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Abstract

The completion of channel catfish genome sequencing provides a possibility of performing
comparative genome studies. The comparative genome study between scaleless channel catfish
and armor-scaled (bony dermal plate) catfish, such as common pleco (Pterygoplichthys
pardalis) and striped Raphael catfish (Platydoras armatulus) reveal one gene namely osteocrin
(ostn) was absent from channel catfish genome but present in armored-scale catfish genome.
Additional BLAST analysis indicated that the osteocrin, however, was found in several scaled
fishes, but was absent in the scaleless fish genome, suggesting that it could be a potential
candidate gene involved in scale development, but detailed analysis of the status of ostn in
various fishes has not been conducted. This initial observation is in line with the known
functions of osteocrin in the development of calcified tissues such as bone. In this work, we
conducted extensive comparative genome analysis to validate the correlation of the presence
osteocrin with scaled fishes, and the absence of osteocrin with scaleless fishes. We found scaled
fish model in phylogeny tree clustered based on their scale types: placoid, ganoid, cosmoid,
elasmoid, and dermal bony plate, respectively. Next, we determined the expression patterns of
the osteocrin genes during scale regeneration in common carp. Finally, we conducted a knockout
experiment using CRISPR/Cas9 system to determine the phenotypes of osteocrin knockouts in
zebrafish as the model. The disruption of ostn resulted in a number of phenotype defects,
including pigment dispersion, imperfect operculum and asymmetrical gill rakers, bone
deformities, slow scale growth, and partial scale lost on the heterozygous mutant zebrafish.
Keywords: osteocrin, genome comparative, scale regeneration, CRISPR/Cas9
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I. INTRODUCTION

Catfish are valuable resources for comparative study because of their morphologic
variance. They comprise 12% of all teleost species and 6.3% of all vertebrates which means
includes over 4,100 species belong to order Siluriformes (Wilson 2005; Sullivan, 2006; Liu,
2016). Catfish are worldwide distributed with high diversity suggesting a great interest in
evolutionary studies (Sullivan 2006; Moyle 2004). In the United States, channel catfish are the
most cultured fish species accounting over 60% of aquaculture production (Liu 2016). Several
other catfish are important for aquaculture in other parts of the world, especially in Southeast
Asia including the walking catfish (Clarias batrachus), pangasius (Pangasius pangasius), and
basa catfish (Pangasius bocourti). Biologically, they are characteristic of two prominent
features: 1) They have very prominent whisker-like barbels that led to their naming as the
catfishes; and 2) For the most part, their bodies are naked without scales. However, barbelless
catfish and scaled catfish do exist, making them ideal natural models for the analysis of
evolutionary courses leading to such characters. For instance, channel catfish is scaleless,
whereas common pleco (Pterygoplichthys pardalis) and striped Raphael catfish (Platydoras

armatulus) harbor armored scales.

Comparative genomics is a valuable tool to determine the genomic basis for the
similarities and differences between related species (Wei, 2002). The completion of channel
catfish genome sequencing provides a possibility of performing comparative genome studies
(Jiang, 2013; Geng, 2015; Liu 2016). In the previous study, comparative genome study between

scaleless channel catfish and armor-scaled (bony dermal plate) catfish was performed, such as
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common pleco (Pterygoplichthys pardalis) and striped Raphael catfish (Platydoras armatulus)
(Liu 2016). A total 93 genes in common pleco and 91 genes from Raphael catfish were not found
in the channel catfish genome sequences. In another side, a total of 169 armor-scaled catfish-
specific genes were identified, after subtraction of the 17 genes that overlapped between the two
armor-scaled catfishes, which were absent from the scaleless channel catfish (Zhang 2014). One
possibility for the absence of these genes is that the genome sequencing of channel catfish may
have been incomplete, but quality assessment did not provide strong support for this possibility.
Among the 169 armor-scaled catfish-specific genes, two genes were annotated as functional
genes related to bone or scale formation, pitchfork protein (pifo) and osteocrin-like gene (ostn)
(Zhang 2014). Additional BLAST analysis indicated that the pitchfork protein gene actually was
found also missing from some scaled fish species such as tilapia, suggesting that it may not be
uniquely correlated with the status of scales among fishes (Zhang 2014). Osteocrin, however,
was found in all scaled fishes, but was absent in the scaleless channel catfish genome, suggesting
that it could be a potential candidate gene involved in scale development, in addition to secretory

calcium-binding phosphoprotein.

Osteocrin gene (ostn), also described as musclin, is a skeletal muscle-derived factor (Liu,
2008). It is not homologous to any known gene except for two conserved sequence motifs
reminiscent of dibasic cleavage regions found in peptide hormone precursors (Thomas, 2003). It
is expressed in the skeletal tissue, especially in osteoblasts and young osteocytes at bone forming
sites (Bord, 2005), suggesting its roles in bone formation (Moffatt, 2007; Bord 2005; Thomas
2003). Ostn was very recently found to be involved in cranial osteogenesis and chondrogenesis
in zebrafish (Chiba, 2017). The limited number of studies provided strong evidence of ostn

involvement in osteogenesis and bone formation. Our findings that it is present in armor-scaled
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catfishes but absent from channel catfish suggested its potential as a candidate gene for scale
development as well, but detailed analysis of the status of ostn in various fishes has not been
conducted. In this work, an extensive comparative genome analysis was conducted to validate
the correlation of the presence osteocrin with scaled fishes, and the absence of osteocrin with
scaleless fishes. The scaled fish model in phylogeny tree was found to be clustered based on their
scale types: placoid, ganoid, cosmoid, elasmoid, and dermal bony plate, respectively. Next, the
expression patterns of the osteocrin genes during scale regeneration was determined in common
carp, and finally, a knockout experiment using CRISPR/Cas9 system was performed to
determine the phenotypes of osteocrin knockouts, providing evidence that osteocrin is involved

in bone development as well as in scale development.



Il. LITERATURE REVIEW

Genome comparative study
The genome sequence provides fundamental resources for the comparative analysis.

Since 2007, the next generation sequencing generating multiple draft genome sequence which
blows up in more genome comparative studies (Hu, 2011). Genome comparative study is a
comprehensive method to study the similarities and differences between two or more genomes
and transcriptomes (Wei 2002). The goal of comparative itself is valuable to understanding the
evolutionary process and identifying conserved genes among the species including the unique
genes which correlated to specific trait or phenotypes (Touchman 2010). The features of genome
used for comparative study including the genome size, chromosome number, DNA sequence,
genes order, functional regions, and others structural information (Brown, 2002; Touchman,
2010). The principle of genome comparative starts by making several alignments between the
genome sequence to find the orthologous sequence which simply derived from same common
ancestry (Ellegren, 2008). Through these results, we can define most of the genome features to
reveal the evolutionary stages between the species at molecular level along with the predicted
functional sequence of genes. In addition, genome comparative recently become standard
analysis in assessing the completeness of newly genome sequence (Koonin 2003; Veeckman,

2016).

Genome comparative analysis using multiple sequences from close related species
expand precisely the objectives of comparative genomics itself (Gumucio, 1992; Kumar, 2007;
Hardison 2003). Catfish are valuable resources for comparative study because of their

morphologic variance. They comprise 12% of all teleost species and 6.3% of all vertebrates



which means includes over 4,100 species belong to order Siluriformes (Sullivan 2006; Liu
2016). Catfish are worldwide distributed with high diversity suggesting a great interest in
evolutionary studies (Sullivan 2006; Moyle 2004). In the United States, channel catfish are the
most cultured fish species accounting over 60% of aquaculture production (Liu 2016). Major
genetic enhancement program has been developed for catfish in recent years through selective
breeding (Dunham 1984; Dunham 2006) and genomic resources (Liu 2011). The completeness
of whole genome sequence in channel catfish provide possibilities for conducting genome

comparative study with other teleost species.

Osteocrin gene
Osteocrin gene (ostn), also described as musclin, is a skeletal muscle-derived factor (Liu

2008). Osteocrin gene generates 943 bp mRNA encoding 143 aa with molecular weight 14.8 kDa

in zebrafish (http://www.ensembl.org/index.html). It is only homologous to two conserved

sequence motifs reminiscent of dibasic serine protease cleavage sites (KKKR and KRR) found in
peptide hormone precursors (Thomas 2003). Osteocrin also has NPs motif which is concluded to
belong to NP family even though it lacks cysteine residues which conserved among the NP such
as an atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and type-C natriuretic
peptide (CNP) (Potter, 2006; Chiba 2017). The ostn role as NPRC (NPR3) specific ligand which
blockage the CNP access in chondrocytes (Moffatt 2007; Chiba, 2016). However, osteocrin has
not been identified in the puffer fishes Tetraodon nigroviridis and Fugu rubripes (Moffatt 2007)

and channel catfish (Zhang 2014).

Osteocrin is expressed in the skeletal tissue, especially in osteoblasts and young
osteocytes at human bone forming sites (Bord 2005), suggesting its roles in bone formation

(Moffatt 2007; Bord 2005; Thomas 2003). The Ostn was very recently found to be involved in
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cranial osteogenesis and chondrogenesis in zebrafish (Chiba 2017). The peak expression of ostn
is observed right after birth and decrease in older mice (Thomas 2003), again suggesting ostn as
a marker of early osteoblast forming (Bord 2005). The presence of ostn seem leads the
mineralizing process in the bone tissues (Lanctot, 2007). The overexpression of ostn resulting
elongated bone by elevated the cyclic guanosine monophosphate (cGMP) (Thomas 2003). The
administration of human ostn increased the rat bone mass (Thomas 2003). On the contrary, the
loss function of ostn provides a possibility CNP to bind with NPRC resulting a decrease in the

osteogenesis (Chiba 2017).

Figure 1. Ostn block the NPR-C clearance thus elevating the NPs in the bone. The NPs activities
in the skeleton are determined by the distribution of CNP in the signal mediating NPR2 (GC-B)
and the NPR3 (NPR-C) clearance receptor. The presence of ostn, block the CNP binding process
to NPR3 which increase binding of CNP to the NPR2 resulting an increase of cGMP production,
leads to downstream effect of NP and thus leads to bone development (derived from Thomas

2003)
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In addition, the cyclic guanosine monophosphate (cGMP) has been reported in associated
with pigment aggregation in freshwater shrimp (Ribeiro, 2009). The GMP works in recyprocal
manner with cyclic aenosine monophosphate (CAMP), both are members of cyclic nucleotide
(Hartzell, 1986; Thibault, 1996). The cAMP is known involved in calcified tissues, including

bone (Tintut, 1998), fish skin (Oshima, 2001), and chromatophores (Kotz, 1994).

Fish Scale
Scale (Latin squama, Greek lepid), in zoology, is defined as a small, plate like tissue

grow out of the skin which provides protection in animal

(http://www.newworldencyclopedia.org/). These structures commonly emerge from dermal-

epidermal integument site in fish, reptiles, birds, and several mammals (Chang, 2009; Chuong,
2000; Alibardi, 2004). Most of reptile, fish, and other vertebrates skin covered with scale or
scutes, while amphibians have unique dermal scales which are flat within the dermis
(Vickaryous, 2009). In mammals, for example, the mouse has a scale on the tail, and Malayan
pangolin has scales on almost all their body surface provide a perfect protection (Gomez, 2013,
Meyer, 2013). In birds, the scales emerge on their legs and has some similarity structure
resembled in modern crocodile scales (Wu, 2004; Dhouailly 2009). The most probable and
unique model for studies is the scale appeared in reptile and teleost (Takagi, 2007; Chang 2009).
The study of scales included development, evolution, structure, regeneration in associated with
teeth, feather, hair, skin, skeletal muscle, fin, gill, bone, and the cranial bone itself (Harris, 2008;

Rohner, 2009; Dhouailly 2009; Chang 2009; Chiba 2017).

The fish scale arises from the integumentary system (Vickaryous, 2009). Like other
vertebrates, the fish integument consisting two main part, the inner dermis and the outer

epidermis layer (Elliott, 2011). The epidermis consists of several layers of epithelium generated
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from ectoderm part of the embryo (Tingaud-Sequeira, 2006; Xu, 2013). The cellular element of
the most fish epidermis is the epithelial cell (Xu, 2013). In another side, the dermis is located at
the deep inner layer of integument and generated from embryonic mesenchyme of mesodermal
(Elliott, 2011). The dermis consists of fibrous tissues made from collagen protein which is also
resembled by nerves, pigment cells, and adipose tissue (Vickaryous, 2009). The scales are

growing initially from dermis layer (Sire, 1997).

Fish scale creates a significant part of the dermal skeleton of teleost fishes as it is the
most observable tissue morphologically along the skin with several types (Gil-Duran, 2016). Fish
scale has several functions, such as provide protection for them especially on dermal layer by
providing hard layer (Quilhac, 1999) or by adjusting the coloration; a barrier between the species
(Vieira, 2011), the environment, and against pathogen (Chai, 2010); moisture retention;
movement agility; a source of minerals and nutrient (Palmer, 2008; Scharer, 2012; Niu, 2014;
Sire 2003), and provide insight into dental-teeth evolution (Sasagawa, 2013). The fish scale has
many types, four at least, such as placoid, ganoid, leptoid, and cosmoid which are classified by
Louis Agassiz (Wake, 1992). Leptoid also was known as elasmoid scale included cycloid and
ctenoid scale types (Elliott, 2011). Each of fish scale type has its unique characteristic. The
placoid, also known as odontodes, is the scale belong to cartilaginous fish such as rays, chimeras,
and shark (Brazeau, 2014; Lim, 2015). The placoid scale in the shark is physically homologous
to the vertebrate denticle which also constructed by central pulp cavity, a structure of living
connective tissue supplied by the blood vessels, cover by dentin dermal layer and transparent
enameloid (Sasagawa, 2013). The ganoid scale is the ancestor of the most modern bony fish
which still could observe in some primitive ray-finned fish (Elliott, 2011). The ganoid scales

which was shown in the spotted gar (Lepisosteus oculatus), based on genetic and fossil evidence,
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were homologous with the enamel in mammalians and others vertebrate (Qu, 2015). The
elasmoid scale is found in most of the modern teleost, the bony fish (Vickaryous 2009). These
scales are a lack of dentin and ganoin. Elasmoid scales grow continuously throughout the fish

life indicated by circuli mark extent in distance and number (Elliott 2011).

Identification of genes involved in scale development and regeneration through genomics
analysis will be useful for understanding the scale evolution in teleost (Costa, 2017). The fish
species become a valuable model to provide insight of scale evolution and development (evo-
devo) of skeletal elements including scale (Liu, 2016). Fish scale removal includes the loss of the
skin, epidermal cells, and scales (Vieira, 2011). The skin wounds in fish quickly will cover by
mucus and re-epithelization from the wound margin follow within a few hours (Quilhac, 1999;
Iger, 1990). Furthermore, in a few weeks a new mature scale is completely re-formed (Obhira,
2007; Bereiter-Hahn, 1993). This regeneration has been separated into four steps; beginning with
the differentiation of scale-forming cells (2 days), continued by a formation of external layer
matrix (3 days), the formation of the basal-plate matrix (6-14 days) and lastly mineralization of
the plate (14-28 days) (Ohira, 2007). Most of the experiments on fish scale development and
regeneration have done on morphology (Le Guellec, 2004; Sire, 2004) or focused on single gene
studies. For example, some studies have revealed the function of esr2a, apoeb, edar, fgfr, Tcf7,
and scpp in associated with scale formation and evolution (Table 1). In zebrafish and most of the
teleost, the dermal skeletal including scale is formed in late post-embryonic periods (Harris,

2008).



Table 1. Genes involved in scale evolution, development, and regeneration in teleost.

Name of gene Gene Fish Main Biological effect Reference
symbol model
sonic hedgehog | shh Zebrafish | Involved in scale morphogenesis | (Sire 2004)
and differentiation (epidermal
fold in posterior region)
estrogen esr2a Zebrafish | Involved in fin and scale (Tingaud-Sequeira
receptor 2a development and regeneration 2006)
Sea bream
apolipoprotein apoeb Zebrafish | Involved in fin and scale (Vieira 2011)
Eb development
ectodysplasin- eda Zebrafish | Effect on fin, scale, teeth, and | (Kondo, 2001;
A-(receptor ill rackers
( ptor) edar g Harris, 2008)
fibroblast fofr Zebrafish | Involved in partial scale lost (Rohner, 2009)
growth  factor Mi
receptor Irror
carp
calcium binding | scpp common Involved significantly in scale (Liu 2016)
phosphoproteins carp regeneration

Genome editing CRISPR/Cas9

Latest advances in the targeted alteration of diverse eukaryotic genomes have revealed a new era
of genome editing (Hsu, 2014). Clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated (Cas) system has become efficiently targeted mutagenesis method
in zebrafish. CRISPR/Cas9 has some advantages compared to TALENs and ZFNs methods in
generating stable mutant, such as easy to use, simple design process and could target multiple
genes (Varshney, 2015). Resulted from parts of a bacterial immune system, the CRISPR-Cas9
system allows targeted gene division and gene editing in a diversity of eukaryotic cells, and

because the endonuclease division specificity in CRISPR-Cas9 system is directed by RNA
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sequences, editing can be guided to nearly any genomic locus by modifying the guide RNA
sequence and directing it besides with the Cas endonuclease to the target cell (Doudna 2014).
The CRISPR-Cas9 has huge future in widespread practices such as gene therapy, stem cell, plant
and animal disease models, and disease-resistant transgenic (Sander, 2014). The CRISPR-Cas9
system is formed of a short non-coding guide RNA (gRNAS) that has two molecular elements: a
target-specific CRISPR RNA (crRNA) and a trans-activating crRNA (tracrRNA) (D'Agostino
2016; Hwang, 2013). The gRNA unit directs the Cas9 protein to a precise genomic locus via
base pairing between the crRNA sequence and the target sequence. In bacteria, CRISPR loci are
formed of a series of repeats divided by parts of exogenous DNA in ~30 bp in length, called
spacers (Irion 2014; Moreno-Mateos 2015). The repeat-spacer array is transcribed as a long
precursor and processed within repeat sequences to derive small crRNAs that denote the target
sequences (known as protospacers) division by Cas9 protein, the nuclease element of CRISPR
system (Hsu 2014; Paix, 2015). CRISPR spacers are later used to identify and silence exogenous
genetic parts at the DNA level (Mali, 2013). Crucial for the division is a three-nucleotide
sequence motif directly downstream on the 3’ end of the target region which is known as the
protospacer-adjacent motif (PAM) (Pyne, 2016; Liang, 2016). The PAM is appeared in the target
DNA, but not the crRNA that targets it (Liu 2016). Furthermore, after binding to the target
sequence, the Cas9 protein causes a specific double-strand break (Ding, 2016). Following DNA
cleavage, the break is fixed by cellular repair machinery via non-homologous end joining
(NHEJ) or homology-directed repair (HDR) mechanisms (Maruyama, 2015; Vartak, 2015). With
target specificity determined by a very short RNA-coding region, the CRISPR-Cas9 system

significantly facilitates genome editing (D’ Agostino, 2016; Moreno-Mateos 2015; Hwang 2013).
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The zebrafish is an ideal model for functional genomics analysis (Meeker 2007). The
strength point of the zebrafish model lies in its evolutionary association to mammalians, such as
human and mice, and invertebrate model system (Lieschke, 2007). The zebrafish also carries
many advantages over the mouse, due to its non-mammalian features (Ota, 2014; Yu, 2014).
Because zebrafish reproduce by external fertilization, all levels of zebrafish embryogenesis are
possible to the researcher for the study. This advantage combined with the optical transparency
of the zebrafish allows for real-time observations of reviewed process by fluorescent reporters
with tremendous ease (Ramlee, 2015). These observational qualities, in combination with rapid
development, relative size, and fecundity of zebrafish compare to mice, enables low maintenance
and rearing infrastructure expenses (Hwang, 2013; Irion, 2014). In teleost, zebrafish is a golden

standard in molecular studies (Auer, 2014; Liu, 2016)
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I11. METHODS & MATERIALS

Gene identification and sequence analysis
The ostn and neighborhood genes were searched against the transcriptome and whole

genome sequence of channel catfish (Liu, 2012; Liu, 2016); and genome from common pleco,
lamprey, blue catfish and walking catfish using TBLASTN. The amino acid sequences from
several vertebrate species in amphibian (frog), bird (chicken), fish (zebrafish, tilapia), and
mammals (human, mouse) were used as query sequences. The E-value was set at an
intermediately stringent level of 1e™ for collecting as many as possible ostn. The sequences were
aligned by Clustal Omega (Sievers, 2011) to remove duplicates and generate a unique set of
sequences. The open reading frame was determined wusing ORF  Finder

(https://www.ncbi.nlm.nih.gov/orffinder/) and verified by BLASTP against NCBI non-redundant

protein sequence database. BLASTN was conducted against a reference genome to verify
sequence accuracy. The genomic scaffold containing the ostn were retrieved, and the genes
within genomic scaffolds were predicted by AUGUSTUS (Stanke, 2005) and FGENESH of
Molquest software from Softberry Int. (Solovyev, 2006). Functional domains were determined

using Interpro Scan (Finn, 2017).

Phylogenetic analysis
The amino acid sequences of ostn from other vertebrate organisms were retrieved from

Ensembl v87 (http:www.ensemble.org/), Uniprot (http:www.uniprot.org/), or NCBI database
(http:www.ncbi.nlm.mih.gov/) for phylogenetic analysis. Multiple protein sequences alignments
were conducted using the MAFFT (Katoh 2013). The best-fit model of Osteocrin evolution was

determined using the ProtTest program according to the Bayesian information criterion. The
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best-fit model was the JTT+G+I model, which used JTT matrix (Jones, 1992) and the gamma
distribution with invariant sites for modeling rate heterogenity (+G+l). The phylogenetic and
molecular evolutionary analyses were conducted using MEGA 6. using parameters Bootstrap test
of 1000 replicates and partial deletion method, from which the Maximum Likelihood trees were
generated. Phylogenetic analyses were constructed among other representative vertebrates
species including mammalians (human, orangutan, pig, panda, cow, sheep, dolphin, mouse,
opossum), chicken, frog, turtle, and fish (spotted gar, coelacanth, Atlantic salmon, northern pike,
herring, cave fish, pleco, shark, carp, zebrafish, amazon molly, shortfin molly, guppy,
mummichog, minnow, yellow croaker, damselfish, tilapia, nyererei, zebra mbuna,

mouthbrooder).

Syntenic analysis

The syntenic analysis was conducted by analyzing most conserved regions harboring ostn
from several vertebrates based on genome information retrieved from Ensembl and NCBI, to
provide additional evidence for gene identification and orthology. Some vertebrates ostn
sequences were used as queries to search against the draft catfish genome sequences to obtain the
genomic scaffolds containing ostn from several species. If the ostn gene was not found, the
similar method was used to search the most conserved gene beside ostn to described the syntenic
in those species. The neighboring genes were identified by a Fgenesh software program and
BLASTP as mentioned above. The orders of these neighboring genes were compared with those

from zebrafish and human using the software Genomicus (Louis, 2015).

Expression analysis using available RNA-seq datasets
The meta-analysis was conducted to quantify the ostn expression among wild type

zebrafish tissues using RNA-seq datasets retrieved from NCBI: caudal fin (SRR5125774), sperm
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(SRR4449583), gill (SRR1609738), kidney (SRR1609747), liver (SRR1609750), muscle
(SRR1609753), spleen (SRR1609756), hearth (SRR1609741), brain (SRR1609735), intestine
(SRR1609744), testis (SRR1265758), eye (SRR1265761), ovary (SRR1265755), blood
(SRR891512), pharyngeal arches (SRR5320512), bone (SRR3109807), and skin (ERR1294271).
The gene expression analysis was performed using CLC Genomics Workbench Software
(V5.5.2). The trimmed high-quality reads will be first mapped onto zebrafish osteocrin transcript
sequence. The total mapped reads number for the transcript will be determined, and the read per

kilobase per million (RPKM) will be calculated

The meta-analysis was also conducted based on the previous study on common carp
RNA-seq dataset during skin regeneration (SRX1201398). The complete procedures were
described in the previous study (Liu 2016). The trimmed high-quality reads will be first mapped
onto common carp osteocrin transcript sequence. Mapping parameters will set as > 95% of the
reads in perfect alignment and < 2 mismatches. The total mapped reads number for the transcript
will be determined, and the fold change will be calculated. Transcript with absolute expression
fold change value > 1.5, P-value < 0.05, and total gene reads > 5 will be concluded in the

analysis as significantly differentially expressed genes.

gqRT PCR
To quantify ostn expression in some calcified-related tissues in zebrafish, the qPCR was

performed using SYBR Green PCR Master Mix on a CFX96 RT-PCR detection system (Bio-
Rad, USA). The cycling conditions of qPCR are denaturation, 95 °C/30 s, 40 cycles of 95 °C /5 s,
60 °C /5 s, and 72 °C /5 s. The Elongation factor 1 alpha (EF-10) gene was used as an internal
reference gene. All gene-specific primers were designed by Primer3 software (Rozen, 2000). The

specific primer sequences for ostn were F) 5° ATTGACCGGATTGGTGTAGG and R) 5’
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GTTGGCTGGTGTGCTTATCA. The primers for reference gene (EF-la) were F) 5’
CTTCTCAGGCTGACTGTGC and R) 5° CCGCTAGCATTACCCTCC. The specificity of
primers was assessed by aligning with the zebrafish reference genome sequence using BLASTN
with E-value of 1e-10. The melting curve analysis was performed to demonstrate that each
primer set amplified a single product. The expression levels of each gene were expressed relative
to those of EF-1a in each sample using the 22T method (Livak, 2001). Tissue with lowest Ct
value of each gene was used as the reference for normalization of the relative expression of ostn
genes such that all the values are greater than 1. The data of real-time PCR were expressed as the
standard error of the mean (SEM). The qPCR was repeated in triplicate runs to confirm

expression patterns.

CRISPR/Cas9 preparation
To generate sSgRNA, free cloning method was used in the experiment (Varshney 2015).

Three small guide RNAs were generated from CRISPR target sequence in ostn within 485 bp
coding sequence. The sgRNAs were designed in exon 3 using UCSC Genome Browser

(http://genome.ucsc.edu) (Figure S3). Thus, T7 promotor was added to 5’ and 20-nt crRNA-

TracrRNA overlapping sequence to 3’ as oligo 1. The design was as follow: 5'-
TAATACGACTCACTATA-GGN (18-20nt target sequence)-GTTTTAGAGCTAGAAATAGC-
3'. | assembled oligo 1 with oligo 2 (sgRNA core sequence: (5-AAAAGCACCGACTCGG
TGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTC

TAAAAC-3') using Accuzyme polymerase (Bioline) in following conditions: 98°C/3 min,
98°C/15 s, 58°C/15 s, 72°C/1 m for 5 cycles, and 72°C/5 m. The quality of sgRNAs was checked
by running 1 pul on 2.5% gel agarose gel. In vivo transcription was conducted to generate sgRNA
from assembled oligo as a template using the HiScribe T7 High Yield RNA Synthesis Kit (New

16


http://genome.ucsc.edu)

England BioLabs). The obtained sgRNAs were purified passage through Microspin S-200 HR
Column (GE Healthcare). For Cas9 mRNA, the zebrafish codon was used to optimize cas9
plasmid (pCS-nCas9n) as a template (Jao, 2013). The template was linearized by Xbal then
purified using Zymo RNA Clean & Concentrator-5 kit (Zymo Research, CA). Total 500-1000 ng
linearized and purified template was used to synthesized RNA using mMMESSAGE mMACHINE
(sp6) kit (Life Technologies) and precipitated using PCI. For microinjection preparation, the
phenol red was added to gRNA/Cas9 to one-third volume to color the solution. Approximately 2
nL final volume of mix sgRNAs and Cas9 which were used for the co-injected into one cell stage

embryos at concentration: 30 pg of sgRNA with 150 pg Cas9.

Zebrafish rearing
Zebrafish embryos were maintained in optimum condition (Westerfield 2007) to generate

FO fish. All experiments procedures used in this study were approved by Auburn University
Institutional Animal Care and Use Committee (AU-IACUC). The embryo and larvae were kept
in EM3 solution during the early stage (15 dpf) then transfer to close recirculation system (28°C).

MS-222 solution (100 ppm) was used to anesthetize the fish during observation and sampling.

DNA extraction
The muscle was examined as a tissue sample for DNA extraction, amplification, and

sequencing as ostn known to be expressed as skeletal muscle active molecule. The muscle was
collected from 3 month’s adult fish in liquid nitrogen. The DNA was extracted using the protocol
as followed, the muscle digested in cell lysis buffer and K proteinase for overnight. The DNA
pellets were purified using 100% isopropanol followed by ethanol 70%. The concentration of the

DNA was checked using Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific).
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Fluorescence PCR and endo T7 | assay detection
To detect all possible mutation site in the target region, | design primers for PCR: F) 5’

TTTGTGGGTTTTTGACTAATTTGA and R) 5° TTCCAAATTAGAAGAACAGCATTT. The
PCR was performed using Hi Fidelity Plus PCR System (Roche). The cycling process was
included denaturation at 98°C/30 s; followed by 35 cycles at 98°C/30 s, 60°C/10 s; 72°C/20 s,
and a final extension at 72°C/2 min. The PCR result was confirmed in 1% agarose gel. The PCR
reactions were purified using Zymo DNA Clean and Concentrator (Zymo Research, Ca)
according to the manufacturer guidelines. Thus, | used endo T7 | assay detection Kit (New
England Biolabs) to detect the mutation. First, 1 assembled 50 pl reactions as follow: 19 ul
annealing reaction, 2 pl 10X NEBuffer, and nuclease free water. The PCR result were denatured
and re-annealed through process: 95°C/5 min; 95-85°C at -2°C/s, 85-25°C at -0.1°C/s, and
cooling at 4°C. The last, the T7 endonuclease | was adding to recognized and cleaved (digested)
the mismatch sequence. The digested products were confirmed in 2% agarose gel and compared

to the Wt control for analysis.

Cloning and sequence analysis
The mutation was identified by amplifying the DNA from positive mutated individuals.

The amplicons were cloned using TOPO® TA Cloning® Kit (Invitrogen) and then sequenced it.
Thus, the sequences were aligned to the wild type and analyzed to describe the indels among the

mutated region.

Scale stain and Measurement
Adult zebrafish scales and bone were stained using alizarin red. The fish were immersed

in formaldehyde neutral buffer 3.7% for 24 hours and briefly dehydrate in ethanol 70%. Thus,

the fish stained in alizarin red 0.1% and potassium hydroxide (KOH) 1% overnight in room
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temperature (Rohner 2009). The fish then transfer into 1% trypsin overnight to make bone
visible. I used the mix of 1.5% hydrogen peroxide and 1% potassium hydroxide in equal volume
to bleach the fish pigment for 10 minutes. The stained fish then immerse in a mix of 20%
glycerol and 1% potassium hydroxide for an overnight before observation. The fish and scale
measurement were using a dissecting microscope and ImageJ 1.x software (Schneider 2012). The

total fish length was measured from the tip of the head to the tip of the fish tail.
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V. RESULT

The ostn gene is present in scaled fishes but absent in scaleless fishes

The initial observations of osteocrin in armor-scaled catfish but not in channel catfish
(scaleless) suggested its potential involvement in scale formation. This observation is in line with
the known functions of osteocrin in the development of calcified tissues such as bone. To
establish the correlation of the loss of osteocrin gene with the loss of scales, | first determined the
status of osteocrin in the genomes of 34 vertebrate species including representatives of mammals
(10), amphibian, bird, reptile, and fishes (21). As shown in Table 1, the osteocrin gene was found
from the 21 scaled fish species, but was found missing from scaleless fish species including
channel catfish, blue catfish, walking catfish, green-spotted pufferfish, and stickleback. One
possibility for the observed absence of the osteocrin gene in the genome sequences is that the
osteocrin gene may exist but may have been missed in genomic sequencing. This possibility may
be difficult to be excluded with mega data sets of whole genomic sequences from many species.
I then conducted syntenic analysis in order to provide stronger evidence that osteocrin gene was
indeed lost in these scaleless fish rather than it was not there because it was missed during

genomic sequencing.

Validation of osteocrin loss through syntenic analysis
To validate the absence of the osteocrin gene in scaleless fishes, the syntenic analysis was

conducted. The conserved syntenic blocks were first identified, and then the genes surrounding
the osteocrin gene were determined. As shown in Figure 2, the conserved syntenies were
observed from fish to mammals. The genes surrounding the osteocrin gene such as MASP1 and

GMNC genes are apparently conserved among many species, although the exact gene order and
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orientation differed in some cases. Osteocrin gene was found in the conserved syntenic region of
all scaled fish except doras for which only draft genomic sequences were available. There are
two possibilities in may explain the missing of Osteocrin in doras. First, it is likely that osteocrin
was simply missed during sequencing in this species. Second, the doras actually derived from the
family loricarioidei which is similar to the scaleless channel catfish, while the pleco derived from
family silurioidei suggesting a possibility of different armored scales were derived to pleco and
doras. However, the osteocrin gene was not found in the conserved syntenic region for all
scaleless fish species including channel catfish, blue catfish, walking catfish, green-spotted
pufferfish, and stickleback. The syntenic analysis provided additional support for the correlation
between the presence of the osteocrin gene in the genome with the presence of scales. Based on
copy number analysis among several vertebrate species, ostn gene was present mostly as a
single-copy gene, with the exception in common carp where there are two copies of ostn. Only
one copy of ostn was found in higher vertebrates ranging from amphibians, reptiles, birds, and

mammals (Table 2).

Table 2. Characteristics of Osteocrin genes identified in several representative vertebrate genomes:
Species, mRNA size, amino acid sequence length, musclin domain position, copy number, and scale
status among the teleost species.

MRNA size Position of Musclin Scale

Species (bp) AA domain Copy status
Human 3231 133 | 1-133 1| N/A
Mouse 1268 130 | 1-130 1| N/A
Opossum 745 133 | 1-133 1| N/A
Cow 1464 132 | 1-132 1| N/A
Sheep 1799 132 | 1-132 1| N/A
Dolphin 1639 132 | 1-132 1| N/A
Sunda pangolin 950 134 | 34-134 1| N/A
Orangutan 3145 111 | 1-111 1| N/A
Panda 450 132 | 1-132 1| N/A
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Guinea pig 757 134 | 4-134 1| N/A

Turtle 402 133 | 1-133 1| N/A

Chicken 543 139 | 1-133 1| N/A

Frog 531 176 | 44-176 1| N/A

Amazon molly 1047 134 | 54-134 1 | Present
Shortfin molly 1026 134 | 54-134 1 | Present
Guppy 1758 136 | 51-136 1 | Present
Minnow 672 105 | 22-105 1 | Present
Mummichog 908 251 | 174-251 1 | Present
Damselfish 1756 132 | 38-132 1 | Present
Yellow croaker 801 134 | 6-134 1 | Present
Tilapia 2343 139 | 10-139 1 | Present
Zebra Mbuna 1878 139 | 11-139 1 | Present
Moutbrooder 1093 139 | 11-139 1 | Present
Nyererei 1102 138 | 12-138 1 | Present
Atlantic Salmon 919 134 | 1-134 1 | Present
Northern Pike 324 107 | 1-107 1 | Present
Atlantic Herring 309 102 | 11-102 1 | Present
Zebrafish 957 134 | 1-134 1 | Present
Cave fish 1862 135 | 1-135 1 | Present
Common carp 889/898 | 149/134 | 51-149/1-134 2 | Present
Pleco 468 155 | 44-145 1| BDP

Elephant shark 902 143 | 64-143 1 | Present
Coelacanth 676 129 | 1-129 1 | Present
Spottted Gar 2321 133 | 1-133 1 | Present

Conservation of ostn, its musclin domains and scale types
The characteristics of the osteocrin gene in various species are summarized in Table 2

including the mRNA size, the amino acids it encodes, the position of the musclin domain, copy
numbers of the gene, and the status of scales. The length of ostn transcripts varied between 309
and 3,231 bp encoding 102-251 amino acids, and the exon number ranged from 3 and 7. The
sequence similarities are low among many osteocrin genes from various species, but two regions
homologous to the natriuretic peptide-like motifs were well conserved across a broad spectrum
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of species except in pleco which only has 1 NP-like motif (Fig.S1). This is noteworthy because

only pleco has a scale type that is bony dermal plates, not regular scales.

The osteocrin amino acid sequences were used for phylogenetic analysis (Fig. 3). Very
interestingly, the clades of the phylogenetic tree built using osteocrin amino acid sequences
reflected the types of scales very well. At least, four fish scale types including leptoid, placoid,
ganoid and cosmoid as classified by Louis Agassiz (Wake 1992) and one fishes with a bony
dermal plate were identified based on their groups. Scale types of cycloid and ctenoid were both

derived from the same leptoid (elasmoid) type (Fig. 3).

Expression of osteocrin gene during scale regeneration
Osteocrin was not expressed in most of non-calcified tissues such as liver, spleen, kidney,

sperm, ovary, testis, intestine, eye, and blood except for muscle and brain (Fig. 4A), as analyzed
using a meta-analysis of RNA-seq data sets. In calcified tissues, as RNA-Seq datasets were not
available for some part, | also analyze the expression level of ostn using qRT-PCR among
calcified tissues in zebrafish including skin, scale, bone, teeth, dorsal fin, ventral fin and caudal
fin. The expression of osteocrin was much higher in calcified tissues, of the highest in the bone,

followed by ventral fin, scale, teeth, and caudal fin (Fig. 4B).

Figure 2. Syntenic analysis of ostn gene in various species. Conserved syntenic regions were
retrieved from NCBI database and Genomicus. The GMNC, MASP1, and FGF12 genes were
used as anchor genes for the identification of conserved syntenic regions. Note the absence of
ostn gene in the genomic neighborhood of scaleless fish such as channel catfish, blue catfish, and
walking catfish, green-spotted pufferfish and stickleback. Gene symbols are abbreviated as the
following: GMNC, geminin coiled-coil domain containing; MASP1, mannan-binding lectin
serine peptidase 1; FGF12, fibroblast growth factor 12.
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Figure 3. Phylogenetic analysis using ostn amino acid sequences of fish with various types of
scales, as well as representative species of amphibians, reptiles, birds, and mammals. The
evolutionary history was constructed using the Maximum Likelihood method based on the JTT
matrix-based model. The Gamma distribution was used to model evolutionary rate differences
among sites (+G, parameter). The rate variation model allowed for some sites to be
evolutionarily invariable (+1). The analysis involved 34 amino acid sequences. Evolutionary
analyses were conducted in MEGAG.
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Figure 4. The expression level of ostn. The expression level of ostn was quantified in several
tissues of Wt zebrafish using CLC Genomics Workbench Software (V5.5.2) retrieved from
NCBI database and expressed as RPKM (A). The expression level of Osteocrin in several
calcified zebrafish tissues. The analysis using qRT-PCR and expressed as SEM (Standard
Expression of The Mean) (B). The expression level of Osteocrin during the scale regeneration
experiment in common carp. The expression level of ostn was quantified at eight (8) time points
using CLC Genomics Workbench Software (V5.5.2) from RNA dataset and expressed as fold
change. The ostn-a expressed in random pattern, while ostn-b differentially expressed suggesting
involvement in scale formation (C)
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As RNA-Seq data sets existed from carp scale regeneration (Liu 2016), I also conducted
a meta-analysis of osteocrin expression using the RNA-Seq datasets. Common carp have two
copies of ostn, ostn-a (149 aa) and ostn-b (134 aa). The expression of ostn-a was relatively stable
over the course of carp scale regeneration, whereas the expression of ostn-b was significantly up
at day 3, day 5, and day 7, up 7-14 folds (Fig. 4C). This suggested that ostn-a may not be
seriously involved in the regulation of scale formation, whereas ostn-b appeared to be more

directly involved in scale formation.

Phenotypes of ostn knockout in zebrafish
Zebrafish (Danio rerio) genome has one copy ostn span from 36,370,925 - 36,390,308 on

chromosome 15. The ostn consists of 5 exons and four introns with 957 bp nucleotide sequence
encoding 134 amino acids. (Table. 1). We designed three gRNA within 485 bp coding sequence
targeting three different positions followed by ‘NGG’ PAM (Photo Adjacent Motive) sequence

(Fig. S3). The gRNA along with mRNA Cas9 were used to inject 200 fries of first stage
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embryos. The phenotypes were observed through the entire course of the experiment after
injection. Knockout of ostn resulted in a number of phenotype defects, including slow scale
growth (3 fish), partial scale lost (3 fish), bone deformities (14 fish), imperfect operculum,
asymmetrical gill rakers, and pigment dispersion (66 fish) on the heterozygous mutant (ostn ).
Although osteocrin knockout was not lethal, its mutation had a major effect on the survival of
knockout fish. The survival rate of the CRISPR/Cas9 treated group during the knockout
experiment was 61% (122 fries) at the end of the experiment, compared to 95% survival rate at
the end with the wild type (Wt) group.

Observations were made with both Wt and ostn” at post-embryonic/larval period (<30
dpf/ <11 mm TL) and adult stage (>30 dpf/ >11 mm TL) (Kimmel, 1995; Parichy, 2009). We
focused on post-embryonic stages as ostn had already been reported as a bone regulator in
embryonic stages (Thomas 2003; Moffatt 2007). In the beginning, we observed the post-
embryonic periods and found a curved defect on the lateral bone compared to the Wt (7 dpf/ 6
mm TL) (Fig. 5). Observation at 30 dpf (11 mm TL), the Wt fish showed normal scale growth
exhibiting melanophore aggregation surrounding the dermal pocket. On the contrary, the mutated
ostn” (11 mm TL) showed no signal of first scale forming with no pigments aggregations along
with dermal pocket forming suggesting a slower scale growth (Fig. 6). The slow scale growth
could be observed as a result of the slow fish growth (in mm TL) itself or because of
chromatophores dispersion, so later at 50 dpf (18 mm TL), we observed and found the mutated
ostn” fish having less of scale growing on their dorsal compared to 16 mm Wt (Fig. 6). Some of
the mutated ostn” also exhibited partial scale lost (Fig. 7) and thin or fragile dermal skeleton

(Video S4).
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The mutated ostn” fish exhibited lateral bone defects in the adult stage, as well as at
early post-embryonic stage (6 mm fry). A number of adult fish had mild and severe lateral bone
(spinal cord) defects with a single or double curve at 19-26" of bone segments, counting from
the anterior to the posterior site along with the lateral line (Fig. 8). The color of lateral bone in
mutated ostn” was pale reddish compare to the Wt fish (Fig. 8). Apparently, the epipleural and
epineurals part of the intermuscular bone in ostn” were shorter compare to the Wt. In addition to
these severe bone defects, ostn” adult fish also exhibited several mild defects, such as
incomplete plate covering the operculum and abnormal gill rakers (Fig. 7), and mild defects on
chromatophores (melanophores, xanthophore, iridophore) dispersion (Fig. 9). At the end
observation, we also phenotypically screened both Wt fish and whole 122 heterozygous FO ostn”
adult fish (70 dpf/ 28-32 mm TL).

Figure 5. The effect of ostn knockout on lateral bone development. Compared to the wild-
type (left panel A-C), the ostn knockout fish were smaller (5 mm vs. 6 mm at 7 dpf), and carried
deformities on the lateral bone (blue arrow, right panel). A and D, lateral view of the spinal

cord; B and E, the magnification of A and D, C and F, ventral view of the wild-type fish (C) and
the mutant (F).

Wild type Ostn -/

!

e
8 A L o

3 ._,.-l,u'\?:m_-_g—;"‘." ——
i

29



Figure 6. The effect of ostn knockout on scale development. Overall, the wild-type fish (left
panel) had regular scale development, while in the ostn knockout, the scale development was
slowed down. Note the differences at 11 mm long (A and G), and the differences in patterns and
intensity of melanophores (compare B with H, for the middle section of fish; and compare C and
| for posterior section of the fish). The differences in melanophores are even more prominent at
later stages (D, wild type fish, 16 mm long; J, mutant fish 18 mm long). The magnified views of
the middle section and posterior section of fish are shown in E and K, and F and L.
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Figure 7. Effect of ostn knockout on the development of scale, gill rakers, and operculum.
The wild type fish is shown on the left panel and the knockout fish on the right panel. A and B
showed normal scale numbers in Wt covering entire body; G and H, showed partial loss of scales
(indicated by blue arrow). C and D, Wt fish gill rakers, and | and J, ostn” knockout gill rakers.
Compared to the wild type operculum (E and F), the development of operculum in ostn”
knockout fish (K and L) was interfered such that it was only partially formed, leaving gill
exposed rather than covered under the operculum in normal fish. Abbreviations on the figure are:
an, anterior; pos, posterior; gr, gill rakers.
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Figure 8. The effect of ostn knockout on the development of lateral bone (spinal cord). Note
that the spinal cord was curved with mutants as compared with the wild type (compare E with A,
ventral view at 70 dpf). B and F, lateral view when the muscle was digested, and the bones were
stained with alizarin red, noting the curved spinal cord (blue arrows in F), which are shown in
magnified view in C and G, with the spinal cord segments labeled from anterior to posterior
order. D and H, significantly reduced calcification of bones as reflected in reduced staining of
the main spinal cord as well as the inter-muscular bones. The abbreviations used in the figure
are: en, epineurals; ep, epineurals; an, anterior; and pos, posterior.
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Figure 9. The effect of ostn knockout on growth and pigmentation of the skin. The mutants
were smaller [compare wild type (A) on the left panel with mutant fish (B) on the right panel].
Pigmentation was much reduced in mutant fish (G-J, right lower panel) than in wild-type fish (B-
E, left lower panel), showing various parts of the fish.
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Genotyping analysis was conduced using gel electrophoreses of the PCR products with
T7 endonuclease 1 assay (Guschin, 2010). It appeared that many fish exhibited heterozygous
patterns of knockouts, suggesting that only one copy of the gene was knocked out, or the gene(s)

were knocked out at later stages of embryo development (Fig. 10).
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Figure 10. Gel electrophorese result from Wt and ostn ” cDNA extraction. Genomic PCR
from zebrafish was generated and tested for gene knockout-induced mutation by T7 endo | assay.
The Zebrafish with bone and partial scale lost defects) and chromatophore dispersion show
mismatches at the target site. The ban shows a cut at the heterozygous mutant.
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V. DISCUSSION

Osteocrin is a secreted protein which was initially identified in skeletal muscle and bone of mice
(Subbotina, 2015; Moffatt 2007). It encodes 14.7 kDa, and 14.8 kDa secreted protein in human
and zebrafish, respectively. Although its gene structure and encoded proteins were known, its
functions were not well understood. In this study, we found a correlation of the presence of an
osteocrin gene with the presence of scales among teleost fishes, suggesting that it may be
involved in scale formation. Additional evidence for its involvement in scale formation came
from expression analysis. Osteocrin is expressed at highest levels in the bone, but at lower levels
in the fin and scales. Nonetheless, it is expressed at much higher levels in calcified tissues than in
soft tissues, again suggesting its roles in osteogenesis, fin and scale formation. To gain insights
into the functions of osteocrin, especially to determine if it is involved in scale formation, we
conducted gene knockout experiments using the CRISPR gene knockout technique. We found
ostn knockout has multiple effects including reduced rate of survival, reduced growth, bone
deformities, partial scale loss, a significant reduction in chromatophores, abnormal gill rakers,
and abnormal operculum. All of these defects were observed at various levels of severity,

suggesting the pleiotropic functions of osteocrin.

ostn role in scale patterning and evolution

Fish scale plays a substantial role in serving as a physical barrier to protect fish from various
injuries or infections. One highly interesting observation was that teleost models in this study
were clustered based on their scale type using osteocrin to construct the phylogenetic trees. The
scale types included placoid, ganoid, cosmoid, and elasmoid (cycloid, ctenoid). The phylogeny

places the placoid from the shark as the ancestor among all vertebrates. The phylogeny also
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described the ganoid and cosmoid scale type as the ancestor among the reptiles, bird, amphibian,
and mammalians.

It was very interesting to find the correlation of osteocrin gene and scale status in teleosts.
Those with scales have osteocrin gene, and those scaleless fishes lack the osteocrin gene,
providing an arguable conclusion that osteocrin got to be involved in scale formation.
Apparently, when present, it is more certain the osteocrin gene is present in the genome.
However, when absent, it is possible that the gene was simply not sequenced even though it may
still exist in the genome. In order to provide additional evidence, we conducted the syntenic
analysis. Conserved syntenic blocks were identified from various organisms ranging from the old
Sarcopterygians coelacanth, teleosts, and vertebrate genomes, suggesting a high level of
evolutionary conservation in the genomic neighborhood containing the osteocrin gene. The
findings that the osteocrin gene was found in organisms in the broad evolutionary spectrum
suggested that the gene was missing in the scaleless fishes such as most of the catfishes in the
order of Siluriformes, the green pufferfish, and stickleback. The osteocrin gene from pleco had
just one NP motif in the osteocrin gene, compared to two NP motifs in the osteocrin gene of
many other teleost species. Whether this is related to the bony dermal plate type of scales in
pleco is not known at present, but it appeared that the osteocrin gene structure may have a high
level of parallel relationship with the types of scales. Additional evidence of osteocrin
involvement in scale formation came from expression analysis. On the one hand, osteocrin was
expressed at higher levels in calcified tissues including the scales; on the other hand, ostn-b was
highly differentially expressed during carp scale regeneration. Ostn-b expression was
upregulated 7-14 times at the early stages of scale regeneration, day 3 to day 14, suggesting its

involvement in scale formation.
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The pleiotropic effect of osteocrin knockout

Osteocrin has NPs motif which is concluded to belong to NP family even though it lacks
cysteine residues which conserved among the NP family member, such as an atrial natriuretic
peptide (ANP), brain natriuretic peptide (BNP), and type-C natriuretic peptide (CNP) (Potter
2006; Chiba 2017). CNP affect osteoblast proliferation through NPR2 (GC-B) (Suda, 1998;
Potter 2006) and while depleted or clearance by inactivator NPRC may lead dwarfism (Tamura,
2004) or enhance retardation and skeletal defects (Peake, 2014). Ostn blocks the CNP clearance

by NPRC which increase the CNP access to NPR2 thus enhance cGMP activity in the cartilage
homeostasis and endochondral bone formation (Moffatt 2007; Chiba). Parallel to this

experiment, the ostn knockout may stimulate the clearance activity of NPRC towards CNP which
causing an anomaly in most of the calcified tissues, including slow scale growth, partial scale
loss, bone curves, shorter intermuscular bone, abnormal gill rakers, incomplete operculum, and

chromatophores dispersion.

In post-embryonic stage, the zebrafish as in most of the teleost showed late dermal
skeleton tissue formation including the scale. The elasmoid scale in zebrafish emerge at the first
time at 9 mm length (30 dpf) indicate by aggregation of melanophores forming a pocket in
dermis layer, part of skin integumentary system (Elliott 2011). One possibility causing the partial
loss and slow growth of the scale in post-embryonic and adult fish is the imperfect calcification
process in those scale as part of the integument. The expression level of ostn in most calcified
tissues but not in soft tissues except for brain and hearth could support this argument. Osteocrin
is defined as a peptide secreted from the hearth which contributes to cranial osteogenesis (Chiba

2017) suggesting an expression also occurred in hearth and brain tissues. The calcification
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process itself involved in all part of the dermal skeleton, including scale, bone, gill rakers, and
skin which grow throughout the life in most teleost as the consequences of development or
regeneration (Huysseune, 2007; Witten, 2009; Akimenko, 2003). The fish scale is structured by
collagen fibril and salt calcium (Sionkowska A. 2014). The calcification starts at the fibrillary
plate of scales which contains a high concentration of calcium (Onozato, 1979; Iguchi 2012).
The abnormal calcification process resulted in thin and incomplete scale growth as seen in
mutated ostn 7 fish which showed pale and partial loss scale. The fish scale also provides a
barrier between the soft fibril skin with the environment. The loss and thickness of scale could
affect the break of skin epidermis easily as shown in mutated ostn” (Video S4).

The knockout of ostn resulting several defects not only in the scale but also in other
skeletal tissues, such as lateral bone (spinal cord), intermuscular bone, gill rakers, operculum,
and chromatophores. Osteocrin has been reported as a gene contributed in human bone formation
(Bord 2005) and zebrafish bone development through endocrinal work (Chiba 2017) suggesting
a possibility of involvement in calcified tissues. Concomitant with this study, we show the
knockout of ostn had multiple pleiotropic effects on the bone which also could be observed
through abnormal swimming mode (Video S2). The bone mineralization involves the alkaline
phosphatase and calcium in orderly compose hydroxyapatite crystals which are closely
associated with collagen (type | and type Il) to form the bone matrix (Kawasaki 2009). The bone
matrix dominated with calcium could be stained using Alizarin red. Interestingly, the bone
matrix in mutated zebrafish was also not well stained. The reddish color in the lateral
intermuscular bone segment in ostn ” fish exhibited shorter ephineural and epipleural along with
a disperse, soluble, or pale color in compared to the Wt. On the contrary, the Wt exhibited well-

stained bone segments showed a chimeric reddish color. These results, parallel with the
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expression of ostn in a normal calcified tissue, may provide substantial evidence of its role in a

bone matrix formation.

Gills are an evagination part of the body which covered by a bony plate, the operculum
(Maina 2002; Kimmel 2008). The gills structure are composed of bony or cartilaginous in gill
arch and gill rakers (Engeman, 2009; Glazer, 2014). The gill rakers are part of gills which
functionally filtrating tiny feed (Akimenko, 2007; Sanderson, 2016). We found Wt exhibited
normal operculum and gill rakers, while the ostn ~ fish exhibited abnormal operculum, partial
loss, and asymmetrical gill rakers. The abnormalities in gill rakers are suggesting two
possibilities, an abnormal ossification or a random growth as adaptation process to the feeding
habit (Friedland, 2006; Kumari, 2009). In addition, the operculum is part of bone series found in
bony fish (Kimmel, 2008) suggesting the abnormalities may be in correlation with abnormal
ossification. The abnormal ossification resulted in an incomplete and thin operculum covering

the gill pouch.

Chromatophores are derived from neural crest during embryonic development along with
the craniofacial cartilage and neurons of the peripheral nervous system (Kelsh, 1996; Le
Douarin, 1999; Arduini, 2008). The pigmentations in zebrafish are observed at 24 h
postfertilization spread over the skin (Kimmel, 1995). Interestingly, in mutated zebrafish we
found that the melanophore stripes and inner stripes were not aggregated as well as in normal
W1, suggesting the occurrence of a pigment dispersion. The pigments dispersion in the mutant
occurred on the body surface, fin, and tail, in which parallel with the expression of ostn in most
ossified tissue. The ossified tissues are known as a pool of calcium. The calcium and cyclic
nucleotides, including cyclic adenosine monophosphate (CAMP) and cyclic guanosine

monophosphate (cGMP) have been reported in the pigment dispersion and aggregation (Ribeiro,
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2009). The cyclic AMP has been reported to perform opposite effect to cyclic GMP on the
Ca2* current in single heart cells (Hartzell, 1986). The calcium itself reciprocally affected cCAMP
resulting in several pigment aggregation and migration in fish (Kotz, 1994). The cation Ca®* has
a role in signal transduction resulting melanophore aggregation in Labeo (Patil, 1993), and a high
calcium content also detected in melanosomes of Xenopus laevis and Poecilia reticulate (Muller,
1991). On the contrary, the high cAMP and low intracellular Ca?* made erythrophores dispersion
in squirrel fish suggesting an opposite work between cAMP and Ca?* (Kotz 1994). In addition,
the cGMP also has been reported participate in chromatophore aggregation in freshwater shrimp
(Ribeiro, 2009). The disruption of ostn maybe effect the cGMP, calcium, and cAMP activity

resulting chromatophore dispersion in zebrafish, but a physiological pathway needs to be tested.
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VI. CONCLUSION

Through genome comparative study method, the completeness of channel catfish genome
could be used to reveal the missing of scales by comparing with the bony dermal plates catfish
genome. Furthermore, | validated the predicted genes along with other scaled and scaleless
vertebrates. Here, for the first time, the ostn recently was found conserved among scaled
vertebrates and missing from the scaleless fish genome. Through phylogeny tree, the teleost
models fell into theirs scale type, suggesting the involvement of ostn in scale type patterning.
Along with scale regeneration experiment in common carp, ostn expressed specifically in each
time describing the development of fibril collagen in scale. The CRISPR/Cas9 system in
zebrafish revealed the function of ostn. During the post-embryonic period, ostn disruption
resulted in bone defects which later in adult mutant could be proved by the alteration of some
lateral bone segments. At adult stages, mutated ostn fish showed slow scale growth compare to
the Wi, resulted in a loss and fragile scales. The disruption of ostn on adult fish also resulted
some defects on gill rakers, operculum, and chromatophores dispersion suggesting an evidence
of ostn involvement among calcified tissue. This study could support the evolutionary and
comparative study of scaled and scaleless fish in associated with calcified tissues in human and

among vertebrates.
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APPENDICES

Table S1. Identification of osteocrin gene in several vertebrate species: latin name, chromosome,
location, and accession number.

Species Chr Exon Location Accession no.
Human Homo sapiens 3 6 | 191199060 - 191265601 | NP_937827.1
Mouse Mus musculus 16 5 27307641 - 27351209 | NP_932780.1
Opossum Monodelphis domestica 7 6 | 255933296 - 255966671 | XP_007502518.1
Cow Bos taurus 1 5 76685699 - 76721920 | NP_001092405.1
Sheep Ovis aries 1 S| 194190931 - 194227927 | XP_004003087.1
Dolphin Tursiops truncatus Un 4 71296553 - 71323544 | XP_004325977.2
Sunda pangolin | Manis javanica Un 6 5771-41077 | XP_017527677.1
Orangutan Pongo abelii 3 3| 195063815 - 195121622 | NP_001127550.1
Panda Ailuropoda melanoleuca Un 4 750071 - 789685 | XP_019658894.1
Guinea pig Cavia porcellus Un 6 55487836 - 55536523 | XP_003477138.2
Turtle Chelonia mydas JH212904.1 3 3087833 - 3099787 | XP_007057892.1
Chicken Gallus gallus 9 5 13760518 - 13772571 | XP_015146889.1
Frog Xenophus tropicalis 5 4 99128967 - 99171883 | XP_017949518.1
Amazon molly | Poecilia formosa Un 5 380544 - 384800 | XP_016536480.1
Shortfin molly Poecilia mexicana Un 5 57978 - 62214 | XP_014868589.1
Guppy Poecilia reticulata Un 6 959382 - 966941 | XP_008400274.1
Minnow Cyprinodon variegatus Un 3 37222 - 38040 | XP_015260777.1
Mummichog Fundulus heteroclitus Un 7 32505 - 41336 | XP_012705304.1
Damselfish Stegastes partitus Un 5 59125 - 65540 | XP_008285446.1
Yellow croaker | Larimichthys crocea Un 7 832190 - 858849 | XP_019133074.1
Tilapia Oreochromis niloticus LG14 5 2510080 - 2514656 | XP_005474946.1
Zebra Mbuna Maylandia zebra Un 5 1668237 - 1674003 | XP_012778372.1
Moutbrooder Haplochromis burtoni Un 6 974899 - 982241 | XP_014191347.1
Nyererei Pundamilia nyererei Un 5 2135800 - 2140779 | XP_005737519.1
Salmon Salmo salar ssa20 5 483515 - 523652 | XP_014015462.1
Pike Esox lucius Un 2 15903 - 17501 | XP_019899954.1
Herring Clupea harengus Un 2 99404 - 101154 | XP_012673157.1
Zebrafish Danio rario 15 5 36370925 - 36390308 | NP_001313338.1
Mexican tetra | Astyanax mexicanus KB871758.1 5 142566 - 161390 | XP_007233576.1
Carp Cyprinus carpio 30 4 15085546 - 15090280 | XP_018973289.1
uUn 5 1108777-1115147 | XP_018954743.1
Pleco Pterygoplichthys pardalis | scale255099 4 4556 - 7735 | NP_001313338.1
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Elephant shark | Challorhinchus milii Un 281 - 4353 | XP_007882804.1
Coelacanth Latimeria chalumnae JH126687.1 1789788 - 1799995 | XP_005992527.1
Spottted Gar Lepisosteus oculatus LG14 19280042 - 19291357 | XP_006637936.1
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Tabel S2. Structure of the gene used in syntenic analysis among scaleless fish: Geminin coil-coil domain containing (gmnc)

Species Latin name Chr Exon Location MRNA AA Domain Accessionno./ Copy  Scale
(bp) slc8al gmnc ID Type
Channel Ictalurus 17 9 13431958 2003 432 58-431 XM_017490550.1 1  Scaleless
catfish punctatus -
13454955

Walking Clarias scaffold311_size522883 9 97400 - 1299 432 145-384 XP_017346039.1 1 Scaleless
catfish bratachus 136940
Blue Ictalurus tig00001883 8 214408 - 1395 464 3-363 XP_017346039.1 1  Scaleless
catfish furcatus 235758

Tabel S3. Structure of the gene used in syntenic analysis among scaleless fish: mannan-binding lectin serine peptidase 1 (maspl)

Species Latin name Chr Exon  Location mRNA AA Domain Accessionno./ Copy  Scale
(bp) ID Type

Sperma- EGF SCR Trypsin

dhesin domain like serine

protease
Tetraodon  Tetraodon Un_ra 11 92,299,497- 2238 746  8-282 125- 358- 449-746 ENSTNITO00000 1 BDP

) ndom 92,303,216 166 442 14330.1
rubripes

Stickleback Gasterosteu groupl 12 500,828- 2136 712 3-271 114-156 273- 424-712 ENSGACT00000 1 BDP
s aculeatus 510,359 404 006370.1
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Tabel S4. Structure of the gene used in syntenic analysis among scaleless fish: fibroblast growth factor 12 (fgf12)

Species Latin name Chr Exon Location MRNA AA Domain Accession no. Copy  Scale
(bp) cytokine Type
Tetraodon  Tetraodon 15 5,717,166- 732 243 66-220 ENSTNIG00000015272.1 1 BDP
rubripes 5,734,869
Stickleback Gasterosteus grouplll 2,197,146- 729 242 65-219 ENSGACG00000013900 1 BDP
aculeatus 2,224,845

*BDP: Bony Dermal Plate
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Tabel S5. The symbol and description of the gene used in the syntenic analysis.

Gene symbol Gene description Gene symbol Gene description
Abcgl ATP binding cassette subfamily G Hsp70 heat shock protein 70
member 1
Acap2 ArfGAP with coiled-coil, ankyrin ll1lrap interleukin 1 receptor accessory
repeat and PH domains 2 protein
adcyapl adenylate cyclase activating llkap ILK associated serine/threonine
polypeptide phosphatase
Arrbl arrestin beta 1 Irsl insulin receptor substrate 1
Atgl6l1 autophagy related 16 like 1 Iws1 IWS1, SUPT6H interacting protein
Atgl612 autophagy related 16 like 2 Kirrel3l kin of IRRE like 3 like
Atpl3a4 ATPase type 13A4 Leprell leprecan-like 1
Atp13a5 ATPase type 13A5 Ltbp4 latent transforming growth factor
beta binding protein 4
atp2al ATPase sarcoplasmic/endoplasmic Maspl mannan binding lectin serine
reticulum Ca2+ transporting 1 peptidase 1
Ccdc105 coiled-coil domain containing 105 Mb21D2 Mab-21 domain containing 2
Ccdc50 coiled-coil domain containing 50 Nphs1 NPHS1, nephrin
Ccser2 coiled-coil serine rich protein 2 Nyap2a neuronal tyrosine-phosphorylated
phosphoinositide-3-kinase
adaptor 2a
Cldn1 claudin 1 Ostn Osteocrin
Cldn15 claudin 15 P3h2 prolyl 3-hydroxylase 2
Cldn15Ib claudin 15-like b Parl presenilin associated rhomboid-
like
Cldn16 claudin 16 Parla presenilin associated, rhomboid-
like a
Clip3 CAP-Gly domain-containing linker Plekhg?2 pleckstrin homology and RhoGEF
protein 3 domain containing G2
cmn calymmin Rhbdd1 rhomboid domain containing 1
Col4a3 collagen type IV alpha 3 chain Rnf169 ring finger protein 169
Colda4 collagen type IV alpha 4 chain Rnh1 ribonuclease/angiogenin inhibitor
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1

Col4a5 collagen type IV alpha 5 chain Sagb streptolysin associated
protein SagB

Col6a4 collagen, type VI, alpha 4 Slc8al sodium/calcium exchanger 2

CrfB16 cytokine receptor family member B16 ~ Spcs2 signal peptidase complex subunit
2

Dgkd diacylglycerol kinase delta SST somatostatin

DII3 delta-like 3 SST1.1 somatostatin 1, tandem duplicate
1

Esrrd estrogen-related receptor delta SST1.1 somatostatin 1, tandem duplicate
2

Exoc3I2b exocyst complex component 3-like 2b  tim10 protein transporter TIM10

F10 coagulation factor 10 Timm50 translocase of inner mitochondrial
membrane 50

Fam219b family with sequence similarity 219 Tmem207 transmembrane protein 207

member B

Fcgbp Fc fragment of IgG binding protein Tp63 tumor protein p63

Fgf12 fibroblast growth factor 12 Tprgl tumor protein p63 regulated 1

Gmnc geminin coiled-coil domain containing  Trhag-ucc transfer RNA glycine (anticodon
UCC)

Gprl71 G protein-coupled receptor 171 Uts2b urotensin 2B

Hrasls HRAS like suppressor Wdr74 WD repeat domain 74

Hsd17b1 hydroxysteroid 17-beta Zan zonadhesin (gene/pseudogene)

dehydrogenase 1
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Figure S1. Multi-sequence alignment of Osteocrin. The alignment was generated using amino
acid from human, frog, chicken, turtle, zebrafish, pleco, coelacanth, salmon, and carp using
Clustal Omega. Putative dibasic cleavage sites are highlighted with blue boxes as indicated (C1
and C2). Two regions are boxes which homolog to the NP-like motif (NM1 And NM2). NPs
considered essential in binding to NPR-C receptor which involved in osteogenesis and
chondrogenesis. All the vertebrate models exhibit two NPs sites except for the bony dermal

pleco which only has one NPs site.

Pleco MTSSESWL-—KGVRLG-CALILTLLRLLDCTAKCTFTDGGRLKMLSCN-VLLTCLMTMTLEFHC 59
CAYD e e e e e e e e e e MLLDNAFSOLWGRRGAASGPVLSAPDLEC 29
Zebrafish @ = e e e e e e e e e e MLGCGCVLLSCLLTLTLFEC 20
SEIMOTL o o o o o e e e o o e o MLGCGCVLLSCLLTVTLFHC 20
HUMET o o e e e e e e e e e e e e e e e e MLDWRLASAHFILAVTLTLW 20
Coelacanth ---—— - MLECKLIFLHCLLAVTLLOW 20
Frog MTHTAERFQTIVEGSIVNTRTIHSELESLWMIRDPCKMPFICWSGMLEWHCVSVSLLLAVSEVOW 63
Chicken s e e e e e e e e e e MLOFOLVVVHLALVITLLOW 20
TULLLE o e e e o e e e e e e e MLOVRFGVVHFLLALTLLOW 20
Pleco TIESQHL~——m—w— TODRLEHVESTVMES -~ —~HCLVAKKTSRSVENKLLFMDRLLOLONEVNE 112
Carp QOGROSLGCMIGEGNALLGIFYVEPSVVEGESSVQOPGOTEQKTSCGAVNARKLLLHNQLVRLENDVIE 92
Zebrafish SA-ESLHEHI-——-- POGRPEYVESSVVEGRSVORGOMEQKTSGALSAKLLLEDDLVRLENDVIE 77
Salmon SV=-DSLRL=-==-~ TOESPEYLDPVVLEESGLOARSSEQKAAGALTAKLLLLDHLDRLENDVIE 77
Human SSGKVLS-————~ VDOVITTEAFDSGVIDVOSTPTVREEKSATDLTAXKLLLLDELVSLENDVIE 77
Coelacanth SCGEEFLL-==———- ALGAPESFDSSMLSE~—-~-~IDSSERKSSSDLTAKLLLLDELVELENDVIE 73
Frog TSTEAAP-————— AEPSTESLDTAVVLDGSSHEVSSEEKSAADLAAKILLLDELVSLENDVIE 120
Chicken HSSSVLL-————~ AEAAPEPLEPSAALGMAAHPTASEEKSASSLAAKLLLLDELVSLENEVTE 77
Turtle PTGTAVL-————— AEAAPQPFDSSMVLGMEAHSTSSEEKSATDLAARLLLLDELVSLENDVIE 77
ckoe Keke x k kekak K
Pleco TKREKRSFPGENTPLDRLSISNMEPKSNKQRCSMODTIE T HITLAE T o wor oo ompo o o o et o o e 155
Carp TKRKREFPGENTPLDRLSISTMDPKSNEQRKTVELPRRRVSVPIDRIGVGRLPSSRG-————— 134
Zebrafish TKRKRSFPGENTPLDRLSISTMDPKSNEQRRKAVELPRRRVSVPIDRIGVGRLPSSRG~ = 134
Salmon TKMKRSFPGENTPLDRLSI STMDPEGEKQREVVELPRRRVSVPIDRIGVGRLPSSRG-————— 133
Human TKKKRSFSGFGSPLDRLSAGSVDHRG-KORKVVDHPKRREGI PMDRIGRNRLSNSRG—————— 129
Coelacanth TKRKRSFPGEGSPVDRLSVSSMDLEN~KPREKVVEPPKRREFGVPIDRIGTINRLANSRG = 176
Frog TKKKREFPGFGSPLDRLSAGTTEFKG-KORKVVELPKRRFGIPLDRIGMNRLANTRG-~———— 173
Chicken TKKEKREFPGFGSPIDRISATSVDAKG-EQREVVELPKRREFGVPLDRIGVSRLGNTKGSSVLND 139
Turtle TKKKRSFPGFGSPLURLSASSVDLEG-KQREVVELPKRRFGIPLDRIGKNRLASTRG—————— 133
Kok kkPk k| ok ok ke ok * ok . 0
1 NM1 2 NM2
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Figure S2. Protein alignment of ostn copy number 1 (149aa) and 2 (134aa) in common carp
Cyprinus carpio. Putative dibasic cleavage sites are highlighted with blue boxes as indicated.
Two regions are boxes which homolog to NPs (NM1 And NM2).
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Figure S3. Three gRNA of the osteocrin gene was used along the cas9 in CRISPR/Cas9
system. The target sequences span along 405 bp coding sequence (123 - 527 bp) in exon 3. The
remarks were: uppercase/lowercase as exon boundary, red block as gRNA in sense strand, and
purple block as gRNA in the anti-sense strand (A). Two primers used for detecting the indels
using fluorescence PCR (B).

A.
ATGCTGGGCTGTGGATGTGTGCTGCTCTCTTGTCTGCTGACACTGACCTTGTTC
CACTGCAGTGCCGAAAGCCTTCACATACCGCAAGGAAGACCAGAGtatgtggaa
tcttctgtcgtggaggeccgragtgtccagegagoccaaatggageagaaaacctcaggageactga
gtgctaaactcctoctgeacgaccagttggttcggctggagaacgatgtcattgagaccaaaaggaa
acgaagcttccctggatccaacacgecactggaccgtetgtcaatcageaccatggaccctaaaage
22caagcagagAAAGGCTGTTGAACTGCCGCGGLGGCGAGTCAGCGTGCCGAT
TGACCGGATTGGTGTAGGCCGCCTTCCCAGCAGCCGAGGATAA

UPPERCASE/lowercase = exon boundary
red = gRNA (sense strand) red = PAM “NGG”
purple = gRNA (anti-sense strand) purple = PAM “CCN”

B.

Ostn_primerl F) 5'tttgtggettittgactaatttga
R) 5'ttccaaattagaagaacagcattt

Ostn_primer2 F) 5'tgtctaccagctgaaaccatt
R) 5'agggtccatggtgctgatig
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Video S1. Ventral view of Wt zebrafish. The Wt zebrafish exhibited normal Swimming modes
and normal lateral bone (spinal cord). The total length showed normal size variant in those Wt
adult zebrafish.
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Video S2. Ventral view of mutated (Ostn ) zebrafish. The mutant exhibited random
swimming modes and deformities in their lateral bone (spinal cord). The deformity spread at 19-
26" of bone segments. The mutant total length showed more in length variant compare to the Wt.
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Video S3. Lateral view of individual Wt zebrafish. The Wt zebrafish showed normal pigment
and thickness.
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Video S4. Lateral view of individual mutated (Ostn ) zebrafish. The mutant exhibited
pigment dispersion, thin scale, and partial scale lost (brighter color in skin and scales). The
mutant also showed slower growth compared to the Wt.
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