss instead of the jaw, gill, inner 

ear, or heart defect as previously reported (83%, n = 48, Figures 4b, d (most right panels), i (bottom 

graph) (Nakayama et al., 2013). By contrast, the tadpoles injected with sox9-crRNA2 exhibited 

phenotypes at the same categories at similar rates as those injected with sox9-crRNA1, demonstrating 

the specificity and reproducibility of the CA 1, 2, 3, and 4 phenotypes in the genome editing 

experiments targeting sox9 (Figure 4i, compare the second and third graphs). The tissue specificity 

and combinatorial features of these phenotypes are reminiscent of the syndromic phenotype involving 

dysplasia of the orthologous tissues and organs in human CD patients (Houston et al., 1983; Mansour 

et al., 2002). 

  

3.4 Phenotype-genotype correlation in sox9 crispants 

The sox9 crispants generated in this study carried mosaic mutations in the targeted region (Figure 2c). 

The sox9 alleles of each crispant contained frame-shift insertions/deletions and/or in-frame 

insertions/deletions, and their composition varied from one crispant to another. To examine a possible 

correlation between the phenotypic severity and the allelic composition, I generated a new set of 

crispants with sox9-crRNA1 (n = 51), classified their phenotypes into the five categories (CA 1–5) at 

the tadpole stages as performed in Figure 4i, and examined their genotypes using the ICE analysis 

tool. The ICE analysis visualized nucleotide sequences of the composite alleles, and calculated the 
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rate of each allele and the total indel rate for each crispant (Figure S2). Based on the results of this 

analysis, I calculated the rates of frame-shift mutations (caused by deletions, insertions, or both 

deletions and insertions), in-frame deletions without any insertions, and other in-frame mutations 

caused by insertions or both insertions and deletions. Representative alignments of predicted JAD 

sequences encoded by the mosaic alleles of CA1 and CA4 tadpoles with the corresponding sequence 

of wild-type Sox9 protein showed that amino acids ranging from E50 to L60 were deleted by in-frame 

deletions without any insertions, and amino acids downstream of T52, F53 or P54 were changed to 

different amino acids or lost by frame-shift mutations (Figure 5a). The alleles with frame-shift 

mutations are expected to be null, as explained in the introduction. The alleles with in-frame deletions 

without any insertions are expected to express Sox9 proteins lacking part of the JAD. Predicting the 

function of other in-frame mutation alleles with insertions or both insertions and deletions is difficult, 

since the ICE analysis tool cannot distinguish the presence or absence of stop codons in the inserted 

sequences (see an example in Figure 2c, the in-frame insertion is shown as "NNN"). Thus, I excluded 

tadpoles carrying such in-frame mutations with insertions for further analysis. I also excluded 

tadpoles with indel rates of less than 70% to reduce the phenotypic impact of individual differences in 

genome editing efficiency. Tadpoles with the CA5 phenotype were also excluded, since the body 

bending phenotype appeared to be induced as a side effect of microinjection experiments, as 

discussed in Figure 4i.  

 I plotted indel ratios and frame-shift mutation ratios of the remaining 30 crispants in a graph, and 

found the formation of two separate groups; the CA 1/2 tadpoles (jaw and gill defects with or without 

ear defects) formed one, and the CA 3/4 tadpoles (jaw, gill, inner ear, and heart defects with or 

without gut defects) formed another one (Figure 5b). These two separate groups were also formed 

when I plotted indel ratios and in-frame deletion ratios of these tadpoles in a graph (Figure 5c). 

Furthermore, statistical analysis detected significant differences in frame-shift mutation ratios and in-

frame deletion ratios between the group of CA 1/2 tadpoles and the group of CA 3/4 tadpoles (Figures 

5d, e). The CA 1/2 tadpoles carry frame-shift mutations in 15–37%, and in-frame deletions in 52–77% 

of their alleles. The CA 3/4 tadpoles have frame-shift mutations in 46–95%, and in-frame deletions in 
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0–35% of their alleles. Thus, it appears that the heart and gut defects mainly depend on the frame-

shift mutations, whereas the jaw, gill, and inner ear defects could be induced not only by the frame-

shift mutations but also by the in-frame deletions.  

 To further examine this possibility, I genotyped the injected tadpoles that exhibited normal 

morphology. I discovered these tadpoles had frame-shift mutations in 0–30% and in-frame deletions 

in 2–16% of their alleles (Figures 5b, c, and S3). These tadpoles suggest that the alleles with frame-

shift mutations do not induce any apparent defects if their ratio is less than those identified in the CA 

3/4 tadpoles and the ratio of in-frame deletions is less than those identified in the CA 1/2 tadpoles, 

supporting the contribution of in-frame deletions to the jaw, gill, and inner ear phenotype. I found that 

the maximum in-frame deletion identified in the CA 1/2 tadpoles was 18 bases (Figure S2, blue 

boxes). The allele carrying this deletion is expected to express Sox9 protein that lacks only six amino 

acids from the JAD (Figure 5a, CA1), which again signifies the importance of this targeted region.  
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4. Discussion 
In this study, I generated sox9 crispants in X. tropicalis to examine whether they show syndromic 

phenotypes similar to those of the human CD patients. The reproducibility and specificity of the 

genome editing experiments were confirmed by comparing the phenotypes resulting from the 

independent injections of two different sox9-crRNAs that show similar genome editing efficiencies 

and those resulting from the injection of tyr-crRNA. The gene expression analysis in the crispants 

generated with the sox9-crRNA1 showed a decrease in expression of the neural crest marker gene and 

expanded expression of the neural plate marker gene at the neural plate stages as previously shown in 

sox9 morphants, again supporting the specificity of the genome editing. The variations in expression 

levels of such marker genes and sox9 appear to reflect the mosaicism of the mutated sox9 alleles, 

which was revealed by the genotyping using the ICE analysis tool.  

 The resulting sox9 crispants showed specific defects in the jaw, gills, inner ear, heart, and gut at 

the tadpole stages. The decreases in sox9-expressing neural crest cells migrating into the pharyngeal 

arches account for the jaw and gill defects associated with the reduction and deformity of the upper 

and lower jaw (palatoquadrate and Meckel's), ceratohyal, and branchial/gill cartilages that are derived 

from the first, second, and remaining posterior pharyngeal arches, respectively (Sadaghiani & 

Thiébaud, 1987). The reduction of sox9 expression in the otic vesicle is consistent with the reduction 

and/or deformity of otoliths in the ear. These phenotypes are quite similar to the phenotype of 

Xenopus sox9 morphants reported by previous studies (Lee et al., 2004; Spokony et al., 2002). 

Regarding the heart and gut, the expression analysis did not detect sox9 expression in the primordia of 

these organs at the tailbud stages. However, previous studies have shown that sox9 is expressed in the 

heart endocardium and gut at the later tadpole stages in Xenopus (Lee & Saint-Jeannet, 2003, 2009). 

Thus, the reduction of sox9 activity in the heart and gut may directly account for the dysplasia of 

these organs in the crispants. No previous studies have reported such heart or gut defects in Xenopus 

sox9 morphants, which may be due to the inefficacy of the morpholino injections in blocking the sox9 

function for heart and gut development. 
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 The phenotype of sox9 crispants recapitulated part of the phenotypes of human CD patients and 

Sox9 mutant mice (Bi et al., 2001; Pritchett et al., 2011). The jaw and gill defects in the crispants are 

orthologous to the micrognathia and laryngomalacia in the human patients and mutant mice. The 

inner ear defects in the crispants, including the deformity or loss of otolith, may correspond to the 

inner ear anomalies in the human patients and in the mice whose Sox9 was conditionally disrupted in 

the otic ectoderm (Barrionuevo et al., 2008; Saint-Germain et al., 2004). The heart defects in the 

crispants, including ventricle dysplasia, reduced cardiac jelly in the outflow tract, and abnormal blood 

outflow, appear to be related to cardiac anomalies with heart failure in the human patients and Sox9-

null mice (Akiyama et al., 2004; Houston et al., 1983). The gut defects in the crispants, including the 

intestinal lumen dysplasia, may be related to the intestinal crypt hyperplasia in the mice whose Sox9 

was conditionally disrupted in the intestinal epithelium (Bastide et al., 2007). In addition to the 

defects described above, I revealed pronephric defects in tailbud-stage crispants by in situ 

hybridization analysis of a pronephric marker gene, atp1a1, expression (Figure S4, 75% (12/16)), 

though it was difficult to score morphological defects in the pronephros of tadpole-stage crispants 

macroscopically. The observed defects in proximal and/or distal tubule formation may also be related 

to the kidney anomalies of human CD patients, including renal hypoplasia, and the role of mouse 

Sox9 in the nephric epithelial branching (Reginensi et al., 2011). However, I was not able to examine 

whether the sox9 crispants could recapitulate other features of CD patients, such as the limb skeletal 

anomaly, male-to-female sex reversal, and lung and pancreas dysplasia or not. This is because the 

crispant tadpoles were hard to survive until they formed visually detectable limbs, genital structures, 

and lungs (Nieuwkoop & Faber, 1956; Rankin et al., 2015). Possible defects in the pancreas were also 

macroscopically undetectable by the examined stages. Investigation of these potential defects would 

require further elaborate analysis, which is beyond the scope of this study, whose aim was to explore 

the availability of X. tropicalis crispants for modeling the syndromic disease and possible phenotype-

genotype relationships behind its phenotypic variations. 

 The sox9 crispants exhibited the jaw, gills, inner ear, heart, and gut defects with their specific 

combinations classified into CA 1 to 4. The observed combinatorial patterns appear analogous to 
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those caused by the heterozygous mutations in human CD patients. Micrognathia and laryngomalacia 

are common phenotypes of the patients and are often but not always, accompanied by inner ear 

abnormalities (Calvache et al., 2022). Cardiac anomalies accompany these common phenotypes at a 

lower frequency, and intestinal anomalies accompany them as rare cases (Houston et al., 1983). Thus, 

it may be possible to study part of the mechanisms that produce the combinatorial patterns of CD-

related defects in the crispants, without reproducing heterozygous mutations close to those of the 

human patients. 

 The CA 1/2 phenotype (jaw and gill defects with or without inner ear defects), which could be 

induced by the JAD in-frame deletions, is especially interesting in relation to the human patients who 

exhibit micrognathia, laryngomalacia, and hearing impairment but no apparent anomalies in the heart 

or intestine. It has been shown that one of these patients carries a missense mutation (H65Y) in the 

dimerization domain (DIM)-encoding sequence of SOX9, and the resulting mutant protein possesses 

weaker DNA-binding activity compared to the wild-type protein (McDowall et al., 1999). Other 

patients also carry missense mutations (A76E) in the DIM-encoding sequence, and the resulting 

mutant protein fails to activate transcription from chondrocyte-specific enhancers of Col11a2 and 

Col9a2 genes but activates transcription from a testis-specific enhancer of Sf1 (Bernard et al., 2003; 

Sock et al., 2003; Takenouchi et al., 2014). Given the close location of the JAD in-frame deletions 

(around E50 to L60) to these human CD mutations (H65Y and A76E) and the similarity between the 

DIM missense mutation phenotype and the CA 1/2 phenotype, the JAD in-frame deletions possibly 

affected the target gene specificity of the encoded Sox9 protein by modulating its dimerization and 

DNA-binding activity. The in-frame deletions may also have inhibited SUMOylation of the amino 

acid close to the deleted regions (K61, Figure 5a), though the functional importance of this potential 

SUMOylation site has remained unclear (Taylor & LaBonne, 2005). The CA 1 tadpoles with the 

inwardly concave mouth are reminiscent of the lamprey, a jawless vertebrate that expresses a JAD 

region-deficient ortholog (SoxE3) of Sox9 in the first pharyngeal arch, suggesting the importance of 

JAD in the evolution of jawed vertebrates (McCauley & Bronner-Fraser, 2006). Future studies may 
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reveal close relationships between the cranial morphology of the ancestral-type vertebrate and jaw 

defects caused by the JAD mutations. 

 The CA 3/4 phenotype (jaw, gill, ear, and heart defects with or without gut defects) showed a 

critical dependence on the frame-shift mutations in the JAD-encoding sequence that are expected to 

be null. This finding is consistent with the studies that identified nonsense mutations in the JAD-

encoding sequence of SOX9 of human CD patients with severe pleiotropic defects, including 

micrognathia and cardiac anomalies (Calvache et al., 2022). Thus, the phenotype-genotype correlation 

analysis and the previous studies of human CD patients suggest that JAD-specific and DIM-specific 

functions of Sox9 are dispensable for the heart and gut formation but not for the cranial cartilage and 

inner ear formation. Regarding the possible relationship between the severity of a particular 

phenotype and the mutation type, the CA 3/4 tadpoles may have exhibited more severe deformities in 

the jaw and gill cartilages than the CA 1/2 tadpoles. However, I could not detect such quantitative 

differences due to phenotypic variations of the crispants in this study. 

 Since mice carrying heterozygous null mutations in Sox9 exhibit severe respiratory failure and 

die shortly after birth, further analyses of the cardiac and intestinal defects require a series of tissue-

specific conditional knockout mice (Akiyama et al., 2002, 2004; Bastide et al., 2007). By contrast,  

Xenopus sox9 crispants survived until the swimming tadpole stages and exhibited the cardiac and 

intestinal defects together with the jaw, gill, and ear defects. This difference between mice and 

Xenopus can be partially attributed to the use of gills for gas exchange in the tadpoles (Rose & James, 

2013). In this study, such advantage of Xenopus for studying multiple organ/tissue defects and the 

mosaicism in crispant mutations provided us the opportunity to examine the phenotype-genotype 

relationships that have remained unclear in previous CD studies (Meyer et al., 1997). Moreover, the 

jaw dysplasia phenotype of the crispants, which appeared to be caused by the partial truncation of 

JAD, highlights the use of crispants for investigating tissue-specific roles for each functional domain 

included in a single protein, and provides a novel insight into the jaw evolution.  
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Figure 1: The structure of X. tropicalis sox9 and design of crRNAs. (a) Schematic illustration of X. 

tropicalis sox9 gene and the encoded protein containing the jawed vertebrate-specific amino-terminal 

domain (JAD), dimerization domain (DIM), DNA-binding HMG domain, transactivating domain in 

the middle of the protein (TAM), and C terminal transactivation domain (TAC). Amino acid positions 

are numbered. Green and blue arrows indicate sox9-crRNA1 and sox9-crRNA2 targeting the exon 1, 

respectively. (b) An alignment of SoxE family protein sequences (from the amino-terminus to part of 

the HMG domain) from X. tropicalis (Sox9), Mus musculus (Sox9), Homo sapiens (SOX9), Danio 

(a) 
 

(b) 
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rerio (Sox9a), H. sapiens (SOX8), H. sapiens (SOX10), Petromyzon marinus (SoxE1), P. marinus 

(SoxE2), P. marinus (SoxE3), Eptatretus burgeri (Sox9), and Branchiostoma lanceolatum (SoxE). 

Amino acid sequences identical to those of X. tropicalis Sox9 are shaded in gray in the SoxE proteins 

of other species. The JAD, DIM, and HMG domains are boxed in cyan, orange, and light green, 

respectively. Magenta lines indicate amino acids encoded by target nucleotide sequences of a pair of 

PCR primers used to prepare amplicons for genotyping crispants. Green and blue lines indicate amino 

acids encoded by target nucleotide sequences of crRNA1 and crRNA2, respectively. Black triangles 

indicate the range of in-frame deletions identified in Category 1/2 tadpoles (Figure 5a). Accession 

numbers for the sequences used in the alignment: X. tropicalis (Sox9: AAT72000.1); M. musculus 

(Sox9: AAH23953.1); H. sapiens (Sox8: NP_055402.2, Sox9: NP_000337.1, Sox10: NP_008872.1); 

D. rerio (Sox9a: NP_571718.1); P. marinus (SoxE1: AAW34332.1, SoxE2: ABC58684.1, SoxE3: 

ABC58685.1); E. burgeri (Sox9: BAG11536.1); B. lanceolatum (SoxE: CAH1273350.1). 
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 Figure 2: Analysis of genome editing efficiency by sox9-crRNA1 and sox9-crRNA2. (a) HMA of 

target genomic region amplicons prepared from tadpoles injected with sox9-crRNA1 or sox9-

crRNA2. Gel images were generated from electropherograms of the amplicons. The leftmost lane 

indicates molecular markers. "M" at the left of the maker lane indicates the position of internal control 

bands for comparing mobilities of DNA fragments among samples, and numbers indicate the marker 

lengths (bp). Lanes labeled "Uninj." show gel electrophoresis patterns of amplicons prepared from 

uninjected tadpoles, and lanes labeled from 1 to 6 show those of amplicons prepared from sox9-

crRNA1- or sox9-crRNA2-injected tadpoles. (b) Representative Sanger chromatograms of the target 

region amplicons from uninjected tadpoles or tadpoles injected with sox9-crRNA1 or sox9-crRNA2. 

Horizontal black lines and red dotted lines indicate target sequences of the crRNAs and PAM 

sequences, respectively. Black dotted lines and red double-sided arrows indicate cleavage sites and 

the downstream mutated regions predicted by the ICE analysis, respectively. Note that nucleotide 

deletions occurred in part of the cells not only in downstream regions of the cleavage site but also in 

the short upstream regions, as shown in previous CRISPR/Cas9 genome editing studies (Tanouchi et 

al., 2022) (Sieliwonczyk et al., 2023). (c) ICE analysis outputs of the Sanger chromatograms shown in 

(b). Insertion and deletion bases in allelic series of mutations of each tadpole injected with sox9-

crRNA1 or sox9-crRNA2 are shown as "INDEL" with "-" and "+" that indicate deletion and insertion, 

respectively. A percentage of each mutated allele in the total alleles of an individual tadpole is shown 

as a "contribution." Black dotted lines indicate the cleavage sites predicted by the ICE analysis. 

Nucleotides identical to those of uninjected tadpoles are shown as A, G, C, or T, and inserted 

nucleotides are shown as N in the alignments. The ICE analysis tool does not align sequences 

downstream of inserted sequences. Frame-shift: frame-shift mutation. In-frame del.: in-frame 

deletion. In-frame ins.: in-frame insertion. (d) A box-and-whisker plot showing indel percentages 

calculated by the ICE analysis for tadpoles injected with sox9-crRNA1 or sox9-crRNA2 as dots. In 

each sample group, horizontal lines indicate the minimum, first quartile, median (Med.), third 

quartile, and maximum values, respectively, from bottom to top. The unpaired t-test indicated no 

significant difference (n.s.) in the indel ratios between the sox9-crRNA1- and sox9-crRNA2-injected 

tadpoles. Samples shown as representative cases in (b) and (c) are marked red in the graph. 
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Figure 3: Expression analysis of neural crest, neural plate marker genes, and sox9 in sox9 

crispant embryos. (a) Dorsal views of uninjected and sox9-crRNA1-injected neurula embryos (stages 

15–16) hybridized with snai2 probe. White triangles indicate expression signals of snai2 in the neural 

crest cells. Expression patterns were classified into "normal," "reduced," or "absent," and scoring 

results were summarized in a bar graph. (b) Dorsal views of uninjected and sox9-crRNA1-injected 

neurula embryos (stages 15–16) hybridized with sox3 probe. White double-sided arrows indicate the 

widths of the sox3-expressing neural plate. Expression patterns were classified into "normal" and 

"expanded," and scoring results were summarized in a bar graph. (c) Dorsal views of uninjected and 

sox9-crRNA1-injected neurula embryos (stages 15–16) hybridized with sox9 probe. White triangles 

indicate expression signals of sox9 in the neural crest cells. Expression patterns were scored and 

summarized in a bar graph as in (a). (d) Lateral views of uninjected and sox9-crRNA1-injected tailbud 

embryos (stages 34/35) hybridized with sox9 probe. White, magenta, gray, and yellow triangles 

indicate pharyngeal arches, otic vesicles, eye, and brain, respectively. Expression patterns were 

classified into "normal" and "reduced," and scoring results were summarized in a bar graph. In all 

cases, the data were statistically analyzed using the Fisher's exact test (****p < 0.0001). The number 

of analyzed embryos is shown in the graph. Scale bars indicate 50 µm. Representative embryos are 

shown for each probe. 
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Figure 4: Syndromic defects in sox9 crispant tadpoles (a-c). a) Frontal views of an uninjected 

tadpole and a representative sox9-crRNA1-injected tadpole with the Category 1 (CA1) phenotype 

(refer (h) for the phenotypic classification; Upper panel: tadpole stage and lower panel: froglet). 

Magenta dotted lines delineate their mouth openings, and a magenta arrow indicates jaw deformity in 

the injected tadpole. The lower haw deformity at froglet stage of an uninjected and representative 

sox9-crRNA1 injected is shown in lower panel. In lower panel, the lower jaw defect at froglet stage is 

indicated with pink arrow.(b) Ventral views of an uninjected tadpole, a representative sox9-crRNA1-

injected tadpole exhibiting jaw, gill, and inner ear defects without apparent defects in other organs 

(Category 2 (CA2)), and a representative tyr-crRNA-injected tadpole with the albino phenotype, 

along with a schematic ventral view of the craniofacial cartilages of a tadpole. The upper panels are 

bright-field images, with red, purple, and green triangles indicating Meckel's, ceratohyal, and 

branchial cartilages, respectively. Palatoquadrate cartilages are unclear in the bright-field images. The 

lower panels are images of Alcian blue-stained tadpoles, where blue, red, purple, and green lines 

delineate palatoquadrate, Meckel's, ceratohyal, and branchial cartilages, respectively, in the left side 

of the bodies. (c) Transverse sections of an uninjected tadpole and a representative sox9-crRNA1-

injected tadpole with the CA2 phenotype. In both image sets of the uninjected and injected tadpoles, 

the left panels show cross-sections through anterior to the eyes, and the right panels show cross-

sections through the eyes. Lower panels are high-magnification images of the area enclosed by the 

squares in upper panels. Vp: velar plate. Colored triangles indicate the cartilages as in (b). Chondrocytes 

were stained in turquoise with Alcian blue.  
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Figure 4: Syndromic defects in sox9 crispant tadpoles (d-i). (d) Dorsolateral views of the inner 

ears of an uninjected tadpole and representative sox9-crRNA1-injected tadpoles with the CA2 

phenotype, and tyr-crRNA-injected tadpole. Blue circles indicate otoliths formed in the ear vesicles. 

(e) Ventral view of an uninjected tadpole and a representative sox9-crRNA1-injected tadpole 

exhibiting heart and gut defects in addition to the jaw, gill, and inner ear defects (Category 4 (CA4)), 

and a schematic diagram of a tadpole heart. Magenta and black arrows indicate the heart and gut, 

respectively. Black lines delineate the heart shape in both tadpoles. Oft: outflow tract, Vt: ventricle. 

(f) Transverse sections through the hearts of an uninjected tadpole and a representative sox9-crRNA1-

injected tadpole exhibiting heart defects in addition to the jaw, gill, and inner ear defects (Category 3 

(CA3)). Lower panels are high-magnification images of the area enclosed by the squares in upper 

panels. Green and black triangles indicate the branchial cartilages and the lumen of outflow tracts, 

respectively. Note that Alcian blue-stained chondrocytes in the branchial cartilages and cardiac jelly 

in the outflow tract lumen were severely reduced in the sox9-crRNA1-injected tadpole compared to 

the uninjected tadpole. (g) Transverse sections through the intestines of an uninjected tadpole and a 

representative sox9-crRNA1-injected tadpole with the CA4 phenotype. Lower panels are high-

magnification images of the area enclosed by the squares in upper panels. Black arrows indicate the 

intestines. The columnar epithelium facing the lumen (Lu) is visible and externally surrounded by the 

serosa (Se). The columnar epithelium was thickened, and the lumen was severely reduced in the sox9-

crRNA1-injected tadpole compared to the uninjected tadpole. Scale bars indicate 100 µm in (a), (c), 

(d), (f), and (g). (h) Phenotypic classification of tadpoles injected with sox9-crRNA1 or sox9-

crRNA2. The defective phenotypes observed were classified into six categories, CA1 (jaw and gill 

defects only), CA2 (jaw, gill, and inner ear defects only), CA3 (jaw, gill, inner ear, and heart defects 

only), CA4 (jaw, gill, inner ear, heart, and gut defects), and CA5 (body bending with or without other 

defects). The "J/Gi," "IE," "H," "Gu," and "B" indicate jaw and gill, inner ear, heart, gut, and body 

bending defects, respectively. The "+" and "-" indicate the presence and absence of these defects in 

each phenotypic category, respectively. (i) Macroscopic scoring results of phenotypes classified into 

normal, CA 1 to CA5, and albino in uninjected, sox9-crRNA1-injected, sox9-crRNA2-injected, and 

tyr-crRNA-injected tadpoles at stages 42-45. Tadpoles exhibiting partial or complete pigment loss 
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without any other apparent defects were scored as albinos in the group of tyr-crRNA-injected 

individuals. The number of analyzed embryos is shown in each graph. 
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Figure 5: Phenotype-genotype correlation in sox9 crispants. (a) Amino acid sequences encoded by 

the mosaic sox9 alleles of representative CA1 and CA4 tadpoles. The sequence deduced from each 

allele is aligned with the corresponding sequence of wild-type Sox9. Amino acids identical to those of 

the wild type were shaded in gray.  Amino acids deleted in the in-frame deletion alleles are indicated 

by "-". Amino acids deleted in the frame-shift alleles are indicated by either "X" (stop codon) or 

empty spaces. Asterisks indicate frame-shift alleles whose stop codons locate downstream of the 

aligned regions. A percentage of each mutant allele in the total alleles of an individual tadpole is 

shown. A green line indicates amino acids encoded by the target nucleotide sequence of crRNA1. 

Cyan and magenta triangles indicate the ranges of in-frame deletions and frame-shift starting points 

identified in all the tadpoles used for the phenotype-genotype correlation analysis (not just these 

representative tadpoles), respectively. A white triangle indicates a potential SUMOylation site (Taylor 

& LaBonne, 2005). The ICE analysis outputs used for generating these amino acid sequence 

alignments are shown in Figure S2. (b) Relationships between indel ratios and frame-shift mutation 

(insertion and deletion) ratios in mosaic alleles of sox9-crRNA1-injected tadpoles. (c) Relationships 

between indel ratios and in-frame deletion (without any insertions) ratios in mosaic alleles of sox9-

crRNA1-injected tadpoles. Data for Category 1 - 4 (CA1 - CA4) tadpoles and the injected tadpoles 

with normal morphology are plotted with the color codes shown in the bottom. Dotted circles indicate 

groups of the CA1 and CA2 tadpoles, CA3 and CA4 tadpoles, and tadpoles with normal morphology. 

(c) A box-and-whisker plot shows frame-shift mutation ratios in mosaic alleles of CA1 and CA2 

tadpoles (CA1/2) and those of CA3 and CA4 tadpoles (CA3/4) as dots. (d) A box-and-whisker plot 

shows in-frame deletion ratios in mosaic alleles of CA1 and CA2 tadpoles (CA1/2) and those of CA3 

and CA4 tadpoles (CA3/4) as dots. In each sample group, vertical lines indicate the minimum, first 

quartile, median (Med.), third quartile, and maximum values, respectively, from left to right. The data 

were statistically analyzed using the unpaired t-test (****p < 0.0001). 
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Supplementary Figure S1. Representative crispant tadpoles exhibiting the Category 5 

phenotype. Dorsal and ventral views of tadpoles injected with sox9-crRNA1 (upper panels), sox9-

crRNA2 (middle panels), or tyr-crRNA (bottom panels). Representative cases exhibiting Category 5 

phenotype are shown. Triangles indicate bent parts of their bodies. Note that part of the Category 5 

tadpoles injected with sox9-crRNA1 or sox9-crRNA2 exhibited cranial defects, whereas the Category 

5 tadpoles injected with tyr-crRNA exhibited a melanin loss phenotype. 
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Supplementary Figure S2. Representative outputs of ICE analysis in sox9 crispants with 

Category 1 - 4 phenotype. Insertion and deletion bases in allelic series of mutations of each tadpole 

are shown as "INDEL" with "-" and "+" that indicate deletion and insertion, respectively. A 

percentage of each mutated allele in the total alleles of an individual tadpole is shown as a 
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"contribution." Indel, frame-shift mutation (deletion and insertion), and in-frame deletion mutation 

ratios were calculated with the percentages of these alleles. Black dotted lines indicate the cleavage 

sites predicted by the ICE analysis. Nucleotide sequences identical to those of uninjected tadpoles and 

insertion sequences are indicated by "A, G, C, T" and "N," respectively, in the alignments. Blue boxes 

indicate the maximum in-frame deletions identified in the Category 1/2 tadpoles. The top and bottom 

data were used to generate amino acid sequence alignments shown in Figure 5a. 
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Supplementary Figure S3. Representative outputs of ICE analysis in sox9 crispants with normal 

morphology. Two representative data are shown with dorsal views of the tadpoles. Indel, frame-shift 

mutation (deletion and insertion), and in-frame deletion mutation ratios were calculated as in Figure 

S2. 
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Supplementary Figure S4. Pronephric defects in sox9 crispants. Lateral views of uninjected and 

sox9-crRNA1-injected tailbud embryos (stages 35/36) hybridized with atp1a1 probe, with bar graphs 

summarizing scoring results of its expression patterns. Magenta and yellow arrows indicate proximal 

and distal tubule defects, respectively. The defects detected by atp1a1 expression in the crispants 

were classified into "normal," "proximal tubule (PT) defect," and "proximal tubule (PT) and distal 

tubule (DT) defects" for the scoring. The data were statistically analyzed using the chi-square test 

(****p < 0.0001). 
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